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PREFACE 

During the fourteen years following the first . edition of this book 
television has grown from a restricted experimental field to a nation-
wide major industry. This tremendous growth has been accomplished 
by a parallel development in the technology of television. Although 
most of the fundamental principles which form the basis of present-
day picture transmission and reception (with the exception of color) 
were outlined in the first edition, the engineering advances have been 
so profound as to make necessary the revision of every chapter and 
the complete rewriting of many. New chapters have been added dis-
cussing color and industrial television. 
The organization of material in the second edition follows closely 

that of the first. Part 1 discusses the basic field of physics important 
to television, including newly added sections dealing with semiconduc-
tors, photoconductors, and recent developments in photoemitters and 
phosphors. The fundamentals of television are covered in Part 2, and 
a background of the development of television leading up to the present 
system is presented there. In Part 3 the components making up the 
television system in use today are described in detail and then inte-
grated into the complete receiver and transmitter. Part 3 starts with 
a discussion of the pickup tube problem and the camera tubes, such 
as the image orthicon and Vidicon, which have been developed as a 
solution to this problem. The kinescope is next considered in detail. 

This section is followed by a consideration of some of the associated 
components, including the video amplifier, the scanning generator, and 
the synchronizing system. Finally, the complete television transmitter 
and receiver are covered in as much detail as is practicable. Part 4 
presents some of the newest aspects of television. The problem of 
color television is treated both from the standpoint of the fundamental 
principles involved and its practical aspects in Chapters 17, 18, and 
19. The specialized features of industrial television are presented in 
Chapter 20. The final chapter deals with some of the practical aspects 
of television broadcasting, including studio arrangement, program pres-

vii 
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entation, the television station, and the integration of stations into a 
network by means of coaxial cables and radio relay links. 
Even at the time of writing the first edition, when television was in 

the first stages of its development, it was impossible to cover the field 
completely in a single volume. Today, with the enormous growth of 
the art, adequate coverage is even more difficult. In preparing this 
edition the authors have attempted to emphasize those aspects of the 
field which are most characteristic of television. For that reason the 
camera tube and the viewing tube, together with both the physics back-
ground and the television fundamentals associated with them, have 
been singled out for greatest emphasis. Specific aspects of circuitry 
relating to the television problem, such as the video amplifier, are con-
sidered in detail. Coverage of the theoretical and engineering features 
of the entire television system is included, but extensive collateral read-
ing in general radio engineering, circuit theory, and vacuum tube prac-
tice is assumed for a detailed understanding of the whole field of television. 
The authors wish to take this opportunity to express their indebted-

ness to Dr. E. G. Ramberg. Without his cooperation this revision would 
not have been possible. He is responsible for much of the new subject 
matter presented, and, in addition, his assistance in the general prepara-
tion and editing of material has been invaluable. Chapters 18 and 19 
on the problems of color television are exclusively his work. 
The generous cooperation of many other staff members of the Radio 

Corporation of America Laboratories has also been of great assistance 
in this work. Specific mention should be made of Dr. G. L. Frendendall 
in connection with the television receiver, Drs. G. H. Brown, D. W. 
Epstein, R. D. Kell, and W. C. Morrison for aid with the chapters on 
the kinescope, the transmitter, and color television. Finally, the 
authors wish to acknowledge the assistance given them by the tech-
nical staff of WNBT and the courtesy of the RCA Tube Department, 
the RCA Review, Broadcast News, and other RCA sources in making 
available illustrative material. 

V. K. ZWORYKIN 
G. A. MORTON 

Princeton, New Jersey 
June, 1954 

WorldRadioHistory



CONTENTS 

Part 1. Fundamental Physical Principles 

1. PHYSICAL ELECTRONICS   3 

1. Electron Physics   3 
2. Structure of Metals  5 
3. Semiconductors   10 
4. Photoconductivity   22 
5. Electron Emission   28 
6. Shot Effect   29 
7. Thermionic Emission   33 
8. Photoelectric Emission   42 
9. Secondary Emission   49 

10. Statistics of Secondary Emission   56 
References   61 

2. FLUORESCENT MATERIALS   63 

1. Luminescence   63 
2. Requirements of a Phosphor   64 
3. The Nature of Inorganic Phosphors   64 
4. General Properties of Inorganic Phosphors   67 
5. The Theory of Luminescence   70 
6. The Theory of Luminescence (continued)   75 
7. Phosphors for Television   78 
8. Sulphide Phosphors  81 
9. The Oxide Phosphors   84 

10. Electrical Properties of Phosphors   86 
11. Conclusion   91 

References   92 

3. ELECTRON OPTICS   94 

1. The Laplace Equation   95 
2. Electrolytic Potential Mapping   98 
3. The Motion of an Electron in a Potential Field   102 
4. Electron Paths in a Two-Dimensional System   103 
5. Graphical Trajectory Determination   104 
6. The Rubber Model   108 

References   116 

4. ELECTRON OPTICAL SYSTEMS   117 

1. Applications of Electron Lenses   117 
2. Optical Principles   123 

ix 

WorldRadioHistory



Contents 

3. The Thick Lens   126 
4. Index of Refraction in Electron Optics   128 
5. Simple Double-Layer Lens   129 
6. Continuous Lenses   130 
7. The Ray Equation   134 
8. Solution of the Ray Equation   137 
9. Special Lens Systems   143 

10. Aperture Lenses   147 
11. Cathode Lens Systems   148 
12. The Magnetic Lens  152 
13. Image Defects   159 
14. Aberrations   161 

References   167 

Part 2. Principles of Television 

5. FUNDAMENTALS OF TELEVISION   171 

1. Basis of Television Transmission   172 
2. General Considerations of Picture Quality   177 
3. Picture Quality in Relation to Television Transmission   185 
4. Flicker   187 
5. Resolution   191 
6. Theory of Scanning  194 
7. More about Resolution   203 

References   212 

6. THE TRANSMISSION AND REPRODUCTION OF HIGH-DEFINITION PICTURES . 214 

1. The Pickup Device   214 
2. The Amplifiers   215 
3. The Video Transmitter   218 
4. Single-Sideband Transmission and Reception   221 
5. Radio Receiver   228 
6. Receiver Video Amplifier   230 
7. The Viewing Device   231 
8. Synchronization   232 

References   235 

7. VIDEO PICKUP DEVICES   236 

1. Mechanical Systems: the Nipkow Disk   236 
2. Flying Spot Scanning   238 
3. Film Scanning   239 
4. Modifications of Scanning Disk   241 
5. Intermediate Film Pickup   245 
6. Electronic Pickup Systems: Electronic Scanning   245 
7. Dissector Tube   250 
8. Storage Principle-the Iconoscope   253 
9. Iconoscope; Single-Sided Mosaic Type   255 

10. Photoconductive Pickup Tube   257 
11. Electronic Flying Spot Scanning   259 

WorldRadioHistory



Contents xi 

12. Velocity Modulation   261 
References   265 

g. PICTURE-REPRODUCING SYSTEMS 266 

1. Mechanical Scanning   266 
2. The Kerr Cell   268 
3. Supersonic Light Valve   274 
4. Light-Valve Cathode-Ray Tubes   278 
5. Phosphor-Screen Cathode-Ray Tubes   290 
6. Viewing Tube with Electronic Storage   298 

References   300 

Part 3. Component Elements of an Electronic Television System 

9. THE ICONOSCOPE   305 

1. Construction of the Iconoscope   306 
2. The Mosaic   309 
3. Exhaust and Activation Schedule   311 
4. Performance Tests   313 
5. Theory of Operation-Characteristics of the Mosaic   320 
6. Potential Distribution on the Mosaic   321 
7. The Mosaic under the Influence of a Light Image   323 
8. The Formation of the Video Signal   327 
9. Line Sensitivity   331 

10. Black Spot   331 
11. Performance of the Iconoscope   333 
12. Limiting Sensitivity   336 
13. Depth of Focus   340 
14. Pickups for Motion-Picture Film   341 
15. The Type RCA1850-A Iconoscope   342 
16. Summary   345 

References   345 

10. TELEVISION PICKUP TUBES   347 
1. Limiting Sensitivity of Pickup Devices   348 
2. The Two-Sided Target   352 
3. Low-Velocity Scanning; The Orthicon   355 
4. The Image Iconoscope   358 
5. Multi-Stage Image-Multiplier Pickup Tubes   363 
6. Signal Multiplication   364 
7. Image Orthicon   366 
8. Performance of the Image Orthicon   369 
9. The Isocon   373 

10. Photoconductive Pickup Tubes   374 
11. The Storage Tube   377 
12. The Monoscope   380 
13. Conclusion   381 

References   381 

WorldRadioHistory



xii Contents 

11. THE KINESCOPE   383 

1. Requirements of the Kinescope   384 
2. Construction of the Kinescope Bulb-Round Glass Tubes 388 
3. Metal Tube Bulbs   391 
4. Rectangular Tubes   394 
5. The Electron Gun   396 
6. The Fluorescent Screen   397 
7. Screening Procedure   401 
8. Metal Backing of Kinescope Screens   404 
9. Processing of the Kinescope   411 

10. Tests and Performance   412 
11. Contrast   414 
12. Direct-View Kinescopes   425 
13. Projection Kinescopes   433 

References   441 

12. THE ELECTRON GUN   443 

1. Requirements of the Electron Gun   444 
2. The Two-Lens Electron Gun   445 
3. Limiting Performance of an Electron Gun   446 
4. The Cathode   454 
5. First Lens and Control Grid   457 
6. The Second Lens   461 
7. The Iconoscope Gun   465 
8. The Kinescope Gun   467 
9. Guns for Low-Velocity-Beam Tubes   478 

References   483 

13. VIDEO AMPLIFIERS   485 

1. The Amplifier   485 
2. Requirements of a Video Amplifier   486 
3. Amplifier Types   487 
4. Resistance-Coupled Amplifier   489 
5. Vacuum Tubes Suitable for the Video Amplifier   494 
6. High-Frequency Correction   496 
7. The General Coupling Network   498 
8. Low-Frequency Response   505 
9. Overall Amplifier Response   508 

10. Frequency Response Characteristics and Picture Quality 509 
11. Amplifier Response by Laplace Transformation   515 
12. Additional Frequency Correction   521 
13. Nonlinear Amplification   523 
14. Noise Considerations   526 
15. Thermal Noise of Resistors   527 
16. Tube Noise   528 
17. Signal and Noise in the Video System  529 
18. Blanking and Signal Insertion   532 
19. Video Cable   536 
20. The Complete Amplifier  537 

References   539 

WorldRadioHistory



Contents xiii 

14. SCANNING AND SYNCHRONIZATION   541 
1. Requirements of Scanning   541 
2. Deflection of Electron Beam  544 
3. The Deflection Generator   556 
4. Deflection Circuit and Output Tube   558 
5. Generation of the Sawtooth Signal   570 
6. Automatic Frequency Control   579 
7. Synchronization   584 
8. Separation of Video Signal and Synchronizing Impulses   585 
9. Selection of Vertical and Horizontal Synchronizing Impulses . 590 

10. Formation of the Complete Synchronizing Signal   594 
11. Special Problems of Scanning   595 

References   602 

15. THE TELEVISION TRANSMITTER   603 

1. Character of the Transmitted Signal   603 
2. Very-High-Frequency Video Transmitters-General Plan 609 
3. The Carrier Generator   614 
4. Modulation   623 
5. The Modulating Amplifier   634 
6. Neutralization   639 
7. Very-High-Frequency and Ultra-High-Frequency Power Tubes 646 

8. The Transmission Line   666 
9. The Antenna   679 
10. The Empire State Television Antenna System   696 
11. Propagation at Very High and Ultra-High Frequencies   699 
12. Special Features of an Ultra-High-Frequency Transmitter . . . 705 

References   707 

16. THE RECEIVER 711 

1. Elements of the Television Receiver   711 
2. The Receiving Antenna   713 
3. Radio-Frequency Amplifier   718 
4. Frequency Converter and Local Oscillator   720 
5. Receiver Noise  720 
6. Intermediate-Frequency Amplifier   724 
7. Detection and Video Amplification   728 
8. Synchronizing   730 
9. Automatic Gain Control   732 

10. Separation of Horizontal and Vertical Synchronizing Pulses 734 
11. Horizontal and Vertical Deflection Systems   735 
12. Direct-Current Component   738 

13. Sound Systems  740 
14. Transient Response of a Television Receiver   742 
15. Community Distribution Systems   744 

References   753 

WorldRadioHistory



N V" Contents 

Part 4. Color Television, Industrial Television, and Television 

Systems 

17. COLOR TELEVIBION-FUNDAMINTALS 757 

1. Introduction     757 
2. Color Vision   758 
3. Basic Color Television Systems   764 
4. A Three-Channel Simultaneous System   767 
5. Field-Sequential Color Systems . .   771 
6. Line-Sequential Systems   774 
7. Element-Sequential Color Television   776 
8. A Simultaneous System Derived from Element-Sequential Color 778 
9. The Derived Simultaneous System (continued)   783 

10. Color Viewing Tubes   788 
11. The Color Receiver  796 
12. Color Camera and Transmitting Equipment   797 

18. COLOR TELEVISION-PRINCIPLES 799 

1. Principles of Colorimetry as Applied to Color Television . 799 
2. Color Reproduction by a Television System   810 
3. The Discrimination of Chromaticity Variations and the Mixed-

Highs Principle   817 
4. Dot-Sequential and Dot-Simultaneous Color Television   825 
5. Receiver Nonlinearity and Selection of the Transmitted Signal 836 
6. Correction of Residual Picture Defects   852 
7. Orange-Cyan Wideband System   861 
8. Frequency Interlace Color Television System   864 
9. Standardization of the Color Television Signal   868 

References   870 

19. PRACTICAL COLOR TELEVISION   872 

1. Generation of Color Signals   872 
2. Formation of the Chrominance and Monochrome Signals . . 883 
3. Synchronization   886 
4. Recovery of the Color Signals   894 
5. Reproduction of the Picture   901 
6. Special Problems in Color Transmission   918 
7. Field-Sequential Color Television   920 

References   925 

20. INDUSTRIAL TELEVISION   927 

1. Applications of Industrial Television   927 
2. Requirements of a General-Purpose Industrial Television System  934 
3. Industrial Television Systems   935 
4. The Television Microscope   946 
5. Special Forms of Industrial Television Equipment   952 

References   955 

WorldRadioHistory



Contents xv 

21. PRACTICAL TELEVISION SYSTEMS   958 

1. Television as a Major Industry   958 
2. The Studio   961 
3. Television Cameras   965 
4. Motion-Picture Recording of Television Material   974 
5. Video Tape Recording   980 
6. Staging of Studio Programs   981 
7. The Television Station and Transmitter   987 
8. The Television Network  96 
9. Television Abroad   1014 

10. Prospects of Television   1016 
References   1018 

AUTHOR INDEX   1021 

SUBJECT INDEX   1027 

WorldRadioHistory



WorldRadioHistory



PART 

1 Fundamental 

Physical Principles 

WorldRadioHistory



-tr 

WorldRadioHistory



1 Physical Electronics 

1.1 Electron Physics. Television systems, in addition to employ-
ing ordinary metallic electron conduction, require as fundamental to 
their operation other electronically active solids. These solids include 
materials which exhibit the properties of photoelectric emission, photo-
conductivity, thermionic emission, semiconduction, secondary emis-
sion, and fluorescence (the last forming the subject of the next chap-
ter). The present chapter discusses very briefly some of the electron 
physics 'which is the basis of the phenomena. 

In some respects, electricity is not a modern discovery since there are 
recorded observations on static electricity which date back to an-
tiquity. However, it was not until the eighteenth century that elec-
trical conduction and electric current, which form the basis of its present 
usefulness, became known and recognized. During the nineteenth cen-
tury, rapid strides were made by such men as Maxwell, Faraday, and 
Hertz toward unraveling the laws of electromagnetic phenomena. The 
last two decades of that century were particularly fruitful, culminating 
in the discovery of the electron by J. J. Thomson in 1897. Before the 
discovery of the electron itself, many observations had been made on 
the special electronic phenomena mentioned above. The interaction 
between light and electricity was noted during the first half of the 
nineteenth century. Early observations on photoemission, that is, 
the emission of electrons under the action of light, date back to ob-
servations made by Hertz in 1887 on the fact that electrical discharges 
were facilitated if the negative electrode of the spark gap was irradiated 
with ultraviolet light. The following year, Hallwachs undertook a 
systematic study of the effect observed by Hertz and came to the con-
clusion that negative electricity leaves a body which is illuminated by 
ultraviolet light. The work was forwarded by Elster and Geitel, who 
gathered data on the rate at which charge left different metals and on 
the relationship between the wavelength of the incident radiation and 
the rate of transfer of electricity. With the discovery of the electron, 
the nature of the phenomena was disclosed. Again, in 1905, the theory 
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4 Physical Electronics [Chap. 1 

of photoemission was advanced another major step when Einstein ap-
plied the then new quantum theory put forward by Planck to the prob-
lem of the photoelectric long wavelength threshold. Since then, the 
theory has advanced steadily, keeping pace with an increasing knowl-
edge of the quantum mechanics of metallic and semiconduction. 
The development of photoconductivity followed a nearly parallel 

course. The increase in conductivity of selenium upon exposure to 
light was discovered in the year 1873 by Willoughby Smith. It was 
recognized as related to the phenomena of semiconductivity and in-
sulation rather than the phenomenon of metallic conduction, long be-
fore the mechanism of these different forms of conductivity was under-
stood. It was not until quantum mechanics was very well developed 
that a really satisfactory model of photoconductors and semiconductors 
could be devised. Important contributions by Bloch, Mott, Freffilich, 
and many others have led to a model which gives a fairly quantitative 
explanation of the experimental observations of both photoconductors 
and semiconductors. 
Although the effect of temperature on the rate of discharge of elec-

trified bodies has been known to science for a long time, thermionic 
emission cannot be said to have been discovered until 1883. In this 
year, Edison discovered that a negative current could be made to flow 
from an incandescent filament in an evacuated bulb. By the begin-
ning of the twentieth century, a considerable amount of data had been 
collected pertaining to this phenomenon. In 1905, 0. W. Richardson 
derived, with the aid of classical thermodynamics, an equation which 
described the observations very accurately. Later, the equation de-
rived by Richardson was revised and reinterpreted by Dushman, Lang-
muir, and others, but the original exponential form was retained. With 
the development of quantum mechanics, the understanding of the effect 
was again increased greatly. Nordheim and others, with the aid of the 
Sommerfeld model of metals, were able to show that thermionic emis-
sion is closely related to the phenomena of conduction, photoemission, 
thermoelectricity, etc. This discovery, together with technical ad-
vances in making thermionic cathodes, has brought the field to its 
present status. 
Secondary emission, that is, the emission of electrons from a circuit 

which is bombarded by high-velocity electrons, did not enter the field 
until somewhat later. The phenomenon became known by 1900 as the 
result of experimental work by Starke, Lenard, and others. Until 
about 1920, very little was done in investigating this aspect of elec-
tronics. During the last four decades, however, its practical impor-
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Sec. 1.2] Structure of Metals 5 

tance has become considerably greater, and this has resulted in an 
impetus to the investigation of this type of emission. Important ana-
lytical work done by Fr5hlich, Wooldridge, and others, using the quan-
tum-mechanical model of electronically active solids, has led to theo-
retical interpretations which quantitatively account for many of the 
experimental observations of the phenomena of secondary emission. 
However, many of the complicated surfaces in use in devices which 
employ secondary emission as the basis of their operation are still 
beyond the range of theoretical treatment. 

In the succeeding sections, the electronic phenomena mentioned 
above will be discussed without reference to the historical order of 
their development. For a complete history of electronically active 
solids, the reader is referred to standard textbooks dealing with the 
history of electricity. 

1.2 Structure of Metals. Reading across the Periodic Table of ele-
ments from right to left, one finds that the elements become increas-
ingly electropositive. That is, the elements in the columns on the left 
have an electron configuration such that they can easily lose one or 
more of these electrons and become positive ions. In the solid state 
these electropositive elements form the group of substances called 
metals. This group is characterized by the fact that its members are 
excellent conductors of both heat and electricity. Furthermore, the 
metals are in general both malleable and ductile, although there are 
some exceptions. It should be noted that these exceptions occur in the 
center columns of the table, and are all elements which are only slightly 
electropositive; in other words, these exceptions might be termed "poor 
metals." 
X-ray analysis of the metals shows them to be crystalline. The 

crystal structure of these substances (at least for all the good metals) 
is extremely simple. All the elements of the first column of the 
periodic table, together with tungsten, iron, molybdenum, and many 
others as well, have a body-centered cubic structure. The very malle-
able and ductile metals such as gold, silver, copper, and aluminum are 
face-centered cubic; others such as zinc, magnesium, and beryllium are 
hexagonal close-packed. 
The atoms making up the metal lattice no longer retain the loosely 

bound electrons associated with them in their free state. The electrons 
released when a metal crystal is formed do not have definite positions 
in the lattice, but exist rather as an electron gas which is free to move 
through the structure. 
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6 Physical Electronics [Chap. 1 

This theory, which assumes that the valence electrons form an 
electron gas, was proposed as early as 1905 by H. A. Lorentz. He 
assumed that the electrons which form this gas are in thermal equilib-
rium with the atoms of the lattice, and that they have a Maxwellian 
energy distribution. On the basis of this hypothesis, in order that the 
electrons stay within the metal, it is necessary to postulate a potential 
barrier at the boundaries of the metal. At a large distance from the 
metal, this potential is assumed to be due to the image force of the 
electron, but, since the ideal image force rises to infinity at the surface 
of the metal, it is necessary to assume a departure from this law near 
the boundary. 
The Lorentz hypothesis explained fairly satisfactorily electrical 

conduction, thermionic emission, and a number of other observed 
phenomena, but required that the specific heat of a metal be nearly 
twice the observed value. 

It was not until the advent of quantum mechanics and the exclusion 
principle that the reason for this discrepancy became evident. With 
the aid of the new mechanics, Sommerfeld, Pauli, and others were 
able to modify the Lorentz theory in such a way that it gave a very 
accurate quantitative account of the behavior of metals. 
The difference between the old Lorentz theory and the Sommerfeld 

theory lies in the type of energy distribution assumed for the electron. 
In either case the energy E of an electron is 

E = Vo (1.1) 
2m 

where Vo is its potential energy and p its momentum. Lorentz placed 
no restrictions upon the values which p could assume. The newer 
theory, on the other hand, assumes, in accordance with quantum laws, 
that the three momentum components are restricted and, for a block 
of metal with the dimensions L„, L„, and L, can only have values sat-
isfying the relation 

nzh nyh nzh 
Px = Lx Pt, = pz = — (1.2) 

Ly L, 

where h is Planck's constant, and nz, ni„ and nz are integers. The 
allowed energies are therefore not continuous but consist of a vast 
number of discrete levels. A further restriction is imposed by the 
exclusion principle. This rule states that only two electrons can exist 
in any one energy level, two electrons being allowed because of the 
two possible spin directions. 
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Sec. 1.2] Structure of Metals 7 

The effect of these two restrictions becomes clearly apparent upon 
consideration of what happens when the crystal is cooled to absolute 
zero. In the older theory, all the electrons come to rest, since they are 
in thermal equilibrium with the atoms making up the crystal lattice. 
However, this cannot happen according to the newer theory because 
there can be only two electrons in a state of zero energy. The remain-
ing electrons must retain enough energy to be able to occupy other 
energy levels. As a result, all the lower levels are filled up, so that 
energies corresponding to several electron volts exist in a crystal even 
at zero absolute. 

If, instead of being at zero absolute, the crystal is at room tempera-
ture, the mean energy of its atoms is still far below the energy held by 
the electrons in the highest filled level. Consequently, the probability 
of an electron receiving enough energy from the thermal motion of the 
atoms making up the crystal to raise it to an unfilled energy level is 
extremely small. The electrons, therefore, because they can be given 
almost no thermal energy by the lattice, contribute very little to the 
heat capacity of a metal. The greatest difficulty encountered by the 
older theory is thus overcome. 
At very high temperature, the mean energy of the atoms making up 

the lattice may become greater than the energy of the highest filled 
level. Under these circumstances, the electrons receive thermal energy 
and come into equilibrium with the lattice, their energy distribution 
approximating the Maxwellian distribution postulated by the earlier 
theory. An abnormally high specific heat would exist at such tempera-
tures. A calculation of the temperature required to increase the specific 
heat appreciably shows it to be beyond the vaporizing temperature of 
any known metal. 
A more quantitative consideration, starting with the potential bar-

rier, is necessary if these ideas are to be of practical value. The 
potential energy, which keeps the electrons within the material, in-
creases with the distance from the surface, asymptotically approaching 
some arbitrarily chosen zero at infinity. As has been mentioned, at 
distances from the crystal greater than the lattice spacing this potential 
is the result of the simple image force. This force, as is well known, is 
given by the relation F = —e2/4x2, where x is the distance from the 
surface. As the charge nears the surface, the forces rise and would 
approach infinity as x approaches zero if the law were applicable at 
all distances. However, from the very nature of its derivation, which 
assumes a plane surface, it is obvious that this law will not hold for 
distances of less than a few atom diameters. The law which most 

WorldRadioHistory



8 Physical Electronics [Chap. 1 

nearly satisfies the observed facts assumes that the attractive force is 
zero at the metal surface, rises rapidly to a maximum, then decreases 
inversely with the square of the distance from the metal surface. The 
force law close to the surface is extremely complicated, but for the 
present purpose a knowledge of its exact form is unnecessary. Figure 
1.1 shows the approximate shape of the force curve. 

F 

X (distance from surface) 

nr 
Metal 

Lattice atoms 

1 

' 
' 

»- I 

Vacuum 

Distance 

7." 

Fig. 1.1. Modified Image Forces. Fig. 1.2. Idealized Potential Field. 

The potential at any point outside the metal is calculated by inte-
grating the force curve. The form of the potential curve is illustrated 
in Fig. 1.2. Inside the metal, the potential is not uniform but consists 
of a three-dimensional array of potential minima, the minima corre-
sponding to the crystal atoms. These minima are shown to the left 

to 
Distance 

Fig. 1.3. Electron Energies in an Ideal Metal. 

of the metal surface in Fig. 1.2. For purposes of this discussion, the 
non-uniformity of the potential within the metal can be ignored and 
the variable potential can be replaced by a uniform averaged potential 
as shown in Fig. 1.3. The value of the potential rise at the surface of 
a metal is extremely important in determining its emission properties. 
This potential, known as the "inner potential," is shown as W. on the 
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Sec. 1.2] Structure of Metals 9 

diagram. It can be measured experimentally by the change in wave-
length of electron waves passing through the metal surface observed in 
electron diffraction experiments. The values obtained by this method 
are in the neighborhood of 10 to 15 volts. 
With these values for the inner potential, it is possible to calculate 

the approximate minimum distance at which the square law image 
force on an electron applies. This distance turns out to be of the same 
order of magnitude as the distance between atoms in the metal lattice. 
For convenience of illustration, the kinetic energies of the electrons 

can be included in an energy diagram, together with the potential 
energy. The kinetic energy is plotted along the ordinate just as is the 
potential energy of the lattice. Such a diagram is shown in Fig. 1.3. 
The energy distribution in the electron gas, based upon the exclusion 
principle, was derived by both Fermi and Dirac, independently, in 
1926. According to their distribution function, the number of electrons 
N(u, v, w) du dv dw having velocity components u, y, w, in the range 
du, dv, dw is 

where 

2m3 
du dv dw 

h3  
N (u, y, w) du dv dw — (yrr.— ii)/(kr ± 1 

e 

( 3n) 34 

2m 87r 

k is the Boltzmann constant, and 
n is the number of electrons per unit volume. 

2 m3 h3 
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0°K 
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Fig. 1.4. Distribution of Electron Energies by Fermi-Dirac Statistics. 

(1.3) 

(1.4) 

A plot of this function is shown in Fig. 1.4. Curves are given for 
T = 0 and T = 1600°. At T = 0, this function becomes 
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10 Physical Electronics [Chap. 1 

n3 

N (u, y, w) = 2 —i-- for We < g 
h3 

N(u, y, w) = 0 for We > 14. 

Thus there are no electrons in energy levels above We = g, which is 
in accordance with the qualitative picture given in the preceding para-
graphs. 
The numerical value for We max can be found from the equation 

h2 (3n) .‘ 
We max = — 

2m 8tr 
(1.5) 

However, to evaluate the expression, it is necessary to assign a value 
to n. This requires a knowledge of the number of atoms per unit 
volume and the number of electrons each atom contributes to the 
electron gas. If the former is calculated from the density, composi-
tion, and Avogadro's number, and a reasonable assumption is made 
for the latter, We max is found to lie between 5 and 10 volts. 
At temperatures other than zero, the velocity distribution does not 

end sharply at the value We ,„„x but decreases asymptotically to zero. 
As the temperature is increased, the high-velocity electrons become 
more and more numerous. Finally, at very high temperatures the 
Fermi-Dirac distribution approaches a Maxwellian distribution. How-
ever, this is found, as has been mentioned, to be a higher temperature 
than can be reached using any known metal. 
When a potential difference is established between two points in a 

metal, electrical conduction takes place because the field thus pro-
duced causes a drift to be superimposed upon the random motion of 
the electrons in the upper levels. This drift is in a direction opposite 
to that of the field because of the negative charge of the electron. In 
other words, the drift motion is opposite to the conventional direction 
of current flow. Although the electrons behave largely as though they 
were free, there is some interaction between them and the crystal lat-
tice, which appears as the heat generated due to electrical resistance. 
In order to account quantitatively for electrical resistance of a metal, 
it is necessary to deal with the wave functions of the electrons and to 
consider resistance as a scattering and diffraction problem. Looked at 
in this way, both resistance and change of resistance with temperature 
can be accounted for very nicely. 

1.3 Semiconductors. The metals are to be found in the left-hand 
column of the Periodic Table. As one moves toward the center of the 
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Sec. 1.3] Semiconductors 11 

Table, the elements found there lose their valence electrons less easily 
when in solid form and the materials are not good conductors. In the 
extreme right-hand column lie the elements which have very firmly 
bound outer electrons and, therefore, go to make up the class of ma-
terials known as insulators. Silicon, germanium, carbon, and arsenic 
in the center of the Periodic Table are examples of semiconductors, 
whereas sulphur, iodine, and bromine are examples of good insulators. 
However, any model which describes semi-
conductors in terms of electrons which are Series limit  

moderately bound bound to their parent atoms and 
3s insulators in terms of crystal lattices with 

strongly bound electrons is not adequate to 
account for the essential behavior of these 
two classes of materials. As in the case of 
metals, the concepts of quantum mechanics 
must be introduced to give a quantitative 

2p  
interpretation of observed phenomena. A 
single atom, according to the quantum-me-
chanical model, has its extranuclear electrons 
in definite energy states or levels. The num-
ber of the extranuclear electrons depends 
upon the positive charge of the nucleus of the 
atom in question. Although the electrons 
about the nucleus of an atom cannot have 
their positions specified at any instant of Fi 2s  

Fig. Electron Energy time, they can, nevertheless, be thought of as 
Levels of a Sodium Atom. 

moving in some form of orbit around the 
nucleus with the total energy of each specified and their position given 
by a probability function. Thus, a sodium atom has eleven extra-
nuclear electrons. Of these, two are in a is energy state, two in a 
2s-state, six in a 2p-state, and one is in a 3s-state. The energies of these 
states (with the exception of the lowest, 1s-, state), as well as those of 
discrete higher energy levels into which the electrons can be excited, are 
shown in Fig. 1.5. Electrons cannot, however, exist in the atom except 
in these discrete energy levels. In other words, energy transitions can 
occur only between these levels. It is this, of course, which gives rise 
to the spectral lines observed in light, ultraviolet radiation, and x-rays. 
If two atoms are brought close together, each energy level splits into 
two levels very close together. Again, if three atoms are brought to-
gether, each level splits into three; and, if some large number n atoms 
join together, as is the case when they form the crystal lattice of the 
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12 Physical Electronics [Chap. 1 

element in question, each level divides into n very closely spaced levels. 
The spacing between each of the n subdivisions is so small that the 
original level may be thought of as giving rise to a continuous energy 
band rather than to a multiplicity of discrete levels. Thus a sodium 
crystal will have energy bands as pictured in Fig. 1.6. 
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Band Structure as Function of Atomic Spacing for Sodium. (After 
Slater, reference 15; courtesy of Reviews of Modern Physics.) 

WorldRadioHistory



Sec. 1.3] Semiconductors 13 

One narrow triple band which results from the splitting up of the 
occupied energy levels of the sodium atom is completely filled by the 
6n 2p-electrons belonging to the n atoms. Therefore, it would, for 
example, be impossible to give a small amount of additional energy to 
an electron in the 2p-band without taking it away from another elec-
tron in the same band. The minimum amount of energy that could be 
accepted by any electron in this band without such compensation would 
be that required to lift it to the next vacant band. However, it will be 
observed that the next band is only half filled by the n 3s-electrons. 
Therefore, small amounts of energy can be added to the electrons in 
this band in such fashion as to give the group as a whole di drift 
velocity in the direction of the applied field. The ability of the elec-
tron to accept small amounts of additional energy so that it can drift 
through the material and serve as a current carrier is the property 
which gives the material its metallic characteristics. 

If a similar examination is made of the element sulphur, it will be 
found that all the bands containing electrons are completely filled. 
The minimum amount of energy which an electron in sulphur must 
accept to escape from a filled band is 5 electron volts. The material, 
therefore, is a good insulator since the application of an electric field 
across the material cannot modify the velocity distribution of the elec-
trons so that they may serve as current carriers. 
Examined in this same way, germanium is found to have all the 

bands occupied by electrons completely filled. Adjoining the topmost 
filled band there is, however, an empty band separated from it by an 
energy gap of only about 0.7 electron volt. This energy gap is small 
enough so that the thermal energy of the lattice at room temperature 
is sufficient to supply a large number of electrons in the filled band 
with sufficient energy to be excited into the conduction band adjoining 
it. The material, therefore, at room temperature will be an electrical 
conductor with an electrical specific resistivity of 60 ohm-centimeters. 
By way of comparison, the resistivity of a good metal is lower by 6 or 
7 orders of magnitude. Germanium is, accordingly, classified as a 
semiconductor. 

In considering the electrical properties of semiconductors, it is 
actually necessary to consider only the filled band, the empty or con-
duction band adjoining it, and the forbidden band which separates 
the two, as shown in Fig. 1.7. In other words, the presence of electrons 
in the conduction band or absence of them in the filled bands alone can 
contribute to the conductivity of the material. As has already been 
pointed out, if an electron is excited, for example, by the thermal energy 
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14 Physical Electronics [Chap. 1 

of the crystal lattice, into the conduction band, it can move under the 
influence of an electrostatic field, thus causing the material to be a con-
ductor. However, if the electron is excited from a filled band, an 
unfilled energy level will be left in the filled band. Now a neighboring 
electron can move into the level vacated by the excited electron. This, 
in turn, leaves another vacant level which can be occupied by a second 
electron so that in effect the vacancy moves through the material in 
much the same way as an electron in the conduction band. Indeed, an 
analysis of the behavior of such a vacancy shows that its movement is 
identical with the motion of a charged particle having about the mass 
of aif electron but carrying a positive charge in an empty conduction 
band. Such a vacancy, termed a "hole," is capable of serving as a cur-
rent carrier just as is an excited electron. 

Semiconductors whose conductivity is due to electron and hole cur-
rent resulting from the excitation of electrons from the filled band to 
the conduction band are known as intrinsic semiconductors. Fre-
quently, when a semiconductor or insulator crystallizes, imperfections 
may occur in its lattice, due either to foreign atom impurities or to 
lattice defects. These imperfections can introduce additional energy 
levels in the forbidden gap. If such a level contains an electron, the 
electron can be excited into the conduction band more easily than can 
an electron from the filled band because of the small energy difference 
between the conduction band and the impurity level. Such a transition 
is indicated by transition B shown in Fig. 1.7. An impurity of this 
type is called a donor level, and a semiconductor whose conductivity 
depends on the excitation of carriers from donor levels is known as an 
n-type semiconductor. Germanium, which has 4 valence electrons, 
crystallizes to form a semiconductor. If arsenic, with 5 valence elec-
trons, is introduced as an impurity, the result is an n-type semicon-
ductor. Only a minute amount of impurity leads to a marked change 
in the electrical characteristics of the material. For example, one part 
in ten million of arsenic changes the specific resistivity of germanium 
from 60 ohm-centimeters for the intrinsic pure material to less than 
1 ohm-centimeter for the resulting n-type semiconductor. It also com-
pletely alters the variation of conductivity with temperature. 

In an exactly analogous manner, impurities may introduce levels in 
the energy gap which are normally empty. An electron from the filled 
band may be excited into such an "acceptor" level, leaving a mobile 
hole at its vacated site. A semiconductor whose conductivity depends 
upon hole-type charge carriers created by electrons from the filled band 
being excited into vacant or acceptor levels is known as a p-type semi-
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See. 1.3] Semiconductors 15 

conductor. Again, starting with germanium as the semiconductor, the 
impurity gallium which has 3 valence electrons causes the material to 
become a p-type semiconductor. Like amounts of the impurity gallium 
or the impurity arsenic in germanium will form a semiconductor which 
has very similar electrical properties except that the former will be 
p-type and the latter n-type. 
The conductivity of a semiconductor depends upon the number of 

current carriers free to move and upon the mobility of the current car-

Conduction band 

Forbidden band 

Filled band 

A 

Potential energy 

in of electron 
free space 

"Electron affinity" 

--Donor impurities 

Fig. 1.7. Band Structure of a Typical Semiconductor, Showing the Conduction 
Band, the Filled Band, and the Forbidden Gap. A represents the excitation of 

an electron from the filled band, B that from a donor impurity. 

riers. An electron excited into the conduction band is in constant 
motion due to thermal agitation, moving a short distance through the 
lattice, then "colliding" with a lattice irregularity in such a way as to 
change its direction entirely, and moving in the new direction only to 
make another collision. The average number of collisions made by an 
electron at room temperature is very large, being in the neighborhood 
of 1012 per second. If an electric field is introduced through the crystal, 
a drift is superimposed upon the random motion of the current carrier. 
Since the electron cannot experience a continuous buildup of velocity 
from acceleration due to the frequent collisions, its average velocity 
varies linearly with the applied field. The factor of proportionality 
between the average velocity of a current carrier and the electric field 
is called "mobility." It is usually given in terms of centimeter per 
second per volt per centimeter applied field. 

Quantitatively, therefore, the conductivity of any semiconductor is 
given by 

cr = _e(neite + %Ph) (1.6) 
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16 Physical Electronics [Chap. 1 

where e is the charge of an electron; ne the number of electrons per 
unit volume in the conduction band; nh the number of holes in the 
filled band; tte the mobility of an electron; and eak the mobility of a 
hole. 
Both the number of current carriers and the mobility are functions 

of temperature. The variation of mobility with temperature is given 
approximately by 

1 
— (1.71 

The first term of this expression describes the effect of impurity scat-
tering upon mobility. At low temperatures, this term will normally 
dominate and leads to a mobility which decreases with decreasing 
temperature. At higher temperatures, the second term, with a positive 
exponent, dominates and leads to a decrease in mobility with rising 
temperature. 
Thermal scattering by the crystal lattice is responsible for this term. 

Typical mobility curves for germanium of various purities are shown 
in Fig. 1.8. It will be observed that the mobility first increases as the 
temperature falls and then decreases. The initial increase is inde-
pendent of the impurity content of the material, but the decrease at low 
temperatures is a direct function of the impurity content. 
The quantitative determination of the number of electrons and hole 

carriers as a function of temperature requires the consideration of the 
position of the Fermi-level which describes the statistical distribution 
of thermal energy among the electrons of the material. For an in-
trinsic semiconductor, the number of carriers as a function of tempera-
ture is given by 

(27rmkT) _ Aar) 
ne nit 2   e " 

11.2 
(1;8) 

where h is Planck's constant, m the mass of the electron, k Boltzmann's 
constant, and E, the energy difference between the top of the filled 
band and the bottom of the conduction band. In this expression, the 
factor in brackets gives the effective number of electron states at the 
bottom of the conduction band. The factor 2 before this parenthesis 
is due to the fact that each state may be occupied by 2 electrons with 
opposite spins. Where impurity levels are involved, the expression for 
the temperature dependence is much more complex. However, the re-
quirement of electrical neutrality of the sample fixes the position of 
the Fermi level for any given temperature and impurity level distribu.. 
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Sec. 1.3] Semiconductors 17 

tion. The number of electron and hole carriers is then given by the 
expression in Eq. 1.8, provided that E9/2 in the exponent is replaced 
by the separation of the Fermi level from the lower boundary of 
the conduction band and the upper boundary of the valence band, 
respectively. 

106 
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0.0.5(0.00-0  
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Temperature in degrees Kelvin 

Fig. 1.8. Mobility as a Function of Temperature for Germanium (n-Type 
Samples 1-6, with Increasing Impurity Content). (After Debye in Conwell, 

reference 17; courtesy of Proceedings of the Institute of Radio Engineers.) 

The results of measurements of the carrier concentration for the ger-
manium samples of Fig. 1.8 are represented in Fig. 1.9, showing the 
logarithm of the carrier concentration as function of the reciprocal 
absolute temperature. An examination of the curve shows that three 
temperature ranges may be distinguished. At high temperatures, the 
number of carriers decreases with falling temperature exponentially 
with a slope related to the intrinsic energy gap E,. In this temperature 
range, the conductivity is primarily due to carriers excited across the 
forbidden band to the conduction band. In an intermediate tempera-
ture range, the thermal power is insufficient to excite electrons across 
the intrinsic gap. However, in this range, the temperature may be high 
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Fig. 1.9. Carrier Concentration as a Function of Temperature for n-Type Ger-
manium. (After Debye in Conwell, reference 17; courtesy of Proceedings of the 

Institute of Radio Engineers.) 
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Sec. 1.3] Semiconductors 19 

enough to ionize completely all the impurity levels. In this tempera-
ture range, the number of current carriers is essentially independent of 
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Fig. 1.10. Variation of Conductivity with Temperature for n-Type Germanium. 
(After Debye in Conwell, reference 17; courtesy of Proceedings of the Institute 

of Radio Engineers.) 

temperature. At still lower temperatures, the current carriers begin to 
condense out into the impurity levels, and the number of carriers again 
falls exponentially with decreasing temperature. The decline is much 
less rapid than in the high-temperature range since it is related to the 
impurity carrier activation energies. 
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20 Physical Electronics [Chap. 1 

The conductivity as a function of temperature is similar to the curves 
shown in Fig. 1.9 but modified by the variation of mobility with tem-
perature. The variation of the logarithm of the conductivity as a func-
tion of reciprocal temperature for the n-type germanium samples is 
shown in Fig. 1.10. 
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Fig. 1.11. Conduction Mechanism of a p-n Junction. 

When an n- and p-type semiconductor are joined together and 
allowed to come into equilibrium, there is a readjustment of charge 
in the material in such a way as to bring the Fermi levels of the n- and 
p-type material together. This readjustment leads to a potential bar-
rier at the junction of the two materials. The consequence of such a 
barrier is that the material can conduct the current in one direction 
but will have very low conductivity if the voltage is applied in the 
other direction. This is illustrated in Fig. 1.11. Case a shows the 
semiconductor when no potential is applied. In case b, the p-type 
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Sec. 1.3] Semiconductors 21 

material is made positive and the n-type negative. Electrons from 
the negative electrode can enter the n-type material readily, and the 
electrons can diffuse through the barrier into the p-type material, 
where they recombine with holes. At the same time, holes can enter 
the p-type material and diffuse through the barrier and recombine 
with electrons in the n-type material. Consequently, the conductivity 
of the semiconductor junction is high. When the opposite potential 
is applied (Fig. 1.11c), current cannot flow since to a first approxi-
mation no electrons are formed in the p-type material to cross the 
boundary into the n-type material, nor are holes formed in the n-type 
material to cross the boundary into the p-type material. This behavior 
is typical of semiconductor rectifiers. 

Recently, semiconductors have been brought into great prominence 
because of their application in transistors. This, however, is not the 
reason for introducing the topic in this chapter. Semiconductors are of 
interest primarily because photoconductors, which are becoming in-
creasingly important in the field of television, can be described only 
in terms of semiconductor behavior. This more restricted group of 
non-metallic conductors will form the subject of the next section. 
At the time of writing, transistors are not employed in any com-

mercial television units. However, it is certain that many functions 
now performed by vacuum tubes will be performed in the future by 
transistors. Although transistor circuits will not be discussed in the 
succeeding pages of this book, it would not be out of place to conclude 
this brief section on the properties of semiconductors with a qualitative 
description of the transistor action of an n-p-n transistor. 
The n-p-n transistor consists of two pieces of n-type material sepa-

rated by a thin layer of p-type semiconductor. The arrangement is 
illustrated in a of Fig. 1.12. The left-hand n-type portion of the tran-
sistor is the emitter, the right-hand n-type portion the collector, and 
the central p-type region is the base. When a potential is applied to 
the material, the internal potential distribution and idealized current 
carrier distribution will be as shown in b of Fig. 1.12. If, now, the 
collector is made strongly positive with respect to the emitter and base, 
a small current flows between the emitter and collector due to the dif-
fusion of electrons across the p-type barrier. This current will be 
greater than the current for a rectifying barrier similar to that shown 
in Fig. 1.11c because the p-type layer is narrow enough to permit some 
electron diffusion. If the emitter is made slightly negative with respect 
to the base (c), the diffusion of electrons from the emitter into the base 
becomes very rapid. Most of these electrons diffuse directly across 
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22 Physical Electronics [Chap. 1 

the base and into the collector with only a small part of the current 
passing out through the base leads. This small current is due to the 
recombination of electrons in the base. The result of this action is 
that a small change in potential between emitter and base causes a 

Emitter 

(a) 

(b) 

(c) 

-Type -Type -Type 

Base 

• • • • / • • • • 

0 0 0 0 0 ° 0 o o o o 
o 

• 

Fig. 1.12. A n-p-n Junction Transistor. 

Collector 

large change in current received by the collector. On the other hand, 
a large change in potential of the collector causes almost no change 
in current. This is exactly the condition required for amplification 
and is the reason why this type of device has the potentiality of re-
placing vacuum tubes in many of their functions. 

1.4 Photoconductivity. In the preceding section, the excitation of 
current carriers in a semiconductor was confined to the action of the 
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Sec. 1.4] Photoconductivity 23 

thermal energy of the material. Other forms of energy are also capable 
of exciting these carriers. In particular, the material may absorb a 
photon of light or other radiant energy and use the energy contained 
therein to excite a hole or an electron. This phenomenon, known as 
"photoconductivity," is of considerable importance in television. 

It has been recognized since the work of Planck and Einstein in the 
early part of the twentieth century that electromagnetic radiation, 
when it interacts with matter in such a way as to exchange energy, 
behaves as if it were corpuscular in nature. The particles making up 
light are known as photons. The energy associated with a photon 
depends upon the wavelength or frequency (y) of the light involved 
and is given by the following relation 

E = hv (1.9) 

where h is a Planck's constant. 
Photoconduction in a semiconductor can be produced only by radia-

tion with photon energies equal to or greater than the energy needed 
to generate a carrier in the material. As with thermally excited con-
ductivity of semiconductors, the carriers may be the result of the lifting 
of an electron from the filled band into the vacant conduction band of 
the material. This corresponds to intrinsic photoconductivity. On the 
other hand, the excitation may be from a donor-type impurity into the 
conduction band or from the filled band into an acceptor-type impurity. 
In this case, the effect is known as impurity photoconductivity. 
From the above, it is evident that the spectral response of a photo-

conductor is dependent entirely upon the energy intervals of the transi-
tions involved. In an intrinsic photoconductor, the gap between the 
top of the filled band and the bottom of the conduction band is the 
determining interval. Table 1.1 lists a few intrinsic photoconductors, 
giving their gap width in electron volts and the long wavelength limit 
of the spectral response of each. 
Where impurity photoconductivity is involved, the situation is more 

complex. Here the energy interval depends not only upon the host 
semiconductor but also upon the impurity which is involved in the 
photoconductivity. When light falls on a photoconductor, the fraction 
of the photons which cause transitions giving rise to photoconductivity 
may vary considerably from material to material. The fraction of 
photons which do cause such transitions is the primary quantum ef-
ficiency of the material. For many materials the quantum efficiency 
is low owing to the existence of transitions which can absorb photons 
from the incident radiation but which are not among those involved in 
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TABLE 1.1. GAP WIDTH AND LONG-WAVE THRESHOLD OF 
PHOTOCONDUCTORS 

(Data from T. S. Moss, Photoconductivity in the Elements, Academic Press, 1952; 
and Zworykin and Ramberg, "Photoelectric Cells," Encyclopedia of Chemical 

Technology, 1953.) 

Gap Width Long-Wave Threshold 
E, (electron volts) X0 (microns) 

Se (amorphous) 2.4 0.51 
Se (black, crystalline) 1.5 0.80 
Si 1.13 1.08 
Ge 0.72 1.72 
Tl2S 1.0 1.25 
PbS 0.4 3.0 
PbSe 0.27 4.5 
PbTe 0.25 5.0 (at 90°K) 
CdS 2.4 0.51 
Sb2S3 1.6 0.75 

The threshold given above represents the point of sharp falling off of the spec-
tral response, rather than an absolute threshold of sensitivity. 

freeing bound current carriers; on the other hand, there are a great 
many photoconductors for which the quantum efficiency y is close to 
unity. These are, of course, the ones which are of greatest interest 
whenever electrical effects are to be obtained from an optical stimulus. 
The primary quantum efficiency of a photoconductor cannot, of course, 
exceed unity. However, as will be outlined below, gain mechanisms 
can operate in photoconductors in such a way as to give an apparent 
quantum efficiency which is much higher than unity. 
The simplest concept of a photoconductor is the following: An in-

cident photon excites an electron from the filled band to the conduction 
band, leaving a hole behind. The field applied across the photocon-
ductor causes these two current carriers to drift to the positive electrode 
and to the negative electrode respectively. The current which would 
flow in such a photoconductor, due to the incidence of a light flux F 
(lumens per square centimeter), will be given by 

I = cyciFLw (1.10) 

where a is the number of photons per second per lumen; y, the quantum 
efficiency; L, the length of the cell; w, its width; and e, the charge on 
an electron. 
The assumption here is that the applied voltage is sufficient to move 

the carriers completely out from the sample. Therefore, the voltage 
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Sec. 1.4] Photoconductivity 25 

does not appear in the expression for the current. This concept is 
much too simple to explain the behavior of any real photoconductor. 
In the first place, many photoconductors exhibit photocurrents many 
times as great as that indicated by the above relation. Furthermore, 
the current depends greatly upon the voltage applied across the ma-
terial. Finally, the current does not cease to flow immediately upon 
removal of the stimulating radiation. 
The next extension of the model is to assume that as each current 

carrier, whether it be hole or electron, moves out of the crystal, it is 
replaced by another flowing in from the electrodes. This replacement 
continues until a recombination occurs which binds the hole and/or 
electron so that it can no longer serve as the current carrier. In terms 
of this model, the current will be given by equation 

I = e-yaF — paVt, (1.11) 

In this expression, t, is the lifetime of the carrier and pe its average 
mobility. Although the description above has been given in terms of 
an intrinsic photoconductor, the same principles apply when the ex-
citation is from an impurity level to the conduction band or from the 
filled band to an impurity level. When this type of photoconductivity 
is involved, only one kind of carrier is free to move. For example, in 
a photoconductor with a donor-type impurity being responsible for the 
sensitivity to light, the action might be pictured somewhat as follows. 
The incident photon excites an electron from the donor level up into 

the conduction band. Under the influence of the field produced by the 
voltage applied across the cell, the electron starts to move away from 
the ionized donor. As it moves toward the positive electrode, the 
potential about the positive donor becomes increasingly positive. This 
is analogous to a space charge effect. If, as the charge in question 
moves away from the ionized donor, a charge from the negative elec-
trode moves toward it, the effective neutrality of the material can be 
maintained. As long as the ionized donor is present, the current can 
continue to flow. Eventually, however, the donor captures an electron, 
preventing further motion of electrons through the crystal. It will be 
apparent that an acceptor-type impurity can behave in an identical 
manner towards free holes in the filled band. 

Before discussing the lifetime tc of the carriers and the average mo-
bility p.a , let us consider further the question of the replacement of one 
carrier by another as the former moves out of the material or out of a 
specific region of the material. There are many ways in which this can 
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take place. Thus, crystals in which the flow of carriers is obstructed by 
potential barriers are of common occurrence. Assume, for example, 
that the current is primarily carried by electrons. If there is a small 
region across the cell where there is excess negative charge, there will 
be a potential barrier set up in this region which will prevent the flow 
of electrons. This is illustrated in Fig. 1.13. Such a barrier is capable 
of capturing a hole or positive charge should one be formed by the 
action of light. When a hole is captured by such a barrier, the poten-
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Fig. 1.13. A Photoconductor Including a Potential Barrier. Lowering of barrier 

by hole trapping. 

tial barrier is lowered by the addition of the positive charge. This 
allows negative carriers to flow through this region. The flow will 
continue until the positive charge or hole captures an electron, re-estab-
lishing the potential barrier. For crystals which are good insulators, 
the flow of carriers between electrodes is prevented by space charge. 
At the negative electrode there will be an accumulation of electrons such 
that tht gradient in that region will no longer allow the flow of 
electrons. A single hole flowing through this region will neutralize 
the space charge to the extent of allowing one additional negative 
charge to flow therein. Similarly, the positive space charge formed at 
the positive electrode due to the deficiency of electrons or an accumu-
lation of holes can be neutralized by an electron, allowing a hole to 
flow out of this region. Again, holes or electrons entering the contact 
region of a photoconductive cell may serve to neutralize potential 
barriers at these contacts, these barriers otherwise inhibiting the flow 
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of electrons or holes through the material. This does not exhaust the 
ways in which carrier replacement may occur in photoconductors, but 
the examples cited above serve to indicate that the release of a primary 
carrier by the action of the incident radiation may permit the passage 
of charge which is many times greater than the single unit of charge 
released by the initial photon. 
The average mobility iza appears in the expression for the current in 

a photoconductor. In the preceding section, the mobility and its rela-
tionship to thermal and impurity scattering were discussed. An addi-
tional effect occurs in photoconductors which makes the average or 
effective mobility much lower than the mobility of ideal holes or 
electrons. It is the existence of traps. Impurity or structural imper-
fections in a crystal may temporarily capture current carriers. During 
the time they are captured, they, of course, cannot contribute to the 
current flow. Because the potential energy represented by traps is 
small, thermal excitation of the crystal causes the carriers thus trapped 
to be released again and resume their drift. The average or effective 
mobility of the carriers, therefore, must take into account the time 
charge carriers spend in traps. This trapping of charge carriers is 
of major importance in real photoconductors. One of the objectives 
in making good photoconductive material is to reduce traps to the 
minimum. 
The lifetime of a carrier is determined by the length of time the 

carrier or its replacement can move through the crystal before recom-
bination occurs. The process of recombination is a complex one. In 
general, the probability of recombination between a free hole and an 
electron is very small. However, if either the hole or the electron is 
captured or is immobile, its capture cross-section toward a carrier of 
the opposite sign becomes fairly large. In real photoconductors, the 
capture cross-section of bound holes for electrons or bound electrons 
for holes ranges between 10 -16 and 10-28 square centimeter. Given 
the capture cross-section of a center for a carrier cr and the thermal 
velocity of the carrier v., the lifetime for the carrier will be given by 
the following relation: 

1 
T=  

Neuv„ 
(1.12) 

where Ne is the density of centers. The lifetimes range from a few 
microseconds to many seconds in the range of materials used for photo-
conductors. The above discussion relates primarily to photoconductors 
which are good insulators in darkness; in other words, photoconductors 
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where the dark current is small compared to the photocurrent. As will 
be shown in Chapter 10, this type of photoconductor is important in 
the Vidicon pickup or camera tube and is, therefore, of primary interest 
in television. 

1.5 Electron Emission. The theory of metals as outlined in section 
1.2 can be extended to account for most of the phenomena observed in 
connection with the thermionic emission of electrons. On the basis of 

the quantum theory picture of 
metals, nearly every phase of elec-
tron emission from pure metals 
can be explained not only quali-
tatively but also quantitatively. 
The theory also has been ex-
tended to cover the case of metal 
surfaces on which there is a thin 
overlying contaminated film, but 
the analysis here is somewhat less 
rigorous. Since, however, this 
type of surface is very important 
from the standpoint of the emis-
sion of electrons, it cannot be left 
out of consideration. There must 
necessarily be gaps and indefinite-

Fig. 1.14. Emission of Electrons. ness in some of the account which 
follows. 

With reference again to Fig. 1.3, which shows the kinetic energy of 
electrons superimposed upon the potential energy diagram for the 
metal, it is evident that one or both of two conditions must be fulfilled 
before electrons can escape through the surface barrier and be emitted. 
Either some of the electrons must be given additional energy so that 
their kinetic energy is at least as great as the potential barrier, or the 
height and width of the barrier must be reduced to such extent that 
the electrons can penetrate through it. Diagrammatically, these might 
be represented as shown in Fig. 1.14. The first diagram illustrates elec-
trons which have been given sufficient additional energy to escape over 
the normal potential barrier. This energy may be supplied in the form 
of thermal energy taken from the lattice of a heated metal crystal, in 
which case the emission is known as thermionic emission. On the other 
hand, if the additional energy is obtained from radiant energy incident 
upon the metal, photoelectric emission takes place. Where the metal is 
bombarded by high-velocity electrons, there may be an interaction 

(b) lowering potential barrier 

(c) combination of (a) & (h) 
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between the electrons in the metal and the incident electrons, resulting 
in the former acquiring sufficient energy to escape. This phenomenon 
is known as secondary emission. 
Diagram b of Fig. 1.14 shows the potential barrier depressed to such 

an extent that electrons can escape from the surface. This may occur 
when there are extremely high fields at the metal surface, the effect 
being known as cold emission. Whereas in classical theory emission is 
possible only when the kinetic energy of the electrons exceeds the po-
tential barrier, quantum mechanics indicates a finite probability for 
an electron traversing a potential barrier which is higher than its kinetic 
energy. The probability of transmission here depends on the thickness 
and the height of the barrier. Very frequently both an addition of 
energy by a thermal or other excitation process and a depression of 
the barrier are responsible for the emission, as shown in diagram c. 
The depression of the barrier may, for example, be caused by a certain 
contamination on the surface of the metal. When this occurs, much 
less energy has to be added to the electrons to cause them to escape, 
thus making the substance a much better electron emitter. This effect 
will be the subject of further discussion when problems dealing with 
practical emitters are considered. 

1.6 Shot Effect. As has been stated, energy is supplied to some of 
the vast numbers of free electrons in order to produce thermionic 
emission, photoelectric emission, etc. The fraction of electrons which 
receive enough energy to permit them to escape is extremely small, 
and only part of these move in such a direction that they are emitted. 
The whole process is, on this basis, an entirely random phenomenon, 
each electron being emitted entirely independently of any other. 

Since it is a random process, the number of electrons emitted during 
any given interval differs by a small amount from the average number 
of electrons emitted in an interval of this duration. The electron cur-
rent from an emitter is therefore not constant, but is subject to statisti-
cal fluctuation. As this fluctuation limits the performance of many 
types of electronic devices, it is important to determine its magnitude 
and nature. 
An emitter which releases N electrons in a time T, where N is a large 

number, has an average rate of emission of no = N/T electrons per unit 
time. However, since the emission phenomenon is a random one, the 
actual number n emitted during any given unit of time will differ from 
no. According to the laws of probability, while the average difference 

(n — no) 
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must equal zero, the mean square difference in unit time is not zero 
but rather is given by 

• (n — no)2 = in2 = no (1.13) 

Since the emission of each electron corresponds to the transfer of a 
charge —e, Eq. 1.13 can be expressed in terms of charge, giving 

(Alter = ono 

= e (1.14) 

In other words, the mean square fluctuation of charge is proportional 
to the charge emitted. 

In the form given above in Eq. 1.14, the relation is not very directly 
applicable to actual electrical circuits. In general, the circuits encoun-
tered respond to frequencies which lie in a band between definite limit-
ing frequencies. The useful signal is in the form of current variations 
over the frequency band in question. The shot effect, or statistical 
fluctuations, introduces current variations over this same frequency 
band which tend to mask the useful signal. Therefore Eq. 1.13 or 
1.14 must be reformulated to express the magnitude of this unwanted 
random "noise" in terms of a fluctuating current in the circuit con-
taining the emitting element. 
Such a relation was first worked out by Schottky in 1912. The deri-

vation given below,* though not identical with that originally given by 
Schottky, yields the same information. As a starting point, the current 
pulse resulting from the motion of an individual electron is expressed 
as a Fourier integral which gives its frequency spectrum. The mean 
square of a large number of these current pulses is then found by sum-
ming and averaging. 
The current arising from a single emitted electron can be expressed 

as follows: 
e 

ii(t) = — J  do) cos co(t — 771) 
T o 

(1.15) 

where T1 is the time at which the electron is actually emitted. This 
equation assumes that the emitted electron produces a single current 
pulse whose duration is extremely small compared with any interval 
of time for which Eq. 1.15 is to be used. 

*From the unpublished work of E. G. Ramberg. 
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The mean square current due to N electrons emitted in the time T 

is, therefore, 

fr IN e Go 

= — de E — f dco cos w(t — T 
T o v—cr o 12 (1.16) 

If the indicated squaring of the sum over the N electrons is carried out, 
this equation becomes 

T oo oo N N 
ê 

.2 Cal &of dul E E cos w(t — Tv) cos co' (t — Tie) 
71-2 T 0 0 0 v=1 v' =1 

(1.17) 

This integral expression must be integrated over ca' and t. When per-
formed, this integration leads to the equation 

co N N 

e2 —1 f clio E E 27r cos co(Tv — T,e) (1.18) 
.7r2 2T o v-1 v,=1 

which expresses the mean square current over an infinite frequency 
band. 

Since the response of any real circuit is zero except over one or more 
finite bands of frequency, an expression for the current fluctuation in 
a limited band covering the frequencies between fi and 12 is of value. 
For this, the limits of integration over o) instead of being 0 to oo are 
taken as 2741 and 2742. Equation 1.18 consequently becomes 

e2 1 f 2„f, N N 

ê dw E E 27 cos w(T v — Tv') 
/1-2 2T 2..fi v=1 v'—' 

e2N  

= 2 — (12 — fi) 

e2 N  N E E sin 27112(T v — Tv) — sin 2rfi(Tv — re) 
'Ir.( v=1 v=1 

v*v' 

The second term of this expression vanishes because of the assumed 
randomness of the emission. That is, since the time interval Tv — 
between the emission of any two electrons is purely random, the sum-
mations represent the superposition of a vast number of sines of random 
angles which are as likely to have a positive as a negative value, and 
therefore average zero. Thus the mean square fluctuation current 
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over the frequency band 12 —fi, for an average emission current 
io(io = Ne/T), reduces to 

= 2eio(f2 — fi) (1.19) 

As is evident from the general nature of the derivation, Eq. 1.19 
applies to nearly all types of electron emission. Actually, the relation 
accurately gives the fluctuations in all forms of photoelectric and 
thermionic emission and in cold emission if the voltage is well below 
the rupture point. Secondary emission is an exception, because each 
incident electron causes the emission of several electrons, giving a form 
of coherence between the emitted electrons which does not fulfill the 
condition of random emission upon which the derivation is based. 
The statistical current fluctuation given by Eq. 1.19 represents the 

minimum that can be expected from any emitting surface in the absence 
of space charge. Other effects not directly related to the basic phe-
nomenon of electron emission may operate to increase the total fluc-
tuation of the current emitted. 
The following problem of a phototube emitting electrons in response 

to a modulated light signal serves to illustrate a typical noise calcula-
tion. Let it be assumed that the photoelectric current is amplified by 
an amplifier which responds to a frequency band F, 10,000 cycles wide. 
If the photocurrent is io = /(1 k sin 2irft), where k is a modulation 
factor which has a value 0.1, what is the minimum value of I which 
will give a signal-to-noise ratio of 10? 

In this case the mean square signal is j82 = %k2y2 and the mean 

square noise is 42 = 2eFI. 
The signal-to-noise ratio is, therefore, 

1 
kl 

R 
is2 

= V2eFl 

or, in the example in question, 

— 100 X 32 X 10-20 X 104 
/  

X 10-2 

= 0.64 X 10-1° ampere 

In the foregoing, it is assumed that the entire noise was the shot noise 
of the emitted electrons in the phototube. Actually noise is generated 
in the resistor used to couple the phototube to the grid of the first tube 
of the amplifier, and noise is also introduced by the first tube itself. 
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The effects of these elements will be discussed in Chapters 9 and 13, in 
which problems of amplification are considered. 

1.7 Thermionic Emission. The general properties of the emission 
of electrons from metals having been considered, it is now proper to 
treat the different types of emission individually. As has already been 
stated, it is possible to cause electrons to be emitted by raising the 
temperature of a metal, this effect being known as thermionic emission. 
The emission of current thus obtained will depend upon the height of 
the potential barrier above the top of the Fermi distribution of free 
electrons, upon the shape of the barrier, and upon the energy distribu-
tion of the electrons. 
The energy distribution of electrons can be treated quite generally 

by using the Fermi-Dirac distribution function, which is applicable 
to all metals. The height and shape of the potential barrier, however, 
depend not only upon the particular metal, but also upon the state of 
the surface of the emitter. In the discussion which follows two types 
of thermionic emitters will be considered: one where the base of the 
emitter is a pure metal with or without a contaminant modifying the 
surface, and the second where the body of the emitter is a semi-
conductor. 
To calculate the electron emission, it is necessary in the first place 

to determine the number of electrons arriving in unit time at the 
surface of the emitter with sufficient kinetic energy directed toward 
the surface to pass through the potential barrier. This can be done 
with the aid of Eq. 1.3, as was shown by Nordheim, who derived the 
thermionic emission equation on a quantum mechanical basis. The 
Fermi function is integrated over the velocity components y and w 
taken from zero to infinity. This expression, when rewritten to ex-
press the number of electrons N (W) dW which have a kinetic energy 
in the range W to W dW associated with the component of velocity 
u which is assumed to be directed normal to the metal surface, gives 
the following distribution function: 

4irm 
N(W) dW = — kTN/m/(2W) ln (1 + €-(w-e)/(kn) (1.20) 

h3 

Then, since only those electrons having an energy W greater than Wa 
can escape through the boundary, the total number of electrons leaving 
a unit area per unit time will be 

co 
no = f uN(W) dw (1.21a) 
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For convenience in performing the indicated integration, the distribu-
tion function N(W) can be expressed as 

47mkT 1 
N(W) dW —  6-(W - P)/(kT) dw 

10 u 
(1.21b) 

since over the range of integration e- (W 14)1(kT) is small. Equation 
1.21a therefore becomes 

41-712(01)2  

no —  E (1.22) 

Experimentally and theoretically it can be shown that some of the 
electrons in the energy range above Wa are reflected back. If r is 
taken as the reflection coefficient, the fraction of electrons escaping 
must be 1 — r. 

Including this transmission coefficient, combining the factor 
Llirmk2e/h8 into a single constant /4 and expressing the rate of emis-
sion of electrons in terms of current, one can write Eq. 1.22 as 

jo = (1 —  (1.23) 

It should be noticed that this equation has practically the same form 
as the thermionic emission equations derived by Richardson, Dushman, 
and others on the basis of classical thermodynamics. 

In the exponent of this equation there appears the term (W — e) • 
It represents the difference between the height of the potential barrier 
and the maximum kinetic energy of electrons in the Fermi distribution 
at absolute zero temperature, and is given the name "work function." 
It is common practice to express this work function in terms of electron 
volts, so that the exponent in the emission equations takes the form 
— apo/ (k T), or, to simplify it still further, by the substitution 
bo = ecko/k. Also, for convenience, the coefficient Ao and the reflection 
factor are often combined into a single constant A. When thus written, 
Eq. 1.23 becomes 

= Are— bo/T (1.23a) 

A few representative values for the constants A and 1)0 and the work 
function 00 are given in Table 1.2. 
The thermionic emission from the metals listed is very small when 

the metal is heated to any reasonable temperature. For example, tung-
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TABLE 1.2. THERMIONIC EMISSION CONSTANTS OF METALS * 

ch bo X 10-e A, amperes 
Element (volts) (0K)-1 (°K)-2 

Calcium 2.24 26 60.2 
Cesium 1.81 21 162 
Columbium 3.96 46 57 
Molybdenum 4.44 51.5 60.2 
Nickel 2.77 32.1 26.8 
Platinum 6.27 72.5 1.7 X 10-4 
Tantalum 4.07 47.2 60.2 
Thorium 3.35 38.9 60.2 
Tungsten 4.52 52.4 60.2 
Zirconium 4.13 47.9 330 

*From L. R. Koller, reference 14. 

sten heated to 2200°K will emit only 13 milliamperes per square centi-
meter. This is because for pure metal surfaces the work function is 
generally high. Calcium or cesium, whose work functions are low, 
have such low melting points that they cannot be used as thermionic 
cathodes. 
The most completely studied composite-surface thermionic emitter 

consists of thorium on tungsten. In Table 1.2 the work function of 
tungsten alone is 4.52 volts whereas that of thorium is 3.35 volts. 
However, a surface consisting of tungsten having over it a monatomic 
layer of thorium covering about 70 percent of its surface has an ef-
fective work function of only 2.6 volts. If a contaminating layer of 
cesium is used instead of thorium, the work function is still further 
depressed, being only 1.6 volts. Unfortunately, this surface is unstable 
and the cesium evaporates from the base metal before temperatures 
can be reached which will give a high density of electron emission. 
Unlike the cesium surface, the thoriated surface is stable up to tem-
peratures of 2000 to 2200°K or above, which property makes this 
emitter very valuable in practical electronics. The emission from a 
thoriated tungsten cathode at 2000°K is more than one thousand times 
that from pure tungsten. 
The explanation of the increased emission of these complex surfaces 

lies in the nature of the work function. This work function may be 
divided into two parts, the first being due to the attraction of the 
lattice ions as a whole for the electrons, the second to the dipole 
moment of the surface. The first remains unchanged when a con-
taminated layer is added to the surface; the second factor may be 
greatly altered in either direction. When a cesium atom approaches 
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a tungsten surface, it enters a region of fairly high positive potential 
which tends to remove its valence electron, and, since the work func-
tion of tungsten is greater than the ionization potential of cesium, the 
atom will be actually ionized. Thus the cesium adheres to the surface 
in the form of a positive ion. As more cesium atoms arrive, these tend 
to ionize also. However, the addition of each ion tends to lower the 
work function of the surface so that, after a certain number have 
adhered, the work function is no longer sufficient to produce further 
ionization. Even under these conditions, partial ionization or polari-
zation takes place. A tungsten surface, therefore, which is more or 
less completely covered with cesium may be thought of as being coated 
with a layer of cesium partial ions which cause a lowering of the 
effective work function 00. 
For thorium, the work function of tungsten is less than the ionization 

potential. This does not preclude the existence of thorium ions on the 
surface, since both image force and work function act to produce 
ionization. However, unlike elements which are ionized by the work 
function alone, thorium evaporated from the surface does not leave 
in the form of ions. Beyond a certain coverage, partial ions only are 
formed. Both thorium ions and partial ions contribute to lowering 
the work function. 

If, instead of an electropositive contaminating atom, an electro-
negative element is allowed to form a surface layer on the tungsten, 
the opposite effect occurs, and the work function is raised. For 
example, a monatomic layer of oxygen on tungsten raises the work 
function to over 6 volts. 
A more complex layer can be formed if oxidized tungsten is exposed 

to cesium vapor, thus allowing the formation of a final positive layer. 
In this case, the work function is lower than for cesium on pure tung-
sten and a more stable surface is also formed. Such a surface will 
yield 350 milliamperes per square centimeter when the emitter is heated 
to 800°K. 

In view of the practical importance of the thoriated tungsten emitter, 
it will not be out of place to discuss in greater detail the actual form 
of these cathodes. The base metal is tungsten to which has been added 
0.5 to 2.0 percent by weight of thorium oxide. The material is shaped 
to the form required for the cathode, assembled in the electron tube in 
which it is to be used, and the tube is exhausted. To activate the 
emitter, it is first flashed for a few seconds at 2800°K, then aged at 
2100°K. The cathode is then ready for operation. 
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At the flash temperature, some of the thoria reduces to metallic 
thorium. This metallic thorium diffuses through the base to the sur-
face. Electron microscope examination shows that this diffusion is 
partly in the form of minute eruptions through the crystal grains and 
partly along grain boundaries. At temperatures as high as 2800°K, 
it is evaporated from the surface immediately upon its arrival. In 
other words, the rate of evaporation greatly exceeds the rate of 
diffusion. 
As the temperature is decreased, both the rate of diffusion and the 

rate of evaporation decrease. However, the evaporation rate falls 
faster with temperature. Below 2500°K, a layer of thorium begins to 
form on the surface. At the aging temperature of 2100°K, an optimum 
coverage is obtained. At still lower temperatures, the evaporation rate 
reaches an extremely low value; under this condition, the cathode is 
stable and its operating life adequate. If the emitter loses its activa-
tion, it can usually be restored again by flashing, both to clean off 
possible deleterious contaminations from the surface and to reduce 
more thoria. The surface is then again aged at 2100°K as is done in 
the initial activation. 
For circuits handling low power and for both television pickup and 

viewing tubes, the oxide-coated cathode is by far the most important. 
Here the thermionic emission is from a semiconductor, and the mecha-
nism of emission is somewhat different from that of electrons from a 
pure metal. These emitters consist of a semiconductor, in particular 
barium oxide—strontium oxide, in contact with a metal such as nickel. 
When a metal and a semiconductor are brought into contact, equilib-
rium conditions require that the same electron current must flow from 
the metal to the semiconductor as from the semiconductor to the metal. 
This condition is satisfied only if the Fermi levels of the semiconductor 
and the metal are at the same energy level, as is indicated in Fig. 1.15e. 
This can, in general, be accomplished only by a readjustment of charges 
in the material such that a surface layer of charge forms at the metal-
semiconductor interface, and there is an enrichment or depletion of 
charges inside the semiconductor near the contact surface. 
The sequence in Fig. 1.15 illustrates the process. In a an n-type 

semiconductor is assumed to be some distance from the metal. When 
it is close to the metal, the charge readjustment brings the two Fermi 
levels into coincidence, with a consequent difference in contact poten-
tial between the two materials. The final stable condition is shown 
in c, where donor levels have lost their charges to surface states at the 
interface. This causes the potential of the bottom of the conduction 
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band and the top of the filled band to curve upward at the junction. 
If ir is the potential difference between the bottom of the conduction 
band and the zero potential of space and ti is the depth of the Fermi 
level below the bottom of the conduction band, the energy which must 
be given electrons at the bottom of the conduction band for emission 

Metal 

(b) 

Potential outside 
Contact potential difference—, Potential of metal 

--t — outside of 
..* --semiconductor 

7r 1-  
f 

(c) 

Fig. 1.15. Metal-Semiconductor Junction. 

Semiconductor 

-\--Fermi level 

will be ir. The effective thermionic work function then becomes 
7r tf, as indicated by the form of the equation giving the emitted 
current: 

kT 
jo = (1 — rem _____ e—r/(kT) _   ‘ ,\I 421n(kT)2 e(1 —  (1.24) 

27rm h3 

Where the temperature of the emitter is high enough so that the im-
purities are completely ionized, this expression becomes 

jo --- (1 — r)Ne kT / (27rm) e ("1 (1.25) 

WorldRadioHistory



Sec. 1.7] Thermionie Emission 39 

Here n is the concentration of conduction electrons, N is that of the 
impurities. It will be observed that the emitted current is strongly 
dependent upon the impurity concentration. 
The practical oxide cathode consists of a thick layer of a mixture 

of barium and strontium oxide on a nickel base. Frequently a small 
amount of a highly reducing metal such as aluminum is alloyed with 
the nickel. The semiconductor of these cathodes is a mixed crystal of 
barium and strontium oxide. The impurity which gives it an n-type 
character is barium. In practice, the percentage of barium mixed with 
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Fig. 1.16. Variation of Emission from an Oxide Cathode with Percentage of 
Barium Oxide. 

strontium is not very critical. Figure 1.16 shows the relation between 
the barium oxide—strontium oxide ratio and the emission. 
The material is prepared by a coprecipitation of strontium and 

barium carbonate to form a mixture containing about equal parts by 
weight of the two components. The effect of varying the relative 
weights of the two will be discussed later. In order to keep it from 
flaking off before the carbonate is reduced, the mixture is suspended 
in a suitable organic binder. This is applied to the nickel base of 
the cathode, and the whole is assembled in the electron tube in which 
it is to be used. After the tube has been pumped, but before it is 
sealed off on the vacuum system, the cathode is heated to about 1300°K 
for approximately one minute. This heating drives off the binder 
and reduces the carbonates to oxide. The temperature is then reduced 
to about 1100°K, and a voltage is applied between the cathode and 
a neighboring electrode. The temperature being left constant, the 
voltage is gradually increased. It will be found that the current drawn 
to the electrode increases and then reaches saturation. With constant 
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voltage and temperature, the tube is aged for a period of 10 to 20 
minutes, completing the activation of the cathode. 
The operating temperature of this type of cathode is from 1000 to 

1050°K. A number of practical precautions must be taken in acti-
vating oxide cathodes. An oxygen-bearing film may be formed on any 
electrode near the cathode which is exposed to the evaporation products 
from it. If this electrode is subjected to electron bombardment, the 
film will decompose, releasing oxygen. 

This is only one of the many activation schedules used in practice, 
the particular activation found most satisfactory depending upon the 
specific device in which the cathode is to be used. These variations 
do not, in general, increase the specific emission from the cathode 
material but often decrease the percentage of failures. 
A properly activated surface will deliver as much as an ampere per 

square centimeter and has a working emission of 300 to 400 milli-
amperes per square centimeter at 1000°K. The work function is about 
one volt as determined from the variation of current with temperature. 
When a cathode of this type has been operating for a period, a 

high-resistance layer tends to form between the nickel and the barium 
oxide. This layer can seriously interfere with the operation of the 
cathode in a number of ways. It is also found that if the emission is 
drawn from the cathode in the form of very short pulses with a rela-
tively small duty cycle, currents as high as 10 or more amperes per 
square centimeter can be drawn from the surface. The reason for 
this is that under d-c operation there tends to be an electrolysis of the 
ionized barium donor impurities moving them away from the face of 
the cathode toward the nickel base. The reduction in impurity con-
tent near the emitting surface causes the observed large decrease in 
emission under d-c conditions. 

Before the subject of thermionic emission is left, mention must be 
made of the variation of current with applied voltage in a normal two-
electrode vacuum tube. The current-voltage relation for a diode con-
sisting of a thermionic emitter and a collecting plate can be repre-
sented by the curve shown in Fig. 1.17. When the plate is slightly 
negative, a few electrons reach it owing to the fact that some have 
fairly high initial velocity. The Maxwellian velocity distribution of 
the emitted electrons determines the fraction that will arrive under 
any given voltage. As the voltage between the cathode and the plate 
is reduced to zero, more electrons reach the plate. However, the 
number arriving will be less than the maximum emission, owing to the 
retarding effect of the cloud of electrons lying between the two ele-
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ments. This is known as the space-charge effect. The action of space 
charge can be most readily seen by considering the potential distribu-
tion between cathode and plate. This potential is the result not only 
of the voltage applied between the electrodes but also of the charge 
between them, and, to determine the potential distribution, it is neces-
sary to integrate Poisson's equation àik = 47p, where p is the density 
of charge in the intervening space. Figure 1.18 illustrates a typical 
family of potential distribution curves for a given voltage difference 
between the cathode and anode as the specific emissivity of the cathode 
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Fig. 1.17. Idealized Current Character-
istics of a Diode. 

Fig. 1.18. Effect of 
Space Charge on Po-
tential Distribution. 

is increased. It is evident from this figure that to obtain the total 
emission current from the cathode, it is necessary to apply a positive 
potential such that a potential minimum does not exist between the 
two electrodes. The initial rise in current with increasing positive 
potential on the plate, shown in Fig. 1.17, is the result of overcoming 
the effect of space charge. Over this portion of the curve, the current 
is proportional to 00%. The rise in current continues until the po-
tential minimum between the cathode and plate no longer occurs. 
When this condition is reached, the current is practically independent 
of voltage. This value of current is called the saturation current. 

Actually, the current continues to increase as the voltage is raised. 
This is a consequence of the lowering of the potential barrier by the 
external field which has already been noted in an earlier section. The 
relation between the applied voltage and the collected current is 

= is( - (4.398e)/T 
(1.26) 

where i„ is the saturated current and E is the field strength at the 
emitter in volts per centimeter. This formula was calculated by 
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Schottky, and the phenomenon has become known as the "Schottky 
effect." For composite surface emitters and oxide-coated cathodes, 
this relation must be considerably modified. 

1.8 Photoelectric Emission. Photoemission, i.e., the emission of 
electrons from matter by light or radiant energy, is of very great 
importance in television. It, together with the photoconductive effect, 
is fundamental to all classes of pickup devices. In order to account 
for the experimental facts of photoelectric emission, it is necessary to 
make use of the quantum theory of radiation just as it was for the 
photoconductive effect. Again, the radiation behaves as though it 

were composed of photons or quanta of 
energy each with an energy hv. When 
a photon interacts with an electron giv-
ing up its energy, it increases the total 
energy (kinetic plus potential energy) 
of the electrons by an amount equal to 

_Y hv. When radiation falls upon a clean 
metal surface which is assumed to be at 
such a temperature that few of its elec-
trons have energies much greater than 

that corresponding to the top of the filled Fermi band, some of the 
photons will give up their energy to free electrons. If the maximum 
energy any of these electrons can have before interaction with a photon 
is W« max) the maximum that they can have as a result of the collision 
is We max hv. If this energy is greater than the height of the potential 
barrier Wa, those electrons which happen to be moving toward the sur-
face can escape. Thus, to obtain photoelectric emission, it is necessary 
that the frequency of the incident radiation be greater than the work 
function W — We max = 0)0, divided by Planck's constant h. The 
maximum velocity of emission Ve in electron volts of the emitted elec-
trons will, therefore, be given by the relation 

Fig. 1.19. Electron Energies As-
sociated with Photoelectric Emis-

sion. 

hv 
V e = — — (1)0 

e 
(1.27) 

This relation has been verified by retardation methods and others for 
a great many pure surfaces and is found to be fulfilled within the 
accuracy of the assumptions made in deriving the expression. Chief 
among the assumptions are those that no electrons have energies greater 
than We „,„„ and that there are no multiple collisions between electrons 
and photons. Actually, some electrons are emitted with velocities 
greater than is indicated by Eq. 1.27, owing to the existence in the 
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metal of electrons with energies in excess of W„ max. More exact values 
of the photoelectric work function are obtained by making use of the 
relation derived by Fowler which gives the photoelectric yield in terms 
of the retarding potential and temperature. 
The wavelength of radiation for which hv = *1)0 is known as the 

photoelectric threshold, or long wavelength limit, and is characteristic 
of a given surface. Table 1.3 gives the long wavelength limit for a 
number of surfaces, the work function as determined by this threshold, 
and the thermionic work function. 

TABLE 1.3. WORK FUNCTION OF METALS * 

Metal 

Ag 
Al 
Au 
Ca 
Cs 

Mg 
Pt 

Zn 

Long Wavelength 
Limit 
2610 
3500 (approx. 
2650 
(4500) 
6600 
5500 
3650 
1962 
2650 
3720 

Photoelectric 
Work Function 

4.73 
) 2.5 to 3.6 

4.82 
(2.7) 
1.9 

1.76 to 2.25 
3.4 
6.3 
4.58 
3.32 

Thermionic 
Work Function 

4.08 

4.42 
2.24 
1.81 

6.27 
4.52 

*Data from Hughes and DuBridge, reference 11. 

Like thermionic emission, the photoelectric emission is greatly in-
creased and the long wavelength limit is raised when a surface is sub-
jected to certain contaminations. This is particularly true when the 
superimposed layer is an alkali metal. Surfaces having the greatest 
photoelectric response are obtained, however, when the surface is a 
semiconductor rather than a pure metal. All the complex photo-
emitters known at present which have quantum efficiencies above 
0.01 percent in the visible or near ultraviolet involve use of the alkali 
metals. Of these, cesium has given by far the best results. Most, if 
not all, of these complex surfaces, in addition to their high quantum 
yield, exhibit selective photoemission. A photoemitter is said to be a 
selective emitter when the quantum efficiency, instead of rising mono-
tonically with decreasing wavelength of radiation over a wide range 
of wavelengths, shows maxima and minima of quantum efficiency. 
Furthermore, many of these emitters exhibit a difference in response 
depending upon whether the plane of polarization of the incident light 
lies in the plane of the emitter or normal to it. 
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The problem of obtaining a high photoelectric yield presents a 
number of considerations. First, the material should be capable of 
absorbing the radiation within a volume shallow enough to allow the 
escape of photoelectrons. This means that the material should be 
neither highly reflecting nor highly transparent. Second, the work 
function of the surface should be relatively low to increase the proba-
bility that a given electron-photon interaction will give an electron at 
least sufficient energy to cross the potential barrier. Third, collisions 
of the excited electrons which will lead to a dissipation of their energy 
before arriving at the surface should be rare. Finally, the probability 
of the absorption of photons by transitions which do not lead to elec-
trons having the high kinetic energy required for escape should be 
small. 

Conditions 1, 3, and 4 are met by materials which are neither metallic 
in their behavior nor true insulators. For the metals, the reflectivity 
is generally very high and, furthermore, only in a surface layer a few 
atoms thick can the absorption take place in such a way as to release 
photoelectrons. Semiconductors which may or may not be modified by 
the dispersal of colloidal metal seem to be best adapted to meet these 
conditions. The requirement of low work function, although less 
stringent than the three mentioned above, nevertheless seems to be 
met by the best photoemitters. The low work function usually is the 
result of a composite surface layer. 
The two most important photosensitive surfaces from a practical 

standpoint are the cesium-antimony photoemitter and the cesium 
cesium-oxide silver surface. The first of these, namely, the cesium-
antimony surface, has the highest quantum efficiency. At a wave-
length corresponding to their peak of sensitivity, these cathodes may 
have quantum efficiencies of 10 and 20 percent or more. Under lab-
oratory conditions, a cesium-antimony surface has been produced 
with as high as 30 percent quantum efficiency. The spectral response 
lies chiefly in the blue, the long wavelength threshold for a properly 
treated surface being about 6800 A. Therefore, this type of surface, 
although having excellent white-light response, is not suitable where 
a cathode sensitive to red light is required. Figure 1.20 gives the 
spectral response of a typical cesium-antimony surface. 
Depending upon the requirements of the tube in which it is to be 

used, this type of cathode may take either of two forms. The first is 
an opaque surface with the light falling on the same side from which 
electrons are emitted. The second is a semitransparent surface with 
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the exciting illumination falling on the back film through the support-
ing glass and the electrons emitted from the opposite side. 
The first step in the preparation of an opaque film consists of evapo-

rating a layer of antimony onto the backing metal. This layer is fairly 
thick, and the type of metal used for the underlying layer is relatively 
unimportant as long as its surface is very clean. Cesium is next intro-
duced as a vapor into the cell. It is common practice to introduce an 
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Fig. 1.20. Spectral Response of an Opaque and a Transparent Cesium-Antimony 
Photocathode. (Zworykin and Ramberg, Photoelectricity, Wiley, New York, 

1949.) 

excess of cesium. The cesium reacts with the antimony to form the 
compound SbCs3. After the surface has been heated to a temperature 
between 150 and 200°C, the excess cesium may be distilled off by 
maintaining the whole tube at the above temperature with the ex-
ception of a small side tube which is made much colder so that the 
excess cesium distills into it. 
A second procedure sometimes used as an alternative is to allow 

cesium to distill slowly into the tube while maintaining it at a tem-
perature between 150 and 200°C. As the distillation progresses, the 
photoemission is monitored continuously. When the maximum photo-
emission is reached, the cesium flow is cut off. 
To form the semitransparent type of photosensitive surface, a layer 

of antimony is deposited on the glass surface which is to form the back-
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ing of the cathode. This layer should be about 30 atomic layers thick 
and will have an optical transmission of about 30 percent. By trans-
mitted light, the film is very red in color. Cesium is next distilled into 
the tube while the tube is kept at a temperature of about 150°C. As 
cesium is taken up by the antimony film, the conductivity first falls. 
The surface also becomes more transparent. As the cesium continues 
to distill on the surface, the conductivity again rises. The photoelec-
tric response which is quite low at the conductivity minimum also in-
creases. The photo-response goes through a maximum as exposure to 
cesium is continued. As with the opaque cathode, the introduction 
of cesium may be stopped at the response maximum or it may be con-
tinued until there is a definite excess of cesium. The excess cesium is 
then removed by having the cathode and bulb slightly warmed and a 
side tube kept at a low temperature. Frequently the sensitivity can 
be improved by a very slight oxidation after the cesiation is complete. 

Electrical contact to the film is usually made through a metal ring 
evaporated or otherwise deposited on the glass before the antimony is 
laid down. Sometimes, in addition to the metallic ring, a very thin 
transparent layer of metal such as palladium is deposited on the glass 
before the antimony is evaporated. Manganese oxide is another ma-
terial that has frequently been used as an underlying layer for the 
antimony. However, the conductivity of a well-activated cesium-
antimony surface is sufficient so that no underlying layer is required 

for most applications. 
The activated cesium-antimony layer has the characteristics of a 

semiconductor. The variation of conductivity with temperature indi-
cates carrier activation energies of 0.35 to 0.45 electron volt. The 
material is a thermionic emitter having a work function which ranges 
from 0.5 electron volt to 1.5 electron volts, depending upon such factors 
as the amount of oxygen which has been absorbed by the layer. The 
photoemission is thought to be a volume effect as should be the ease 
with a semiconductor photoemitter. It has not been possible to work 
out a simple semiconductor energy diagram which will, however, ac-
count for the entire behavior of this type of photoemitter. Cesium-
antimony surfaces are used in a great many practical devices. Many 
pickup tubes designed to have high sensitivity to white or blue light 
employ this surface. It is also widely used in phototubes and multi-

plier phototubes. 
The other commonly used photosurf ace, the cesiated silver surface, 

is valuable because of its higher red response. This type of emitter is 
extremely sensitive in the red end of the visible spectrum, and its 
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sensitivity extends well down into the near infrared, the long wave-
length threshold of an ordinary well-activated surface being 11,000 to 
13,000 A, whereas some surfaces have been reported to have a response 
extending down to 17,000 A. The emission is selective, having a maxi-
mum at 8000 to 9000 A, going through a minimum in the green, and 
then increasing again in the blue and violet regions of the spectrum. 
Figure 1.21 shows typical spectral response curves for this type of 
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Fig. 1.21. Spectral Response of Differently Processed Silver-Cesium Oxide-
Cesium Photocathodes. (Zworykin and Ramberg, Photoelectricity, Wiley, New 
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photoemitter. The long wavelength end of the spectral response varies 
considerably with the exact activation schedule employed in preparing 
the cathode. 
The preparation of this type of surface is as follows: A silver or a 

silver-coated sheet of metal is shaped to the form required for the 
cathode in question. As was the case for the cesium-antimony photo-
cathode, cesiated silver cathodes may be formed on opaque metal 
surfaces or as semitransparent cathodes. The metal surface must be 
thoroughly clean, particular care being taken to remove all traces of 
organic material. The silver is next oxidized by admitting oxygen at 
a pressure of a few millimeters of mercury into the tube and passing 
a glow discharge between the cathode and any other convenient elec-
trode. As the surface oxidizes, it will be found to go through a series 
of colors in the following order: yellow, red,. blue, yellow, red, blue-
green (or second blue), green. In general, the oxidation should be 
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stopped with the second blue or first green. Cesium is then admitted 
to the tube and the tube is baked for a few minutes at about 200°C. 
If the correct amount of cesium has been added, the color of the fin-
ished surface will be a brownish-yellow. Too much cesium is indicated 
by an almost white appearance of the surface; an insufficient amount 
of cesium usually causes the layer to appear a dark gray-green. Un-
like the cesium-antimony surface, if an excess of cesium is introduced 
into the tube, it cannot be removed from the cathode without damaging 
the surface. 
The sensitivity of this type of emitter can be further increased if a 

very thin layer of silver is evaporated over the surface of a cathode 
prepared as described above and the emitter again baked at 200°C. 
This treatment also tends to increase the long wavelength response as 
well as the white-light sensitivity. 
The semitransparent form of the cesiated silver cathode is formed 

by a procedure which is somewhat similar to that outlined above. A 
thin film having a transmission of about 30% for white light is evapo-
rated onto the transparent support of the cathode. This silver film is 
then subjected to an oxygen discharge until it becomes almost com-
pletely transparent. Cesium is next introduced and the tube is baked. 
Like the opaque cesiated silver cathode, this surface can be improved 
by evaporating a thin layer of silver over the activated film. A film 
prepared in this way will have a photosensitivity of 10 to 30 micro-
amperes per lumen and a long wavelength threshold at about 12,000 A. 

Like cesium-antimony surfaces, cesium-silver photocathodes are used 
in diverse light-sensitive devices. They include both the ordinary hard 
phototube and gas phototubes, where an atmosphere of an inert gas at 
low pressure (100 microns of mercury) makes possible gas amplifica-
tion of the photocurrent. An additional application of the cesium-
silver surface is in image tubes used for infrared viewing. The in-
frared image tubes, which will be described in more detail in a later 
chapter, found considerable application in the Second World War. 
Red and infrared sensitive photomultipliers and pickup tubes are also 
included among these applications. 

Useful but somewhat less efficient cathodes can be formed if rubidium 
takes the place of cesium, or other base materials, such as bismuth-
oxygen-silver, are used with cesium. Such photosurf aces are employed 
when a different spectral response is required (e.g., the bismuth sur-
face can be used to extend the red response of the cesium-antimony 
photoemitter, whereas rubidium, replacing cesium, decreases the infra-
red response of the silver-silver oxide emitter). Where only blue or 
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violet response is desired and when the thermionic emission must be low 
(e.g., for photomultipliers in scintillation counters), lithium-potassium 
antimony photocathodes appear to have promising properties. 

1.9 Secondary Emission. A third way in which electrons can be 
given the energy necessary for their escape from a solid is through the 
interaction between them and high-velocity electrons bombarding the 
surface in question. The name secondary emission has been given to 
this phenomenon. 
Secondary emission, like photoemission, is produced by an external 

excitation. It differs, however, in that each incident electron, unlike 
the incident photons which produce photoemission, may cause the 
release of more than one electron, the average number of electrons 
released by each primary being known as the secondary-emission ratio. 
This ratio may range from less than one electron per primary to more 
than 10 or 15, depending upon the surface bombarded and the condi-
tions of bombardment. 

Materials with the lowest secondary emission ratio generally take the 
form of very porous mat surfaces. Examples of this are carbon black 
and aluminum smoke on metal backing plates. Maximum secondary 
emission ratios of 1/2 or less may be obtained from such surfaces. 
Here, it is plausible that the mechanical trapping of the emitted elec-
trons by the irregularity of the surface is the principal cause of the low 
secondary emission ratio. 

Clean metal surfaces have a maximum secondary emission ratio in 
the neighborhood of unity. Whenever metals appear to have ratios 
as high as 4 or 5, this can be attributed to surface contamination. 
Calcium, beryllium, barium, and the alkaline metals are examples of 
these apparent exceptions. A very small amount of surface contami-
nation will raise the secondary emission ratio to a high value. For 
example, a layer of oxygen alone is sufficient to double or triple the 
emission from such metals as magnesium, aluminum, or beryllium. 
Complex surfaces similar to those used as photoemitters, consist-

ing of silver, cesium-oxide and cesium; silver, rubidium-oxide and 
rubidium; or cesium-antimony are among those exhibiting the highest 
ratio, being capable of emitting more than 10 secondary electrons per 
primary at the optimum bombarding voltages. A silver-magnesium 
alloy, given proper oxidation and thermal treatment, also may have a 
very high secondary-emission ratio. Very thin layers of alkali halides 
on certain metals have also been observed to have very high ratios, 
even higher than those of the surfaces mentioned above, although such 
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surfaces are quite unstable and do not retain their property of high 
yield for more than a few minutes of bombardment by electrons. 
The velocity of the bombarding electrons is important in determining 

the secondary emission ratio of a given surface. In general, the ratio is 
small for low voltages, increasing with an increase in voltage to a maxi-
mum at 300 to 600 volts and then falling slowly with further increase 
of the bombarding voltage. The variation of secondary emission ratio 
with bombarding voltage for a number of representative surfaces is 
shown in Fig. 1.22. 
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Fig. 1.22. Secondary Emission Ratio of Representative Surfaces. 

Apart from the velocity of the bombarding electrons and the nature 
of the surface, the secondary emission ratio depends upon the angle of 
incidence of the primary beam. At normal incidence, the ratio is a 
minimum; it increases as the angle tends toward grazing incidence. 
The rate of increase of yield with angle of incidence is greater for high 
voltage primary electrons than for low. It should be pointed out that 
this variation with angle can be observed only for very smooth, highly 
polished surfaces. The surfaces used in devices employing practical 
secondary emitters are, in general, so rough on a microscopic scale that 
they exhibit little or no angular dependence of secondary emission 
ratio. 

Observations on the velocity of emission of secondary electrons re-
veal that the electrons may be conveniently classified in three groups. 
First, there is a group of electrons which leave the surface with essen-
tially the same velocity as that of the primary electrons. These elec-
trons are often spoken of as reflected electrons. Except at very low 
bombarding voltages, this first group constitutes, in general, but a small 
fraction of the total emission. Second, there is a group of low velocity 
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electrons and, finally, there is a background of electrons with velocities 
distributed more or less uniformly between the two. The low-velocity 
group makes up the bulk of the emission for bombarding voltages in 
the range from about ten to several thousand volts and is the primary 
concern of the present discussion. A typical velocity distribution 
curve is given in Fig. 1.23, pointing out the three ranges of emission. 
For the pure metals, where the secondary emission ratio is relatively 

low, the distribution rises sharply to a maximum at quite low velocities 

o 20 ao 60 80 100 120 140 160 

Fig. 1.23. Secondary Electron Velocity Distribution from Gold. (After Rudberg 
in McKay, reference 24; courtesy Academic Press, Inc., New York.) 

(usually of the order of 2 volts) and then decreases slowly until it 
merges with the background at 20 to 40 volts. The velocity distribu-
tion for molybdenum is shown in Fig. 1.24. The velocity distribution 
of the more efficient emitters is much narrower than that of the pure 
metals. The electron-optical properties, equilibrium potential determi-
nations, and retardation measurements indicate that more than 85 per-
cent of the emitted electrons from a good cesiated silver emitter (ratio 
8 to 10) have velocities under 3 volts. Silver magnesium surfaces in 
the same secondary emission range have a slightly wider velocity dis-
tribution. In general, the shape of the distribution curve of a good 
emitter resembles somewhat that of a Maxwellian energy curve but 
differs from it in detail. 
A number of theories and models have been brought forward to 

account for the phenomenon of secondary emission. Among them are 
important proposals by Friihlich, Wooldridge, and others. None of 
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them appears to account for the phenomenon in complete detail, par-
ticularly as applied to the more complex practical emitters. 

Like the previously described forms of emission, secondary emission 
requires that electrons in the material be given a velocity which has a 
normally directed component of sufficient magnitude to permit their 
escape through the surface potential barrier. This energy is obtained 
through a collision or interaction between the in-coming electrons and 
electrons in the material. Obviously, since secondary emission ratios 
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Fig. 124. Velocity Distribution of Secondary Electrons from Molybdenum and 
Antimony-Cesium. (After Kollath, reference 25.) 

of 10 or more can be obtained, an incident electron must give its energy 
directly or indirectly to many electrons. Probably only a small frac-
tion of the electrons which receive this energy actually find their way 
to the surface. 
The assumption of a collision between an incident electron and the 

free electrons in a metal cannot account for the latter acquiring veloci-
ties in a direction which would permit their escape. This is so, of 
course, because in an elastic collision between two electrons momentum 
must be conserved, just as it is for any other type of particle. The 
momentum vector of the electron struck must, therefore, make an angle 
of less than 90 degrees with that representing the momentum of the 
incident electron before the collision. The experimentally observed 
initial velocities of the emitted electrons have components of motion 
opposite to that of the bombarding electrons and thus necessitate the 
assumption that a third element is involved in the collision. A number 
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of mechanisms will suffice to account for motion away from the surface, 
for example, multiple collisions, interactions between the lattice and 
the emitted electrons, or collisions between incident electrons and elec-
trons which are bound to the lattice. 
The higher secondary emission ratio of a complex (possibly semi-

conductor) surface over that of a pure metal may be the result of one 
or more of several effects. First, the complex material may provide a 
greater number of electrons with bindings that permit the required 
reversal of momentum. Second, the excited electrons may be able to 
move more freely and for a greater distance in such materials and thus 
reach the surface from a greater depth; and, finally, there may be a 
lowering of the surface potential barriers permitting more ready escape 
of the electrons. It might be pointed out in connection with this last 
possibility that there are many examples of materials where a higher 
secondary emission ratio is obtained when the surface contaminant in-
creases the work function. For example, a pure tungsten surface whose 
work function is 4.52 volts has a maximum ratio of 1.5 or less. When 
such a surface is contaminated with a layer of oxygen, which raises the 
work function to over 6 volts, the secondary emission ratio may be 
almost doubled. Oxygen on aluminum, beryllium, or magnesium acts 
in a similar way. The contamination of the surface with a material 
which definitely lowers the work function also greatly increases the 
ratio. The effect in this case may be twofold, both due to an increased 
interaction between electrons and to the reduction in work function. 

Surfaces consisting of oxidized silver treated with cesium give a very 
high yield. The final step in the activation of such a surface is ex-
posure to cesium. Therefore, there is a layer of uncombined alkali 
present giving the characteristic low work function. If, after activa-
tion, the surface is exposed to oxygen, thus eliminating the free cesium 
and increasing the work function, the emission ratio drops by nearly 
50 percent. The lowering of the ratio in this instance may be primarily 
due to the increased work function rather than any major change in the 
electron interaction or penetration. 
The relation between the excitation of secondary electrons and the 

velocity of the incident electrons is, at least qualitatively, understand-
able. Each excited electron removes some energy from the incident 
electron, so that, if the latter has a given amount of energy, it can 
excite only a limited number of electrons in the bombarded material. 
Therefore, the total number excited by a bombarded electron increases 
with the bombarding voltage. However, the probability of excitation 
per unit length of path of the incident electron decreases with increas-
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ing voltage. At low voltage, the incoming electron loses its energy 
very near the surface, and the excited electrons with velocities of the 
required magnitude and direction do not have far to travel in the 
material before escaping. In this velocity range, therefore, the yield 
increases with voltage. At high voltages, the incident beam pene-
trates farther into the emitter and, although the total number of ex-
cited electrons produced is greater, most of them originate at depths 
too great to permit their escape. Hence, above a certain optimum 
bombarding voltage, the emission ratio decreases. If the high-velocity 
electrons enter the surface at a small angle, the depth of origin of 
the excited electrons is less than that for normal incidence, and 
consequently the secondary-emission ratio is greater under these 
circumstances. 
The preparation of both the silver-cesium and the cesium-antimony 

secondary emitting surfaces follows closely the procedure used in pro-
ducing the corresponding photoemitters. For a silver-cesium oxide-
cesium secondary emitter, the target to be processed may be made of 
silver or of some other metal plated with a heavy layer of silver. The 
silver should be free from contamination and thoroughly cleaned be-
fore the activation is started. The surface is first oxidized, by the same 
procedure employed for the cesiated silver photoemitter. After the 
tube has been pumped free from oxygen, cesium is admitted. The 
amount of cesium needed to obtain maximum yield is somewhat less 
than that required to produce an optimum photoemitter, the quantity 
required being dependent upon the degree of oxidation. The tube is 
next baked at 200°C to promote a reaction between the silver oxide and 
the cesium. The activated surface thus formed should have a brown 
color. The secondary-emission ratio, unlike the photoelectric response, 
is not increased by the deposition of additional silver. Such a proce-
dure, in fact, reduces the secondary-emission ratio to less than half its 
optimum value. 
The cesium-antimony secondary emitter is formed by depositing a 

layer of antimony upon the metal surface which is to form the dynode 
or target. After the antimony layer has been deposited, the surface 
may be exposed to air if precautions are taken to have the humidity 
low and the atmosphere free from organic and other contaminants. 
The metal coated with the antimony surface is assembled in the final 
tube and the tube is evacuated to a good vacuum. The out-gassing 
bake of the tube, after the target has been mounted in it, must be car-
ried out at a relatively low temperature, since, if the temperature 
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exceeds 230°C, evaporation of the antimony layer will take place. 
After the tube has been well exhausted, cesium is admitted and the 
tube is baked in the same manner as in forming the corresponding 
photosensitive surface. 

Silver-magnesium alloy, when properly treated, forms a third prac-
tical secondary emitter. This type of emitter is prepared as follows. 
A known weight of silver is melted in a suitable crucible. Next, a piece 
of magnesium held on a steel wire, the magnesium weighing about 10 
percent of the weight of silver, is thrust into the molten silver, care 
being taken that it is completely submerged. The melt is then stirred 
long enough for thorough mixing of the magnesium and silver but not 
long enough to allow a large loss of magnesium from the melt. After 
the material is cooled, the ingot is cut to the proper size and rolled 
into a convenient thickness. After the surface has been cleaned and 
polished, the target is mounted in the vacuum tube. The tube is then 
heated to 400°C for a period of an hour or more. Oxygen, occluded 
in the melt, diffuses to the surface and forms a thin layer of magnesium 
oxide which is responsible for the high secondary-emission ratio. 
Sometimes the secondary-emission ratio is improved by high-frequency 
heating of the target in the presence of a small amount of oxygen. A 
properly activated silver-magnesium surface will have a ratio of 4 to 
6 at 200 volts. Its appearance will be a golden yellow color. Such a 
target is not damaged when used in a tube where a photocathode is 
activated with cesium vapor. In fact, in general, the secondary emis-
sion ratio is improved upon exposure to cesium. 
An oxidized copper-beryllium alloy also forms a useful secondary 

emitter. Although the secondary-emission ratio of this surface is lower 
than any of those discussed above, the surface, nevertheless, is very 
stable and finds application in demountable vacuum tubes. 

Insulators and materials of very low conductivity will also emit 
secondary electrons. The range of the maximum secondary-emission 
ratio is about the same as that of conducting materials, extending from 
10 to 15 for some surfaces down to less than unity for certain oxides. 
The ratio varies with the velocity of the incident electrons in much the 
same way as it does for conducting emitters. 
When an insulator is bombarded with electrons, its surface must 

assume a potential such that the net current to or from it is zero, since 
electrons will not flow through the material itself to compensate for 

any change in number at the surface. Two potential equilibria fulfill 
this condition. The first is for the surface to become so negative that 

WorldRadioHistory



56 Physical Electronics [Chap. 1 

the primary electrons cannot reach it. The other is for it to assume a 
potential which is slightly positive with respect to the element collect-
ing the electrons, so that the secondary emission current is not satu-
rated and the current which actually leaves the surface is just equal to 
the primary current. The latter is possible only when the saturated 
secondary-emission ratio is greater than unity. Finally, for very high 
collector voltages (referred to the emitting cathode), surfaces with a 
maximum secondary-emission ratio greater than unity will tend to 
assume a potential which reduces the bombarding voltage to the higher 
one of the two values for which the secondary-emission ratio is unity. 
Because current cannot flow through a target made of insulating 

material, measurements of the secondary-emission ratio must be made 
by ballistic methods. In making these measurements, advantage can 
be taken of the capacitance between the surface of the target and a 
conducting surface backing it up. 

Directly or indirectly, the secondary-emission properties of dielec-
trics are of considerable practical interest. The secondary-emission 
ratio of the glass walls of electronic devices often plays a role in their 
operation. The phosphors used in cathode-ray oscilloscopes and tele-
vision viewing tubes to transform the energy of primary electrons into 
light are nonconductors. Their secondary-emission properties are, 
therefore, important in determining their performance, as will be dis-
cussed in the next chapter. 

Various types of storage and memory tubes depend for their action 
on the secondary-emission ratio of insulators. 

1.10 Statistics of Secondary Emission. Secondary emission is used 
in a variety of electronic devices to intensify an electron current. Its 
value for this purpose depends to a large extent upon its noise proper-
ties. Therefore, this phase of the phenomenon warrants rather detailed 
discussion. 
Like the shot noise from a thermionic or photoelectric emitter, the 

noise from secondary emission is a statistical effect. If certain assump-
tions are made concerning the way in which electrons are emitted, the 
magnitude of the fluctuation can be calculated. 

In striking the secondary-emissive surface, each primary electron 
causes the release, on the average, of u electrons, where u is the sec-
ondary-emission ratio. However, this does not mean that each indi-
vidual incident electron causes the emission of exactly a secondary 
electrons, although this possibility cannot be excluded a priori from 
consideration. In general, there will be a certain probability p(z) that 
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a given primary electron will produce z electrons. On this basis, the 
probability that n incident electrons produce N secondaries will be 

i=n 

POT n) = E II p(zi). (1.28) 
Zzi=N i=1 

The primary electrons, whatever their source, will be subject to some 
kind of fluctuation, and therefore the number, n, arriving in a unit of 
time must be put on a probability basis. Let P (n) be the probability 
that exactly n electrons arrive during a given unit of time, and let 
be the average number per unit time. The probability that N electrons 
will leave the surface then becomes 

P(N) = P(n)P(N , n) dn (1.29) 
o 

Finally, the mean square deviation from the expected number of sec-
ondary electrons crii will be 

.0 
AN2 = E P(N)(N — «4)2 (1.30) 

N 

This mean square deviation in the number of electrons emitted per 
unit time can, of course, be related to a mean square fluctuation cur-
rent over any desired frequency band by 

2e2 AN2(.1.2 — fi) (1.31) 

as was shown in an earlier section. 
Before this expression representing the noise effective over a given 

frequency band can be evaluated, the various probabilities involved in 
its derivation must be determined. The probability P (n) for the inci-
dent beam depends upon the electron source. If it is a photoelectric 
cathode or an emitter of similar nature, the electron arrival will be 
purely random; in other words, the probability P (n) can be expressed 
by the normal law, 

P(n) — 
1   —(n—ii)2/(2i) 

E 

V2771. 
(1.32) 

The values assigned to the probabilities p(z) depend on the assump-
tions made with regard to the mechanism of secondary emission. 
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One assumption, and perhaps the simplest, is that 

p(z) = 1 

p(z) = 

= 

z o-

or, in other words, that every primary releases just u secondaries. 
From this, it follows that 

P(N, n) = 1 N=crn 

P(N, n) = 0 N 0 on 

Equation 1.29 can now be written 

1  
P(N) — V/277/02 e- (N — c1702/(2a2ii) (1.33) 

The mean square deviation, according to the ordinary principles of 
probability, is 

AN2 = 0-271: (1.34) 

or, in terms of current fluctuation, 

= 2e02i0(f2 — fi) (1.35) 

where ie is the primary current. 
This result can be obtained without resorting to the above calculation 

by merely considering that the expected noise is that due to the random 
emission of particles of charge eu, producing a current i = iou. The 
current fluctuations predicted by Eq. 1.35, however, do not fit the data 
derived from noise measurements, indicating that the assumptions used 
in its derivation are not valid. 
A more reasonable assumption is that secondary emission itself is a 

random phenomenon. If the primary beam entering the target ma-
terial excites a large number of electrons, only a few of which have 
velocities such that they are able to escape, it is not unreasonable to 
postulate the following two conditions: 

1. The probability p of emission of any one of the m electrons excited 
by the beam is small compared with unity. 

2. The emission of a secondary electron does not appreciably alter 
the probability of emission of the remaining excited electrons. 

Assuming that these two conditions are fulfilled, the binomial 
theorem of statistics expresses the probability p (z) that z electrons 
will be produced by a given incident electron. Therefore, 
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m! 
P(z) = z!(m — z)! Pz(1 — P)m—z (1.36) 

where the expectation mp is, of course, equal to a. 
The probability of obtaining N secondary electrons from n primary 

electrons, which can be found with the aid of Eqs. 1.36 and 1.28, is 

(nnz)! 
P(N, n) =  pNo. _ prm—N (1.37) 

(nm — N)!N! 

Since both mn and N are large and p is small compared with unity, 
Eq. 1.37 can, by means of Stirling's formula, be reduced to 

P(N, n) — 
1 

•Y2rncr 

Again, by making use of a perfectly random primary electron beam 
(i.e., Eqs. 1.32 and 1.38 in Eq. 1.29), the probability of obtaining N 
secondary electrons from an average of ñ incident electrons will be 

1 1  
P(N) =   (n—T4)2/2Z e— (N — no)2 /(2n«) dn 

— (N — nc.)2/(2no) 
E 

1 
   E — (N —iia) 2/12i1(o + 02) 

1/27ft(cr + «2) 

(1.38) 

(1.39) 

Therefore, the mean square deviation is 

,CiAr2 = fi(u2 (r) (1.40) 

and, by the same reasoning as before, the mean square current fluctua-
tion over a frequency band (12 — fi) when the primary current 
strikes the target is expressed by 

in2 = 2e(e2 (1)io(f2 — 11) (1.41) 

This relation is in close agreement with results obtained from efficient 
emitting surfaces operated at voltages below that required to give 
maximum yield. 
Comparing Eqs. 1.19 and 1.41 will show that Eq. 1.41 consists of two 

parts, one giving the multiplied noise in the primary current, the other, 
which has the form 

4,2 = 2ecrid.f2 — fi) (1.42) 

expressing the noise generated by secondary emission itself. 
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For poor emitters, or good emitters operated at high voltages, this 
latter portion of the noise is increased, so that generally it should be 
written as 

• 
in'2 re- 2escrio(f2 — fi) (1.42a) 

where e has a value close to unity for good emitters operated under 
conditions corresponding to those found in practice where secondary 
emission is used for current intensification.* 
Where secondary emission is employed to obtain large amplification 

of small currents, the device takes the form of a secondary emission 

2nd target 4th arget 

Fig. 1.25. Secondary Emission Multiplier (Schematic). 

multiplier. It consists of a series of cascaded stages, each intensifying 
the current from the preceding stage. Diagrammatically, a multiplier 
phototube can be represented as shown in Fig. 1.25. 

Electrons originate as photoelectrons from the cathode. They are 
directed by an electron optical system onto the first dynode, where they 
produce secondary electrons. This secondary emission is directed onto 
the second dynode and, in turn, generates more electrons. If the initial 
current in the multiplier is io, the output current will be 

i = iouk (1.43) 

where u is the secondary emission ratio of each dynode and k the 
number of dynodes. The noise contributed to the output can be calcu-
lated for each successive stage, as shown in the following table, and the 
total noise found by summation. 

*The factor e corresponds to p used in Zworykin, Morton, and Malter, reference 
29, and to bm in Shockley and Pierce, reference 30. 
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TABLE 1.4 

Noise from photocathode: i„02 =-
Noise from first target: ini2 — 
Noise from second target: in22 = 

0.2k2e(f2 fi)io = uk2e(1.2 — 
(72(k —02e(f2 — fi)crio = Uk-12e(J2 — 
0.2(k-2)2e(f, m atjo = uk-22e(J2 — 

Noise from kth target: tine = 

The total noise is, therefore, 

2e(f2 — Mukio = 2e(12 — 

in2 (u k + 0.k-1 ± u k-2. 1)2e(f2 — 

0.k+i _ 1 ak +1 

 2e(.1.2 h)i — 1 2e(12 — 
cr — 1 

(1.44) 

If Eq. 1.44 is derived using Eq. 1.42a instead of Eq. 1.42, the result 
has the form 

in2 2e(f2 fi) (1 + (1.45) 

where the number of stages is very large. 
Noise measurements on secondary emission multipliers and pulse 

height resolution determinations with photomultipliers used for scintil-
lation counting indicate that s has a value in the neighborhood of 1.5. 
The excellent noise characteristics of the secondary emission multi-

plier, together with its very high speed of response, makes it a very 
valuable, practical tool in many fields of electronics. 
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2 Fluorescent Materials 

Strictly speaking, the title of this chapter is a misnomer. More 
exactly, the phenomenon to be discussed is cathodoluminescence, and 
the materials which manifest this effect are known by the general 
name of phosphors. However, the use of the term "fluorescent ma-
terials," instead of the more exact name, is so widespread that the 
exact name seems almost an affectation. 

2.1 Luminescence. The conversion of energy invisible to the un-
aided eye into visible light is a very common phenomenon. When 
this light exceeds that produced by a black body at the actual temper-
ature of the emitter, it is known as luminescence. Luminescence may 
be classified on the basis of the means of excitation. Table 2.1 lists 

TABLE 

Class 
Photoluminescence 

Cathodoluminescence 
Radioluminescence 
Triboluminescence 
Bioluminescence 
Chemiluminescence 
Electroluminescence 

2.1. CLASSIFICATION OF LUMINESCENCE 

Excitation 
Radiant energy; visible part of spectrum; x-rays, ultra-

violet 
Electron bombardment 
Radiation from radioactive sources 
Disruption of crystals, as by grinding, abrasion, etc. 
Biochemical reactions 
Chemical reactions 
Alternating electric field 

the more important classes, together with these means. Furthermore, 
luminescence—irrespective of the method of excitation—is divided 
into fluorescence and phosphorescence. Expressed inexactly, fluores-

cence is luminescence which ceases almost immediately upon removal 
of the excitation, whereas in phosphorescence the luminescence persists. 
It is difficult to give a more rigorous definition of these terms because, 
as yet, there is no generally accepted criterion to distinguish between 
them. The most commonly used time limit for the duration of fluores-
cence after cessation of excitation is 10-8 second. 

63 
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Cathodoluminescence, as can be seen from Table 2.1, is excited by 
bombarding the material with electrons. There is a vast number of 
substances which have the property of luminescing when thus bom-
barded. In fact, nearly all inorganic compounds which are nonmetallic 
crystals exhibit this effect to some extent, together with a great many 
organic compounds, nonmetallic elements, and glasses. However, for 
most materials the efficiency of the production of light is extremely 
low. They are, therefore, of no interest in the present consideration, 
which will be restricted to the relatively few materials, natural or syn-
thetic, that are highly efficient phosphors. 

2.2 Requirements of a Phosphor. In television viewing screens, 
the phosphor serves to convert the energy of a scanning beam into the 
light which makes up the reproduced picture. 
One of the prime requisites of the screen is that it be an efficient 

converter of energy. In addition to meeting this requirement, it must 
have the following properties: 

The ability to produce high, instantaneous, intrinsic brightness. 
Stability and long life under electron bombardment. 
Suitable electrical properties. 
Low vapor pressure. 
Suitable color characteristics. 
A duration of phosphorescence of the same order as, but not longer 

than, a picture period. 

The foregoing seven items are essential, but certain other properties 
are highly desirable. For example, the luminous output should vary 
approximately linearly with current over a wide range, the material 
should be easy to apply, and its preparation should be commercially 
practical. 

Until quite recently very little was known about the synthesis of 
phosphors. Early investigators in the field of cathode-ray television 
were forced to rely largely on naturally occurring materials such as 
willemite and zinc blende. It is now possible, however, to synthesize 
phosphors which are far superior to the best naturally occurring ma-
terial in every respect. Therefore, synthetic substances will be the 
subject of roost of \\ lint is to follow. 

2.3 The Nature of Inorganic Phosphors. The great majority of the 
inorganic phosphors are crystalline in nature; the fluorescent glasses, 
containing uranium or rare-earth oxides, are relatively inefficient and 
will not be considered further here. Among these crystalline solids, 
some exhibit strong luminescence in their pure state. This statement 
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must, of course, be qualified because there is no measure of absolute 
purity; however, the luminescence continues unchanged in these solids 
even when they are purified to such an extent that the spectrograph 
fails to reveal the presence of foreign material. Barium platinocyanide, 
and calcium tungstate, for example, are such substances. 

Fig. 2.1. A Modern Research Laboratory for the Investigation of Luminescent 
Materials (RCA Laboratories, Princeton, N. J.). 

Most phosphors depend for their luminescence upon the presence of 
an "impurity," or activator. The activator influences not only the 
efficiency of the phosphor but also the color of its luminescence and the 
duration of phosphorescence. Therefore, by controlling the quantity 
and nature of the activator during the synthesis of the material, the 
desired properties can be obtained. The flexibility of this second class 
of phosphors has resulted in its wide use for practical television 

purposes. 
Three components enter, in general, into the preparation of phos-

phors with activators. They are the base material, a flux, and finally 
the activator. 
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The base, which is invariably crystalline in nature, is generally color-
less and conducts, if at all, as an electronic semiconductor. The 
sulphides and selenides, silicates and tungstates, and oxides and 
fluorides of the elements in the second column of the Periodic Table, 
principally zinc, cadmium, calcium, strontium, magnesium, and beryl-
lium, are representative phosphor bases. They uniformly exhibit 
n-type or excess semiconduction, arising from the motion of conduc-
tion electrons through the crystal; p-type semiconductors such as fer-
rous oxide, nickel monoxide, and cuprous chloride, in which the current 
is carried by electron vacancies or holes, -do not form efficient bases. 
In brief, good phosphor bases commonly are nearly colorless com-
pounds which have their cations combined in their highest (and, prefer-
ably, only) valence states, and which tend to have an excess of cations. 
In addition, the material must be sufficiently stable not to disintegrate 
under the electron beam. 
The second component, the flux, is not essential in the preparation 

of all types of phosphors. This material, usually an alkali or alkaline-
earth halide, plays a role primarily during the crystallizing process. 
The flux aids in the crystallization of the substance and is largely 
removed subsequent to the final heating, after it has fulfilled its pseudo-
catalytic function. 
The addition to the base of a small quantity of certain metals, 

ranging from 1 atom for every 100,000 atoms of the base to 1 atom for 
every 100 atoms, may enormously increase its luminous efficiency. 
This added metal is known as an activator. The best activators are 
metallic elements, generally with a multiplicity of valences. For 
example, copper, silver, bismuth, chromium, and manganese are all 
effective activators, although they do not, of course, behave uniformly 
toward all bases. The presence of more than one activator in a base 
usually results in a less efficient phosphor than if the best activator is 
used alone; however, desirable color changes may be attained at times 
by the addition of a second element. 

It is interesting to note that certain elements, known as "killers" 
or "poisons," when present even in an amount small compared with 
that of the activator, result in a very great reduction in the luminous 

efficiency of the phosphor. Iron, cobalt, and nickel behave in this way. 
Their action is to suppress the processes of phosphorescence and thereby 
reduce the total emitted energy. Minute quantities of these elements 
are often used in the preparation of fluorescent screens where a short 
time lag is desired. 
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Although there is a basic procedure common to most phosphors, the 
exact method of synthesizing a phosphor depends upon the particular 
material. 
The base material and the flux, when used, are ground together in a 

clean, inert crucible. To this is added the activator required to pro-
duce the desired color, generally in the form of an aqueous solution of 
the salt of the metal used as activator. After being dried and re-
ground, the mass is heated and allowed to crystallize. The phosphor 
may then be put through a final grinding process to comminute the 
crystal particles to the size required for application to the screen of 
the viewing tithe. 

2.4 General Properties of Inorganic Phosphors. Nearly every 
step in the preparation and subsequent handling of a phosphor has a 
marked influence on its properties. This influence is not confined to 
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the kind and quantity of activator but also the crystallization proce-
dure, the grinding, the composition of the base, etc. Some of these 
effects are illustrated in the following examples. 
The spectral output of zinc orthosilicate under different conditions 

of preparation is shown in Fig. 2.2. Curve 1 is the luminescence of 
the pure base. The addition of a small amount of manganese results 
in curve 2a if the material is cooled slowly. More of the manganese 
activator increases the luminous output without change in spectral 
characteristics. Eventually an optimum is reached, represented by 
curve 2c, and further addition of manganese results in a gradual de-
crease in efficiency. If the material, instead of being cooled slowly, is 
quenched rapidly from a melt, quite different results are obtained. An 
amount of manganese activator equal to that which previously resulted 
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in the material giving curve 2c now leads to a yellow prosphor shown 
in curve 3a. As the amount of activator is increased, the color of the 
luminescence shifts to longer wavelengths. Curve 3b is that of the 
material having three times the amount of manganese used to obtain 
curve 3a. 
Another interesting series is that of a zinc cadmium sulphide base 

with a silver activator, the ratio of zinc to cadmium being varied. 
Figure 2.3 shows a family of curves illustrating the behavior of this 
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Fig. 2.3. The Variation of Spectral Characteristics of Zinc-Cadmium Sulphide 
with Decreasing Zinc: Cadmium Ratio. 

series. Pure zinc sulphide has a blue luminescence shown by curve ao. 
The addition of silver activator increases the energy efficiency and 
shifts the spectral output further into the blue (curve a). As cadmium 
replaces zinc in the base, the color response shifts toward the red. At 
the same time, there is an initial decrease in response. With further 
addition of cadmium, the output increases and goes through a maxi-
mum and then decreases until, for silver-activated cadmium sulphide 
alone, a rather weak, deep red luminescence is obtained. This is illus-
trated by the sequence of curves b, c, and d. 
As in the two examples cited, a similar series of complicated phe-

nomena is observed for nearly every phosphor group. 
In addition to the crystal structure, the state of strain is an impor-

tant factor in determining the luminous efficiency. For example, some 
freshly prepared phosphors which have high efficiency can be com-
pletely ruined if violently ground. Even a quite gentle grinding may 
reduce the efficiency to some extent because it will leave a strained 
surface layer over each grain. 

WorldRadioHistory



Sec. 2.4] General Properties of Inorganic Phosphors 69 

The surface brightness of most phosphors is proportional to the 
current density of the bombarding electrons for low values of the cur-
rent density. As the density is increased, the material saturates and 
the brightness rises less rapidly. The form of the saturation curve and 
the current value at which saturation begins depend upon the kind of 
material used and its treatment. 
The relation between light output and beam voltage is rather diffi-

cult to determine for reasons that will be made clear in a later section. 
Measurements in the range up to 10 kilovolts indicate a light output 
proportional to some power of the voltage, the exponent lying between 
1 and 2. At still higher operating voltages, up to 50 kilovolts, tele-
vision screens of optimum thickness are found to have light outputs 
approximately proportional to beam voltage or, for fixed beam current, 
to the power input. 

In a television viewing tube, the beam which serves as excitation is 
on a given area for a length of time equal to about 0.1 to 0.2 micro-
second. The light emitted from the area continues for several hun-
dredths of a second, as can be seen from the persistence curves shown 
in Figs. 2.10 and 2.14. The greater part of the light energy, therefore, 
is released after the beam is no longer exciting the area in question. 
In other words, the phosphorescence of the material provides most of 
the light. The total light energy released, i.e., the light intensity inte-
grated over the time it persists, is approximately proportional to the 
energy supplied to the phosphor, rather than to the instantaneous 
power in the cathode-ray beam. Thus, if a beam of 10 microamperes 
and 6000 volts excites a given area for 10-6 second, the light averaged 
over 2/100 second will be approximately the same as that produced by 
an excitation of 100 microamperes for 10-7 second. The accumulative 
effect should not be considered as a rigorous law, and it exists only 
over periods of time which are short compared to the decay time and 
for currents well below the saturation of the phosphor. As will be 
explained in a later chapter, the effect has been applied to the type of 
picture transmission involving velocity modulation. 
A final consideration in this general survey is that of the effect of 

temperature on luminescence. The thermal state of the phosphor has 
a much greater effect on phosphorescence than on fluorescence. Be-
tween —80°C and 300°C, there is very little change in such phosphors 
as manganese-activated zinc orthosilicate and copper-activated zinc 
sulphide, but, if the temperature is carried much above 300°C, the 
fluorescence decreases rather rapidly. The effect of a decrease in tem-
perature on phosphorescence is to increase its duration and lower its 
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intensity. Calcite is an excellent illustration of this. At room tem-
perature this substance has a brilliant orange phosphorescence which 
continues several minutes. If a calcite crystal is excited by cathode-
ray bombardment and then cooled, the brilliancy decreases until it 
finally disappears. If it is again warmed up to room temperature, the 
phosphorescence reappears without further excitation. If it is raised 
to a high temperature, the brightness increases and the duration de-
creases. An excited calcite crystal may be kept for days at liquid air 
temperature, and then made to phosphoresce merely by bringing it up 
to room temperature. This behavior indicates that a certain quantity 
of energy available for phosphorescence is stored in the crystal, and 
that its rate of release in the form of light is a function of temperature. 
Thus, at high temperature, it is emitted very rapidly, giving brilliant 
luminescence and rapid decay, whereas at a low temperature this energy 
is released slowly over a long period of time. 

In the next section, which discusses briefly the mechanism advanced 
by quantum physics to explain the phenomenon of luminescence, it 
will become evident why this behavior of phosphorescence is to be 
expected. 

2.5 The Theory of Luminescence. The concept of the luminescent 
center, originally introduced by Lenard, plays a primary role in the 
interpretation of the phenomenon of luminescence. Such a center is 
an inhomogeneity in the crystalline base of the phosphor, normally 
created by the presence of an activator atom or ion either in an inter-
stitial position within the lattice or substituting for one of the lattice 
ions. The center has a series of discrete electron energy levels, of 
which the lower ones are normally occupied. The position of these 
levels is a function both of the foreign atom or ion itself and of its 
position in the lattice. Since the base itself is a semiconductor or 
insulator, the phosphor has the electronic structure of an impurity 
semiconductor. 
The occurrence of luminescence requires at least two events: the 

excitation of the luminescent center, either as a result of the absorption 
of radiation or bombardment with high-energy particles, and its return 
to the normal state accompanied by the emission of some fraction of 
the absorbed energy in the form of light. If an appreciable interval of 
time elapses between excitation and emission, as in phosphorescence, 
there must be a certain probability for the transfer of the excited 
system to a metastable state, from which it can return to its original 
condition only after an auxiliary excitation, which may be thermal 
in nature. 
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The models for the luminescence process which have been con-
structed to explain experimental observations differ materially for 
different types of phosphors; a number of typical examples are given 
below. Before they are considered, it may be well to note a funda-
mental difference between luminescence excitation by ultraviolet radia-
tion and excitation by high-velocity electrons. It can readily be under-
stood that, in ultraviolet excitation with a wavelength longer than the 
threshold of lattice absorption, conversion efficiencies approaching unity 
may be attained, since the centers may account for the total absorption 
of the material. The energy dissipation of an electron beam in the 
phosphor is, on the other hand, essentially independent of the concen-
tration of centers. Conversion efficiencies of 10 percent may be reached 
in cathodoluminescence with an activator concentration as low as 0.01 
percent. This implies that the excitation energies of lattice ions in 
the path of an electron must be transferred to centers at considerable 
distance. This transmission of energy by "excitation waves" termi-
nating at centers * depends both on the constitution of the phosphor 
base and on the activator and accounts for the lack of parallelism in 
the properties of phosphors under ultraviolet and electron excitation. 
Occasionally, however, a similar mechanism is involved in ultraviolet 
excited fluorescence when the absorbing and emitting centers are 
different. 
Among the various types of phosphors to be considered, the thallium-

activated alkali halides represent an unusually simple example. Here, 
according to the model proposed by F. Seitz,t thallium ions substituted 
for alkali ions at the normal lattice points function as active centers. 
Considerably less energy is required to raise an electron of the thallium 
ion to an excited state than to transfer an electron from the highest 
filled band of the lattice to the conduction band. Such an excitation 
of the thallium ion is, in general, followed by a readjustment of the 
surrounding ions to a new position of minimum potential energy, the 
liberated energy being dissipated as thermal vibrations. After, or 
during, this readjustment the electron may return to the ground state 
(followed by a second ionic readjustment and thermal energy dissipa-
tion) with the emission of fluorescent radiation, the whole process con-
suming an interval of the order of 10-8 second. 

In addition to this fluorescent radiation, a weak phosphorescence, 
proportional to the square of the concentration of the thallium ions, is 

*See, e.g., Johnson, reference 6, and Fonda and Seitz, reference 3. 
t See Seitz, reference 5. 
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also observed. This may be interpreted as resulting from the excitation 
of one of a pair of adjoining thallium atoms, the concentration of pairs 
being proportional to the square of the concentration of thallium ions. 

The variation of the electronic quantum levels as function of the rela-
tive position of the ion and its neighbors is shown schematically, for 

j_—Thermal excitation 

Metastable state 

Radiationless return 
<---.." to normal state 

Deviation from normal 
position of ions ---"*" 

Fig. 2.4. Schematic Energy Level Diagram for Thallium Ion with Neighboring 
Thallium Ion in Alkali Halide Phosphor. (F. Seitz, reference 5; courtesy of 

Journal of Chemical Physics.) 

a pair of adjoining thallium ions in the alkali halide lattice, in 
Fig. 2.4. It is seen that, in this configuration, the equilibrium 
position of the system in the excited state overlies a second minimum 
of the ground state. After the system has dropped to this metastable 
state, it will remain there until either the system is given enough 
thermal energy to raise it over the "hump" between the two minima 
of the ground state or an excitation to an intermediate electronic state, 
with an equilibrium position closer to the equilibrium position of the 
normal state, takes place. In the first case, the system will simply 
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slide down the curve for the ground state to the original condition, 
communicating its excess energy to the lattice in the form of thermal 
vibrations. In the second case, the system will return to the ground 
state with the emission of radiation, giving rise to phosphorescence. 
The average time that elapses between excitation and phosphorescent 
radiation is given by the mean life of the metastable state. 

It will be noted that in the thallium-activated alkali halide phosphor 
the excited electron remains bound, throughout, to the active center. 
Hence, this phosphor shows no photoconductivity. The situation is 
quite different in the widely employed zinc and cadmium sulphide 
phosphors, activated with 0.01 percent of copper or silver. The active 
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Fig. 2.5. Probable Transition Scheme Giving Rise to Luminescence in Sulphide 
Phosphors. 

centers consist here of interstitially located atoms or, in the pure sub-
stance, interstitial zinc or cadmium. Figure 2.5 indicates the picture 
which has been proposed to account for the luminescence of the 
materials.* 
As a first step, an electron may be excited either from the center or 

from the filled band of the lattice. If the excitation takes place at the 
center, the electron may return to its original state with the emission 
of fluorescent radiation, as in the alkali halide phosphor. On the other 
hand, if the lattice is excited, the electron in the conduction band and 
the hole in the filled band will lose their excess energy in the form of 
lattice vibrations and drift through the lattice as a pair, recombination 
being prevented by selection rules. When such a pair, or exciton, 
collides with a center, it transfers its energy to the center, causing 
ionization. Again, the possibility exists that the freed electron will 
drop down to the normal state of the center, with the emission of 
fluorescent radiation. As an alternative, it may wander off until it is 
caught by a trap, that is, an empty energy level lying slightly below 
the bottom of the conduction band. Such traps are likely to be en-
countered at any crystal faults. 

*See, e.g., Johnson, reference 6, and Fonda and Seitz, reference 3. 
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Conduction electrons which fall into these traps remain there until 
they are raised once more into the conduction band by thermal excita-
tion. An electron freed in this manner will drift through the lattice 

until it is either retrapped or 
drops into an empty active cen-
ter. The emission of radiation— 
phosphorescence—will then take 
place during this transition. 
The predominance and dura-

tion of phosphorescence evi-
dently depend on the concentra-
tion and the depth of the traps; 
the probability of thermal exci-
tation depends exponentially on 
the ratio of the distance of the 
traps below the lower edge of the 
conduction band and the abso-
lute temperature of the phos-
phor. As a result, the distribu-
tion of the trapping levels may 
be obtained by exciting the phos-
phor with ultraviolet light at a 
very low temperature and ob-
serving the variation of emission 
as the temperature of the phos-
phor is gradually increased. The 

600 "glow curve" so determined in-
dicates the freeing of conduc-

Fig. 2.6. Glow Curve for Copper-Acti- tion electrons from progressively 
vated Zinc Sulphide:Phosphor. (J. T. deeper traps in accord with the 
Randall and M. H. F. Wilkins, reference exponential dependence of the 
8; courtesy of the Proceedings of the 

probability of thermal excitation Royal Society of London.) 
noted above (Fig. 2.6) .* 

The same effect for calcite was described in the preceding paragraph. 
Alternately, the traps may be emptied by irradiation with infrared 
radiation; the so-called infrared phosphors are essentially phosphors 
with a large concentration of traps of such depth that they may be 
emptied by infrared radiation of a prescribed range. Such phosphors, 

*See Garlick in Fonda and Seitz, reference 3, p. 87, and Randall and Wilkins, 

reference 8. 
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after excitation with ultraviolet light, will glow brightly under infrared 
stimulation even after their short-term luminescence has died down. 

It is clear that, in the zinc sulphide phosphors, the electrons in the 
conduction band may contribute to photoconduction, drifting in the 
direction determined by the applied field. The second most important 
class of phosphors, the silicate phosphors of which zinc orthosilicate 
and zinc-beryllium orthosilicate activated with manganese are well-
known examples, assumes an intermediate position between the alkali 
halide phosphors and the zinc sulphide phosphors. According to the 
view proposed by R. P. Johnson,* the centers are here interstitial man-
ganese atoms; manganese ions substituted for regular lattice ions are 
assumed to play no role in the luminescence process. Irrespective of 
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Fig. 2.7. Probable Transition Scheme Giving Rise to Luminescence in Ortho-
silicate Phosphors. 

their origin, the centers are initially ionized. The majority of the 
resulting free electrons are trapped in a metastable excited state of 
the centers, from which they eventually drop to the normal state with 
the emission of radiation. The lifetime of this excited state is rela-
tively long since the transition to the normal state is "forbidden" by 
selection rules. 
Some of the free electrons are trapped, instead, in shallow traps from 

which they may be liberated by thermal excitation. These electrons, 
which eventually reach the metastable excited state of a center and, 
hence, the ground state with the emission of radiation, account for a 
more gradual decay of phosphorescence as well as the observed photo-
conductivity (Fig. 2.7). 

2.6 The Theory of Luminescence (continued). Leaving the micro-
physical aspect of the problem, there are certain quantitative relations 
that can be deduced on a classical, statistical basis, which are helpful 
in a general survey of the subject. 

Essentially two different types of emission processes have been de-
scribed above. In one of them the excited electron remains through-

* See Johnson, reference 6. 
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out in the domain of the center from which it originated and eventually 
returns to its normal state with the emission of a photon. In the other, 
any one of the excited electrons may recombine with any other empty 
center, resulting in phosphorescence. The first process may be char-
acterized as a monomolecular process, the second as a bimolecular 
process. 

In the monomolecular process, the number of emission processes per 
second, or the decrease in the number of excited centers taking place 
per second, is, in the absence of excitation, simply proportional to 
number of excited states N: 

dN 
— = aN 

dt 
(2.1) 

Here a is a constant, the reciprocal of the mean life of the excited 
state. If this expression is integrated, the number of excited centers 
at any time t is found to be 

N = Noe' (2.2) 

Since the intensity of the emitted light is proportional to the rate at 
which centers recombine, the phosphorescence, as a function of time, is 
given by 

L = Ce—at, C = kNoa (2.3) 

k being the light content of a photon. 
Under bombardment by an electron beam of current density p, an 

equilibrium is established between the rate of formation of excited 
centers and the rate of recombination. The number of excitations dur-
ing the interval of time dt is proportional to the number of unexcited 
centers available and the current density of the incident beam. If, 
therefore, the total number of available centers is M and the number 
of excited centers N, the condition of equilibrium can be expressed as 

np(M — N)'dt'= aN:dt (2.4) 
Hence 

nP  
N — M 

lip -I- a 

From this, the light output as function of current density is 

(2.5) 

L = D  D = kMn, = tila (2.6) 
1 + Op 

where k is the light content of a photon. 
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When the mechanism of luminescence involves independent excited 
electrons and vacant energy states, the rate at which emission can 
occur is proportional to the product of the number of excited electrons 
and the number of vacancies. If these are taken to be equal, the rate 
of recombination is given by 

dN 
— — = eN2 (2.7) 

dt 

And the number of excited centers at time t, which is obtained by 
integrating Eq. 2.7, is 

No 
N —  

1 + Noet 
(2.8) 

From Eqs. 2.7 and 2.8, the phosphorescent decay characteristic is found 
to be 

1 
  E = kNo2e, 7 = Noi" (2.9) L — E (1 ± 702 

Under equilibrium conditions between excitation and emission, the fol-
lowing relation between L and p is obtained: 

L Dp(1 p(5 — 1/p262 2p(5) D = kMn, ô = 77/ (2e210 (2.10) 

For large values of the beam density p, this expression takes on the 
same form as Eq. 2.6, with 28 replacing 
Both of these types of decay and current characteristics are found 

among the phosphors. The zinc and cadmium sulphide phosphors be-
long distinctly to the second type, in harmony with the mechanism of 
phosphorescence described above; the alkali halides activated with thal-
lium, to the first. The zinc orthosilicate phosphors exhibit an initial 
exponential decay, followed by a more gradual decline in the phos-
phorescence of the character described by Eq. 2.9. It should perhaps 
be stressed that exact conformity with the decay laws in Eqs. 2.3 and 
2.9 and the corresponding relations between light output and current 
density should be expected only in exceptional cases. The equations 
were deduced under the assumption that the phosphorescence process 
is unique or, in other words, that either a single metastable state or 
traps of a single depth play a role in it. If, as suggested by the work 
of Garlick and his co-workers on the glow curves of many phosphors,* 

* See Randall and Wilkins, reference 8, and Garlick in Fonda and Seitz, 
reference 3, p. 87. 
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this condition is not satisfied, the decay characteristics and the light 
output-current variation will necessarily be more complex. 

Experimentally, the voltage variation of the light output of phos-
phors and the current variation are found to be practically independent 
of each other. It is hence permissible—at least within limited ranges 
of the voltage V—to express the light output L in the following form: 

L = A f(p) • V" (2.11) 

In the absence of detailed knowledge regarding the process of energy 
transfer from the point of excitation to a near-by luminescent center, 
the exponent n might reasonably be expected to equal unity. This 
would mean that the light output, for low current densities, would be 
simply proportional to the energy dissipated by the beam in the phos. 
phor, this energy being transferred to the lattice by electronic excita-
tion and ionization. Actual measurements of the light output of zinc 
sulphide and zinc orthosilicate screens in the range from 500 to 10,000 
volts yield values of n which range from 1.5 to more than 2.* For 
higher voltages, up to about 50 kilovolts, screens of optimum thickness 
have been found to have more nearly constant efficiency, or a light out-
put proportional to the operating voltage. 
One factor which will tend to lead to a more-than-linear increase of 

light output with voltage at low voltages is the presence of a "dead 
layer" enveloping every phosphor grain. Energy dissipated by elec-
trons in this inactive surface layer cannot contribute to the lumines-
cence. Since the penetration of the electrons increases rapidly with 
voltage, the energy lost in this manner decreases and the efficiency of 
conversion of electron energy into light increases. It should also be 
pointed out that the granular structure of fluorescent screens renders 
measurements of the efficiency of the basic luminescence process very 
difficult. The light output is materially influenced by scattering and 
absorption in the phosphor layer. This factor will be discussed in more 
detail in Chapter 11. 

2.7 Phosphors for Television. Some of the principal cathodolumi-
nescent phosphors, together with their properties, are listed in Table 
2.2. The code numbers Pl to P16 have been established by the Radio 
and Television Manufacturers Association. The screen type P10 does 
not represent a luminescent screen, but a dark-trace screen; the scan-
ning beam leaves a dark trace, whose maximum absorption is at 

* See Martin and Headrick, reference 13. 
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TABLE 2.2. PRINCIPAL SCREEN MATERIALS USED IN CATHODE-RAY TUBES * 

Code 
Num-
ber 

Pl 
P2 
P3 

P4 

P4 

P5 
P7 

P10 
pli 
P12 
P13 
P14 

P15 

P16 

Type 

Zinc silicate 
Zinc-cadmium sulphide 
Zinc-beryllium silicate 

Zinc sulphide and zinc-
beryllium silicate 

Zinc sulphide and zinc-
cadmium sulphide 

Calcium tungstate 
Zinc sulphide on zinc-
cadmium sulphide 

Potassium chloride 
Zinc sulphide 
Zinc-magnesium fluoride 
Magnesium silicate 
Zinc sulphide on zinc-
cadmium sulphide 

Zinc oxide 

Calcium-magnesium silicate 

Chemical Composition Color 
Spectral 
Maximum 

(À) 

Persist-
ence 

(seconds) 

Relative 
Luminescent 

Efficiency (%) 

rbhdl-Zn2SiO4: Mn (0.25) 
ZnS(96)CdS(4):Cu(0.01) 
8ZnO • Be0 • 5Si02: Mn (1.0) 

hex-ZnS: Ag(0.01) 
8ZnO • Be° • 5Si02: Mn (1.0) 

hex-ZnS:Ag(0.01) 
ZnS(48)CdS(52):Ag(0.01) 

CaW04:W 
cub-ZnS:Ag(0.015) on 

ZnS(86)CdS(14):Cu(0.0073) 
KCI 
hex-ZnS: Ag(0.01) 
(ZnMg)F2: Mn (1.0) 
MgSiO3: Mn(0.15) 
cub-ZnS:Ag(0.015) on 

ZnS(73)CdS(27):Cu(0.004) 
ZnO:Zn 

Ca2MgSi207:Ce(0.05) 

Green 5250 0.05 100 
Blue-green 5360 0.001 140 
Light green- 5500 0.06 84 

yellow 
White 4500 0.06 80 

White 4440 0.005 150 

Light violet 4300 10-5 32 
Blue white 4400 3 80 

Dark trace 5570 5 
Light blue 4580 0.05 .72 
Orange 5900 0 . 5 80 
Light red 6740 0.1 5 
Pure white 4400 1 70 

Light blue- 5050 10-6 60 
white 

Ultraviolet 3700 10-6 

*From H. W. Leverenz, "Final Report on Research and Development Leading to New and Improved Radar Indicators," 
Report 25481, Office of the Publication Board, Department of Commerce, Washington, D. C., 1945, and JETEC Cathode Ray 
Tube Committee, J6-13-1, Description of Phosphors by Color and Persistence. 
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5570 A. In the column marked "chemical composition" the figures in 
parenthesis indicate percentages by weight. The measurements of the 
spectral maximum of the emission, the relative luminescent efficiency, 
and the persistence of the material were made at 6 to 10 kilovolts and 
the very low current density of 1 microampere per square centimeter. 

100 

80 

20 

o 
3000 4000 5000 6000 

Wavelength in angstroms 

Fig. 2.8. The Spectral Characteristics of a White Fluorescent Screen Consisting 
of Silver-Activated Zinc Sulphide and Zinc Cadmium Sulphide. 

7000 

It is found that under these conditions the absolute luminescent ef-
ficiency of the P1 phosphor screen, taken as standard, is about 6 candle-
power per watt; the figures in the last column of the table make it 
possible to derive herefrom the absolute efficiencies of the remaining 
phosphors. Operated at low currents and high voltages (of the order 
of 15 kilovolts) and with a reflecting backing, Pl screens have yielded 
as much as 15 candlepower per watt. The "persistence" of the phos-
phor indicates the time required for the emission to drop to 1 percent of 
its initial value. 
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The two phosphors denoted by P4 in the table, formerly listed as 
P4 and P6,* are "white" phosphors of the type generally employed for 
television viewing tubes. These phosphors are obtained by mixing a 
light blue silver-activated zinc-sulphide phosphor with a greenish-
yellow zinc-beryllium silicate or zinc-cadmium sulphide phosphor. As 
indicated in Fig. 2.8, the spectral distribution of the emission of this 
compound phosphor is very different from that of daylight, which ex-
hibits at most a single flat maximum. The fact that both are perceived 
as white is a consequence of the tricolor nature of human vision. In 
the cascade phosphors, P7 and P14, an increased persistence is attained 
by depositing a blue phosphor on a yellow or orange phosphor, so that 
the emission of the first excites that of the second.t 

In general, the practical phosphors can be divided into two classes— 
the sulphide (and selenide) phosphors, of which zinc sulphide and zinc-
cadmium sulphide are the principal exponents, and the oxide (and 
fluoride) phosphors. Among the latter zinc orthosilicate, calcium-mag-
nesium silicate, and zinc-beryllium silicate are important examples. 

2.8 Sulphide Phosphors. The zinc sulphide and zinc-cadmium 
sulphide phosphors constitute extraordinarily efficient cathodolumines-
cent materials. Under normal operating conditions zinc sulphide 
screens activated with silver yield, at bombarding voltages of 6 to 
10 kilovolts, luminous outputs of 3 to 5 candlepower per watt. A 
drawback of zinc sulphide screens has been, in the past, their relative 
instability. However, methods now employed in the technique of 
applying the material to television tubes and in tube exhaust have 
resulted in screens which have a life nearly equal to that of the most 
durable material and long enough so that the life of the tube is not 
determined by the life of the screen. 

There would be no advantage in taking up the details of a factory 
process of preparing luminescent zinc sulphide; however, it is not out 
of place to describe a laboratory method of synthesizing the phosphor. 

Zinc sulphate is first purified by ordinary methods until the spectro-
scope fails to reveal any impurities. Then, in order to make certain 
that no copper remains, an aqueous solution of the salt is electrolyzed, 
using platinum electrodes. Pure white zinc sulphide is precipitated 

*According to a more recent convention, P4 denotes any phosphor for the 
screen of a viewing tube employed for monochrome television; P6, any phos-
phor employed in color television, irrespective of spectral characteristics and 
composition. 
t See Leverenz, reference 11. 
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from the purified solution by bubbling clean hydrogen sulphide through 
it. The precipitate is washed with the purest distilled water and dried. 
Ten grams of this zinc sulphide are placed in an acid-cleaned quartz 
crucible. To a water slurry of the zinc sulphide are added 0.2 gram of 
pure sodium chloride as well as a silver nitrate solution which contains 
0.001 gram of silver. The material is then evaporated to dryness and 
thoroughly ground. The phosphor is crystallized by heating to 900°C, 
the temperature not being at all critical. The result will be cubic 
ZnS:Ag, one of the best phosphors known to date. 
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Fig. 2.9. Tile Crystal Structure of Sphalerite and Wurtzite. 
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The crystal structure of cubic zinc sulphide or sphalerite is shown 

in Fig. 2.9a. There is also an enantiotropic form of this material, 
wurtzite or hexagonal zinc sulphide, which crystallizes at temperatures 
above 1020°C, and which can be converted to sphalerite by grinding. 

The structure of this form is shown in Fig. 2.9b. 
In spite of its luminous efficiency, the phosphorescent decay period 

of ZnS:Ag is quite short, amply so for television purposes. Its per-
sistence characteristics are given in Fig. 2.10. From this curve, it will 
be seen that the light output has dropped to less than 0.1 percent in one 

picture period. 
The light output is not strictly proportional to the bombarding cur-

rent and tends toward a gradual saturation, as illustrated in Fig. 2.11. 
The variation with voltage is less readily obtained, as will be explained 
later, because of the difficulty of determining the true bombarding 
voltage. In general, the light output increases with nearly the second 
power of the bombarding voltage. 
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The color of the luminescence is blue, corresponding to a band ex-
tending from 4000 to 5700 A. A spectral curve (1) of this material is 

1.0 

0.1 

001 

0 001 
0 0.01 

Time in seconds 

Fig. 2.10. Persistence Characteristics of a Zinc Sulphide Phosphor. (Leverenz, 
reference 2.) 

0.02 

shown in Fig. 2.12. However, this curve is merely representative, as 
the exact shape of the curve is very sensitive to composition, prepara-
tion, and after-treatment. 
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Fig. 2.11. Luminescence as a Function of Electron Current for a Zinc Sulphide 
Phosphor. 

Zinc-cadmium sulphide is another useful sulphide phosphor. The 
preparation is quite similar, except that, for every gram of purified 
zinc sulphide, a definite amount, such as 1 gram, of cadmium sulphide 
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is added. Sodium chloride is used as a flux; 0.01 percent silver in the 
form of the nitrate may serve as activator. 
From the spectral output curve (2) of Fig. 2.12, the color of this 

material can be seen to be yellow. Its luminous efficiency is higher 
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Fig. 2.12. The Spectral Characteristics of a Silver-Activated Zinc Sulphide and 
Zinc Cadmium Sulphide Phosphor. 

than that of the zinc sulphide. The persistence characteristics of the 
two sulphide phosphors are very similar. 

2.9 The Oxide Phosphors. Well-known representatives of this class 
are manganese-activated zinc orthosilicate and zinc-beryllium silicate. 
At moderate current densities, both materials are somewhat less ef-
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Fig. 2.13. Luminescence as Function of Electron Current for a Zinc Orthosilicate 
Sample. 

ficient than the two sulphides just described. Their color can be made 
to range from green to red with only small changes in efficiency, the 
substitution of zinc by beryllium causing a shift of the spectral maxi-
mum toward the red end of the spectrum. 

WorldRadioHistory



See. 2.9] The Oxide Phosphors 85 

The main advantage of the silicate phosphors over the sulphide 
phosphors is their extreme ruggedness, which is of considerable value 
in television work, particularly in its experimental stages. 

Small-scale laboratory preparation of a zinc orthosilicate phosphor 
may be carried out as follows: Twenty grams of highly purified and 
finely divided zinc oxide and 7.4 grams of pure silicon dioxide are 
ground together thoroughly. To this is added about one mole percent 
of manganese in solution, or 0.07 gram of the metal. The mixture is 
stirred, dried, and then finely ground. Lastly, it is heated in a covered 
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Fig. 2.14. Persistence Characteristics of Samples of a and p Zinc Orthosilicate. 

platinum crucible to about 1300°C for 2 hours. If the heated material 
is cooled slowly, the resultant phosphor has a bright green lumines-
cence; if it is quenched rapidly from a melt (above 1512°C), the 
luminescence will be yellow. 
The crystal structure of this material is much more complicated than 

that of the sulphide. The rhombohedral form, that is, the material 
which is formed by a gradual cooling, has a structure which is isomor-
phous with phenacite, with 6 molecules in the unit cell. A second form 
exists but has not been completely worked out. It has been reported 
by G. R. Fonda to resemble cristobalite. The material may take on a 
third form when prepared with an excess of silica, but this is of little 
interest for our present purpose since it exhibits only a weak red 

luminescence. 
The persistence characteristics for the two forms of Zn2SiO4:Mn are 

shown in Fig. 2.14. In spite of the differences in the spectral output, 
the decay curves are very similar. The luminous output of both these 
materials has dropped to about 4 percent of its initial value in one 
picture period. 
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The spectral characteristics of the two materials can be seen from 
Fig. 2.15. These phosphors give a characteristic broad band of 
radiation. 

Like the sulphides, these materials exhibit a gradual saturation with 
current (Fig. 2.13), and a light output which rises somewhat faster than 
with the first power of the voltage. 
Two other oxide phosphors of considerable practical value are zinc 

oxide and calcium tungstate. Both belong to the rather restricted class 
of phosphors which emit without the aid of a foreign activator. They 

100 

75 

— 50 
cf 

25 

4000 4500 5000 5500 6000 6500 7000 A 

Fig. 2.15. Typical Luminescence Spectra of « and p Zinc Orthosilicate. 

are somewhat less efficient than the sulphide and silicate phosphors 
which have been described, and luminesce with a pale bluish color. On 
the other hand, the extraordinarily rapid decay of their luminescence 
makes them suitable for oscillograph tubes designed for use where long 
decay cannot be tolerated. The highly actinic quality of the emission 
is useful for photographic purposes. Zinc sulphide activated with a 
minute quantity of nickel similarly has a phosphorescence of extremely 
short duration. 

2.10 Electrical Properties of Phosphors. The specific resistance of 
all materials used as phosphors is extremely high. Therefore, when a 
phosphor is bombarded by an electron beam of the current density 
used in television practice, the principal way the electrons escape from 
the surface is by secondary emission. If the secondary emission ratio 
of the surface is less than unity for a given bombarding voltage, the 
area will become more negative until it either reaches cathode potential, 
thus preventing electrons from reaching the screen, or else reaches a 
potential such that the secondary emission ratio becomes unity. 
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Because of its practical importance, it is desirable to discuss the 
discharge process in some detail. As has been shown in the preceding 
chapter, the secondary emission ratio of most substances, conductors 
and insulators alike, rises rapidly to a maximum in the neighborhood 
of 300 to 800 volts, and then falls slowly as the voltage increases. This 
is true of all the phosphors that have been studied, and also of the 
glasses which are used as a backing to support the screen material. 
The maxima and shape of the secondary emission curves are char-
acteristic of each substance. However, the forms of the curves are 
sufficiently similar to permit useful generalizations. Figure 2.16 shows 
a typical secondary emission curve for an insulator. 

1000 2000 3000 volts 

Fig. 2.16. Typical Secondary Emission 
Curve for an Insulator. 

15 10 5 — 5 —10 —15 volts 
Collecto potential 

Fig. 2.17. Secondary Emission Cur-
rent as Function of Collector Voltage. 

Another factor determining the rate at which the electrons leave the 
screen is the potential difference between the bombarded surface and 
the electrode which collects the current from it. In order to obtain a 
maximum current, it is necessary that the collector be at a positive 
potential with respect to the screen; however, current will continue to 
flow to the electrode even when it is slightly negative, owing to the 
initial velocities of the leaving electrons. The form of the curve repre-
senting the relationship between collector potential and current ratio 
is illustrated in Fig. 2.17. The shape of this curve is determined by 
such factors as tube configuration, bombarding current, and the nature 
of the emitter. However, the range of potential represented by the 
rising portion of the saturation curve is so small compared with the 
bombarding voltage that the use of a generalized form does not ap-
preciably affect the validity of the conclusions drawn. 
The type of tube in which the screen material is used is shown in 

Fig. 2.18. The figure illustrates schematically a typical kinescope 
which consists of an electron gun acting as the cathode-ray source, a 
second anode which collects the electrons after they leave the screen, 
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and a screen of luminescent material. The voltage V. is applied be-
tween the gun and second anode. However, since the additional con-
dition that as much current must leave the screen as arrives in the 
beam must be fulfilled, the velocity with which the electrons strike 
the screen will differ, in general, from that corresponding to an ac-
celerating potential of Va volts. On the diagram, the true bombarding 

voltage is represented by V,, which 
normally is less than V., but may rise 
slightly above this value. 
The surface of the screen is thus Fluorescent 

screen bombarded by electrons with a ve-
locity corresponding to V„, and is sub-
ject to a collector potential V. — 
the only parameter being V.. Let it 
be assumed that the function S(V8), 
giving the secondary-emission ratio in 

terms of the true bombarding voltage, and C (V. — V,), describing the 
variation of the collector current with the collector voltage, are known. 
The latter function, C (V. — V.), is the ratio of the current actually 
collected to the saturated secondary emission at the voltage V, in ques-
tion. The current collected will be 

Gun 
2nd Anode 

Fig. 2.18. Schematic Diagram of 
a Typical Kinescope. 

I = .)C (V. — V8) (2.12) 

Since, for equilibrium, the beam current ib must equal the collector 
current, the relation 

1 

S(V8) 

is necessarily fulfilled. If a plot is made of the inverse secondary 
emission function and of the saturation curve with its origin at the 
second-anode voltage Va, the intersection of the two curves will be at 
the true bombarding voltage V8. Figure 2.19 is an example of such a 
plot showing the determination of V, for several values of the second-
anode potential Va. 

It is instructive to consider the behavior of the screen as shown by 
this diagram. For second-anode voltages from 0 to A, the bombarding 
voltage is zero; in other words, the beam is turned back and does not 
strike the screen. Between A and B, where the secondary-emission 
ratio is greater than unity, the screen voltage is approximately that of 
the second anode and may actually be more positive by one or two 
volts. As the second-anode voltage approaches B, the screen voltage 

— C(V. — V.) (2.13) 
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drops below the second-anode voltage. Beyond B, the screen voltage 
stays constant at the value B regardless of the second-anode voltage. 
Thus, a curve of the true bombarding voltage as a function of second-
anode voltage has the form shown in Fig. 2.20. The break-point occurs 

ai Va2 Va3 Va4 

2000 4000 6000 8000 10000 volts 
Fig. 2.19. Equilibrium Conditions of a Bombarded Insulator. 

at a different second-anode voltage, depending upon the material used 
as screen and the treatment to which it has been subjected. 
Measurements have been made of the break-point or sticking po-

tential for glass, willemite, and zinc sulphide.* For Pyrex, such as is 
used in the manufacture of kine-
scopes, the break-point is found „Ideal 
to lie between 2000 and 3000 Sticking potential 
volts. For willemite, it varies Break point 

between 5000 and 8000 volts, de-
pending upon the exact prepa-
ration. Measurements on zinc 
sulphide indicate the same range 
of values as for the orthosili-
cate. 
When these materials are ap- Fig. 220. Potential of a Fluorescent 

plied in an actual tube, condi- Screen Relative to the Electron Source 
as Function of Second-Anode Voltage. 

tions are much more complicated 
and a much wider range of values for the break-point is found. In this 
case, such factors as screen thickness, getter, residual gas, and age are 
important. 
The variation of the bombarding voltage with the age of the tube is 

indicated in Fig. 2.21. This change may be due to the getter material, 

* Nottingham, reference 12; Nelson, reference 14; and Martin and Headrick, 
reference 13. 

1:1  
2nd Anode voltage 
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which greatly increases the secondary emission ratio of the phosphor, 
being driven from the screen, or to small amounts of gas, etc., being 
freed from the walls or the gun. 
Even more interesting is the apparent variation of break-point with 

screen thickness. Figure 2.22 shows that for very thin screens the 
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Fig. 2.21. Variation of Screen Potential Characteristics with Tube Age. 

break-point is low, corresponding to that of the glass, and that for 
very thick screens it is similar to that of the pure phosphor. For inter-
mediate screen thickness the break-point is no longer sharp, and the 
screen and second-anode potentials do not begin to differ materially 
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Fig. 2.22. Variation of Screen Potential Characteristics with Screen Thickness. 

until very high voltages are reached. In the very thin screen, every 
particle of the phosphor is surrounded by a region of exposed glass 
which prevents its potential from rising much above the break-point 
of glass by its grid action on the low-velocity secondary electrons from 
the phosphor. The break-point of the thick screen is just that of the 
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phosphor itself. The conditions for the intermediate screen are more 
complicated, and only a conjectural explanation of its behavior can be 
given. There is not enough exposed glass to produce the grid action 
as in the thin screen, yet bombarding electrons strike both glass and 
phosphor. If these substances were to reach their characteristic break-
points, it would mean that a potential difference of several thousand 
volts would exist in distances comparable to the screen thickness, 
which is only a few microns. Such a gradient may be sufficient to 
produce a breakdown which serves to discharge both phosphor and 
glass, and prevents establishing a true break-point. 
The scanning operation adds a further complication to the picture of 

the electrical behavior of the screen in a tube used for television pur-
poses. Measurements under these conditions show that, above the 
break-point, the screen potential tends to be closer to second-anode 
potential at points not under the beam than at the spot directly under 
the beam.* Where the second anode is 3000 volts above the break-
point, a potential variation of as much as 1000 volts may exist over 
the screen. 

If the television development had stopped with low-voltage direct-
vision kinescopes, which operate below the break-point, the foregoing 
discussion would be of secondary importance. The fact that ortho-
silicate and sulphide screens may be prepared so that the screen poten-
tial continues to rise far above the break-point, even at anode voltages 
of 50 kilovolts, becomes significant in projection tubes. Here, the em-
ployment of very high voltages, to achieve maximum brilliance, be-
comes essential. An even more satisfactory solution of the problem 
is obtained through the deposition, on the fluorescent screen, of a 
very thin metallic reflecting film connected to the second anode.t 
This technique and its results will be described in greater detail in 
Chapter 11. 

2.11 Conclusion. No mention has so far been made of methods of 
applying a phosphor to screens used in television viewing tubes. These, 
together with the related problems of optimum particle size, screen 
thickness, factors influencing contrast, etc., are reserved for a later 
chapter dealing specifically with the kinescope, since they pertain to a 
particular use of the material. 
As to the future development of better luminescent materials, there 

is every reason to be optimistic in view of the progress that has been 

*See Piore and Morton, reference 15. 
1' See section 11.8. 
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made in the past. That considerable improvement in efficiency may 
yet be possible is evident from a consideration of present efficiencies 
and the efficiency that can be obtained through ultraviolet excitation. 
The conversion of 1 watt of energy into radiation producing the maxi-
mum visual response will give rise to about 680 lumens of light and, if 
converted into radiation with the spectral response of willemite, ap-
proximately 500 lumens. The cathodoluminescence of willemite yields 
only 35 to 40 lumens per watt, or less than 10 percent efficiency. On 
the other hand, it has been reported that ultraviolet excitation of this 
same material in a mercury-vapor fluorescent lamp will give as much 
as 245 lumens per watt of ultraviolet energy or, in other words, nearly 
50 percent efficiency. Although the mechanism of excitation by elec-
trons and by light has been seen to differ, there is no basic reason why 
comparable efficiencies could not be attained with electron excitation. 
With modern, high-efficiency white phosphors, the margin for improve-
ment is considerably less. Here, too, however, material gains in per-
formance at high voltages and high currents, as well as in durability, 
may be expected. 
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Electron Optics 

The term "electron optics" will be used in this chapter to describe 
that class of problems which deals with the determination of electron 
trajectories. The expression originated as a consequence of the close 
analogy between optical arrangements and the corresponding electronic 
systems. It was found that this analogy not only had fundamental 
mathematical significance, but, in many cases, could be extended to 
practical devices. For example, it is possible to construct electron 
lenses which are capable of imaging an electron source. In many in-
stances not only is the behavior of the two types of systems the same, 
but also many of the mathematical methods of optics can be applied to 
the corresponding electron problem. There are, it is true, many systems 
which in no way resemble those of conventional optics. However, there 
is a continuous transition between these and such as have a close optical 
analogue. Therefore, any attempt to subdivide the field on this basis 
results only in confusion. 
The importance of electron optics is becoming increasingly apparent 

with the advance of electronics. For example, in the early vacuum 
tubes used in radio work little attention was paid to the exact paths of 
the electrons between the cathode and the plate. Since then, very real 
improvement in efficiency and performance has been achieved by the 
application of electron optics to tube design. In the design of the newer 
devices, such as the secondary-emission multiplier, the electron gun used 
in television tubes, and the image tube, electron optics is essential. 
The design problem usually encountered is one in which the two 

termini of the electron paths are specified and it is required to determine 
an electrode and magnetic coil configuration that will satisfy this de-
mand. Unfortunately, a direct solution is still a good deal beyond our 
present mathematical means. It is not possible, except in very special 
cases, to determine from a given electron path the shape and potentials 
of the electrodes required to produce this path. In order to solve the 
foregoing problem it is necessary to assume an electrode configuration 
and then determine the resulting electron path. If this is not the re-

94 
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quired path the electrodes are changed and the trajectories recalculated. 
Usually this process does not have to be repeated very many times be-
fore the correct solution is reached, as the previously determined paths 
indicate the nature of the changes that must be made. 

Restating the problem in the only form in which a solution is pos-
sible, it becomes: Given an electrode configuration and the potentials 
applied, determine the electron paths in the resulting potential field. 
Even this problem has no general solution, and often can be solved 

only by resorting to elaborate mathematical approximations, or to the 
use of mechanical and graphical methods. The solution can be divided 
into two distinct parts, namely, the determination of the potential field 
produced by the electrodes, and the calculation of the electron trajec-
tories in this field. Essentially the same procedure is used when the 
electrons are guided by magnetic fields. 

3.1 The Laplace Equation. To determine the potential field pro-
duced by a given set of electrodes, it is necessary to solve the Laplace 
differential equation: 

820  a2 a20  

-  = 0 (3.1) 
a x2 ay 2 az2 

with boundary conditions corresponding to the shapes and potentials of 
the electrodes. The solution of this equation gives the potential as a 
function of the coordinates, that is, 

0(x, z) 

The electrostatic field can be found from this potential by differentia-
tion with respect to the coordinates. Thus, 

a 
= — — (x, y, z) 

ax 

a 
E, = — — 0(x, y, z) 

ay 

Ez = — —a4.(x, y, z) 
az 

From the original Laplace equation, which is satisfied by the potential 
function, it will be seen that the field must satisfy the differential 

equation: 
aEz aEy aE z 
— +—+— = o ax ay az 
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It should be noticed that this equation is like an equation of continuity 
and may be interpreted to mean that in any volume of free space within 

an electrode system as many electrostatic lines of 
e l e 2 force must leave as enter. Similar equations ex-

press corresponding laws obeyed by the flow of an 
incompressible fluid and by electric current in a 
conducting medium. 
There is no general solution for the Laplace 

equation, nor can any general method of attack be 
given. In certain special cases only can an ana-
lytic solution be obtained. Usually it is necessary 
to resort to series expansion or numerical integra-
tion in order to calculate a potential distribution. 
Both procedures are laborious in the extreme. 

The simplest potential distribution is that between two infinite par-
allel plates, shown in Fig. 3.1. Here the function that satisfies the differ-
ential equation is 

3.1. Potential 
Field between 
Plates. 

Fig. 
and 

4> = (bo Ax 

The field will be found to be: 

ax 

ayt, 
— = 

ay 

E, = — — = 
az 

Other simple cases are: 
A 

Concentric spheres: 4, = — — 

A 
Er = 

Concentric cylinders: (1) = A In r 

A. 
Er = — -- 

r 

Other cases, such as two separated spheres, a sphere and plane, a 
sphere between two planes, and the corresponding cylindrical systems, 
can also be solved. 
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Problems with axial symmetry, such as are illustrated in Fig. 3.2, 
are of considerable importance, since, as will be shown in the next 
chapter, this symmetry is generally found in electron lenses. When 

100 Volts Field line O 
Equipotential surfaces 

Volts 

Fig. 3.2. Potential Distribution between Two Cylinders. 

this symmetry is present the Laplace equation is preferably expressed 
in cylindrical coordinates, becoming 

820 + —1 —a r ag5 = 0 
az2 r ar 

For most boundary conditions the solution of this differential equation 
is difficult, and no analytic solution is possible. A general method of 
attack is to consider the potential as a linear combination of functions 
in which the variables have been separated, thus: 

ck(r, z) = 411 + + • • • + • • • 
where 

(3.2) 

ek(r, z) = F k(z)Gk(r) (3.3) 

By substituting Eq. 3.3 in Eq. 3.2, the Laplace equation reduces to 
two ordinary differential equations: 

1 d2Fk 
= —1c2 

dz2 

1 d dGk\ 2 

;;\r dr = k 
where 1c2 is the separation parameter. The general solution of these 
equations can be written as 

Fk(z) = aékz bE—ikz (3.4a) 

Gk(r) = o(ikr) dNo(ikr) (3.4b) 
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The solution of the Laplace equation then has the form: 

d)(r, z) = E AkFk(z)Gk(r) (3.5) 

Since k does not necessarily have discrete values, Eq. 3.5 may take the 
form of an integral: 

cp(r, z) = f A (k)F (z, k)G(r, k) dk (3.5a) 

the integration being over the entire complex domain. The coefficient 
A (k) is determined from the boundary conditions by the usual methods 
of evaluating Fourier coefficients. 
Another class of problem of considerable importance is that in which 

the potential expressed in Cartesian coordinates is a function of two of 
these coordinates only. This type of potential field is encountered 
wherever the electrode surfaces can be considered as generated by 
moving lines which remain parallel. 
The Laplace equation in this case becomes 

a20 a24) 
= 

OX2 ay2 

The solution of this equation can be approached in a variety of ways. 
One very useful method, for example, is conformal mapping. Although 
this equation can be solved more frequently than that for the three-
dimensional case, often no analytic solution is possible. In this two-
dimensional case, practical electrode configurations are usually quite 
complicated, so that the mathematical complexities even of an approxi-
mate solution are prohibitive. 

3.2 Electrolytic Potential Mapping. Because of the difficulties en-
countered in a mathematical solution of the Laplace equation, it is often 
expedient to resort to an electrolytic method of obtaining an equi-
potential map. 

In essence, the method consists of immersing a large-scale model of 
the electrode system being studied in a slightly conducting liquid and 
measuring the potential distribution throughout the liquid with a probe 
and bridge, potentials proportional to those to be used with the system 
being applied to the model. Figure 3.3 shows diagrammatically an 
electrolytic plotting tank. 
The tank used for this purpose is constructed of an insulating ma-

terial so that the equipotential surfaces about the immersed electrodes 
meet the tank walls perpendicularly. This is necessary in order to 

(3.6) 
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reduce the influence of the walls of the tank upon the field to be plotted. 
The size of the tank is determined by the size of the electrode models 
which are to be studied, and this in turn is determined primarily by the 
accuracy desired. In order to reduce the boundary effects, the tank 
must be a good deal larger than the model. 

Detecting 
Instrument 

Recording 
Paper 

Pantograph 

Electrolytic 
Tank 

A 
Slide 
Wires 

Pointer 

Probe 

Amplifier 

500 cycles generator 

Fig. 3.3. Diagram of Potential Plotting Tank. 

The electrolyte used in the tank is water to which a very small 
amount of soluble salt has been added. In most localities, ordinary 
city water contains a sufficient amount of these salts to make it amply 
conducting for the purpose. 
Exact scale models of the electrodes, made of sheet metal and sup-

ported on insulating rods, are used in the tank. The supports should be 
reduced to a minimum so that they interfere with the potential distri-
bution as little as possible. Almost every practical electrode configu-
ration encountered in electron optics has mirror symmetry. The equi-
potential surfaces in space around the electrodes obviously must cross 
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the plane of symmetry at right angles. Because of this, as will become 
clear as the discussion proceeds, the models may be constructed so that 
they represent, to scale, half of each electrode bounded by the plane of 
symmetry. The model is placed in the tank in such a way that the 
free surface of the electrolyte coincides with the plane of symmetry. 
Although this is not a fundamental limitation, nearly all practical 
plotting tanks are limited to use with electrode systems having this 
symmetry. 
Upon the application of the proper potentials to the model electrodes, 

a current will flow through the electrolyte. Since it can be assumed 
that the electrolyte is an ohmic conductor, the field strength at any 
point will be proportional to the current density. As was mentioned 
above, the electric current behaves like an incompressible fluid so that 
the current density and hence the field strength obey the equation of 
continuity (i.e., their divergence is zero in the absence of sources or 
sinks). This is merely another way of saying that the potential 
throughout the electrolyte obeys the Laplace equation. Thus the po-
tential at any point in the liquid is proportional to the potential of a 
corresponding point in the actual electrode system. 
The free surface of the electrolyte is a perfect insulating plane since 

no current can flow in the medium above the liquid. The equipotentials 
must intersect such a plane at right angles because there is zero vertical 
current flow, and hence the field vector normal to the surface is zero. 
For this reason it is possible to make use of models divided at their 
plane of symmetry. 
The potential distribution over the plane of symmetry is measured 

by means of an exploring probe. This probe consists of a fine wire 
mounted so as to just break the surface of the liquid and is constrained 
to move in a horizontal plane. The potential of the probe is adjusted 
until zero current flows, and the potential is noted. This potential is 
that of the point where the probe touches the surface. For convenience, 
the probe is carried at the end of a pantograph linkage, so that the 
motion of the probe is reproduced by a stylus attached to the other 
end of the linkage. This stylus, or mapping pencil, moves over a plot-
ting table. The arrangement will be clarified by reference to Fig. 3.3. 
A photograph of a typical plotting tank is reproduced in Fig. 3.4. 

The tank itself is made of wood, coated on the inside with roofing 
cement to render it water-tight and shielded outside with sheet copper. 
It is 2% feet wide, 8 feet long, and 2% feet deep. Along one side is a 
table on which the mapping is done. Directly below the table are the 
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potential dividers that supply the model electrodes and probe, and be-
hind them the amplifier whose output is connected to the null-indicat-
ing meter. The probe is attached to the pantograph pivoted at the 
center of the edge of the tank nearest the mapping table. A shielded 
lead carries the current from the probe to the amplifier. 
In the example illustrated in Fig. 3.4, the probe and electrodes are 

supplied from a 400-cycle oscillator, instead of with direct current. 

Fig. 3.4. Potential Plotting Tank. 

This not only facilitates the determination of the null point, but also 
avoids the possibility of error due to polarization of the liquid at the 
probe or electrodes. 
The usual procedure in mapping a potential distribution is to divide 

the voltage between the terminal electrodes into a convenient number 
of intervals, then to set the probe potential at each of these values in 
turn and map the path of the probe when it is moved in such a way that 
the current to it remains zero. The resulting map of the intersections 
of the equipotential surfaces corresponding to the voltage steps with the 
plane of symmetry of the electron-optical system is the most convenient 
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representation of a potential distribution for the determination of elec-
tron trajectories. 

Often, in the consideration of electron lenses, to be taken up in the 
next chapter, it is necessary to know the axial distribution of the po-
tential of the system, together with its first and second derivatives along 
the axis. The distribution can, of course, be found by direct measure-
ment with the plotting tank. The slope of the distribution curve, 
plotted as a function of the axial coordinate, will give the first deriva-
tive. The second derivative can be found from the slope of the first 
'derivative curve, but this method of obtaining it is very inaccurate. A 
more accurate determination can be made by means of the radius of 
curvature p of the equipotentials at the axis, the first derivative 4,', and 
the relation 

4)"(z) = 207p 

• 3.3 The Motion of an Electron in a Potential Field. The potential 
distribution for a given electrode configuration having been obtained, 
the next step is the determination of the paths of electrons moving in 
this field. 

In making this determination, it is convenient to consider the motion 
of an electron to be that of a charged particle of mass m obeying the 
laws of Newtonian mechanics, rather than to adopt the viewpoint of 
quantum physics and assume it to be a wave packet, as is necessary in 
the investigation of atennic phenomena. Furthermore, its mass will be 
taken as constant and equal to 9.0.10 -28 gram. Where electrons hav-
ing extremely high velocities are to be considered, this assumption can-
not be made, and it is necessary to correct for the increase in mass as 
dictated by relativity. Velocities where this correction is necessary 
are not encountered in the field covered by this book. The value 
1.59 X 10 -10 coulomb will be taken as the charge of an electron. 
The force acting on an electron is the product of its charge and the 

field strength at the point which it occupies. Hence, the differential 
equations of motion are 

d2x ack 
m  —dt2 = = e —ax 

d2y ad) 
m— = —eE, = e — 

ay 

d2z 
m — = —eEz = e — 

dt2 az 
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In principle, in order to determine the electron path, all that is neces-
sary is to introduce the values of the potential into the above equations, 
solve them, and eliminate time as a parameter. 

Actually, there is no general method of carrying out this process, and 
it is almost always necessary to apply mathematical approximations or 
graphical methods to obtain a solution. 
A number of practical mathematical approximations and graphical 

methods have been developed for the purpose of facilitating the deter-
mination of electron paths when the potential field is known. These 
methods, when carefully applied, are capable of yielding a high degree 
of accuracy. 
The general three-dimensional problem is extremely difficult even by 

approximate methods. Fortunately, configurations requiring the solu-
tion of this general problem are rarely encountered. 

In the field covered by this book, two classes of problems are of par-
ticular importance. They are: 

1. Those involving electrode configurations in which the potential 
variation is confined to a plane. 

2. Problems involving cylindrical symmetry. 

The remainder of this chapter will treat the first class of problems, 
which are those involved in the design of the electron multiplier, de-
flecting plates, etc. 

3.4 Electron Paths in a Two-Dimensional System. Where the po-
tential variation is confined to a plane, the Laplace equation, as has 
already been pointed out, involves two coordinates only: 

a20 a20 

- - 
ax2 ay2 

Similarly, the laws of motion become 

d2x e ao 
— = — — 
de möx 

d2y e ad) 

dt2 = 771 ay 

(3.7) 

This particular form of these laws is not very convenient in the present 
consideration, in that time enters the equations explicitly. 
Taking the principle of least action as a starting point simplifies the 

treatment, but it should be noted that all the relations deduced below 
can be derived directly from the force laws of Eq. 3.7. 
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The principle of least action states that any particle moving between 
two points in a potential field will follow a path such that the integral 
of the momentum over this path is an extreme, either maximum or 
minimum. Symbolically, this principle can be written as 

fA mv ds = 0 (3.8) 

An electron moving in a potential field has a kinetic energy just equal 
to the decrease in its potential energy during its motion. If the potential 
is set equal to zero at a point where the electron is at rest, the following 
relation applies: 

4m,2 = ed, 
or 

e 
v = — 

The momentum in the action integral being represented by V 2emcp, 
Eq. 3.8 becomes 

or 

\/C-PdS =- 0 
A 

(3.9) 

du 2 
f Vq!, + (1'1) = 0 (3.9a) of 

This is satisfied by a solution of the corresponding Euler differential 
equation: 

d2y =1 ra dy 1 [1 + (C4] 

dx2 20 \ay dx ax/ L dx 
(3.10) 

which is directly derivable from the variation principle. Where the 
numerical values of the potential as a function of x and y are known, it 
is possible to perform a point-by-point integration of this equation— 
e.g., by the method of differences—and thus determine the trajectories 
of electrons in this field. Although extremely laborious, this is probably 
the most accurate method of obtaining electron paths. 

3.5 Graphical Trajectory Determination. There are graphical 
methods for plotting electron paths on an equipotential map which 
are easy, rapid, and sufficiently accurate for most practical problems. 
Two of these are of sufficient importance as practical design tools to be 
worth discussing in detail. 
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42 
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Circle of radius r 

E 

Or , 
,„ Center 

Fig. 3.5. Circle Method of Graphical Ray Tracing. 

The first is a circle method. In Fig. 3.5, let it be assumed that an 
electron is moving in a potential field with the velocity indicated by the 
vector vo. The magnitude of this velocity vector is 

e 
yo = \12 -; (3.11) 

The electric field, E, is normal to the equipotential 4i and has a value 
approximately equal to 

411 — 
 — E 
d 

One component of the field lies along the direction of motion; the 
other, E,., is at right angles to this direction. The latter exerts a radial 
force on the electron equal to eE,., giving rise to a centripetal acceleration: 

v2 eE,. = 

By solving for r and eliminating y with the aid of Eq. 3.11 this becomes 

(1) 
r = 2 — 

Er 
(3.12) 

Accordingly, the path of the electron coincides approximately with the 
arc of a circle of radius r tangent to the vector vo. Actually, this arc 
should be infinitesimal in length, but, since the equipotentials are close 
together, it may for this approximation be extended to meet the next 
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equipotential, 4)2. At 02 the velocity vector will be tangent to the arc 
and will have a magnitude 

e 
v 1 = \12 

m 

By repeating the procedure at the successive equipotentials, the path of 
the electron can be mapped. 
The radius and center of the arc can be found graphically, thus avoid-

ing the calculation indicated in Eq. 3.12. First, the approximate di-
rection of the field vector, E, is obtained by dropping a perpendicular 
from A, the intersection of the path with 4)1, onto the equipotential 02, 
cutting it at B. At right angles to the line AB a line is extended until 
it meets the normal to the velocity vector at C. It is evident that E,. 
must lie along the normal to the velocity vector and that the center of 
the arc must also be located on this line. If the angle between E and 
Er is a, then: 

fk2 — 4,1  
Er -- E cos a = cos a 

AB 

4,2 AB 02  
r = 2  = 2 AC (3.13) 

4)2 — (1)1 Cos a 4)2 — 01 

Somewhat greater accuracy is obtained if (1)2 in the numerator of Eq. 
3.13 is replaced by the mean potential, giving 

02 ± 01  
r — AC 

4,2 — 4,1 
(3.13a) 

With the aid of this construction, path plotting can be carried out 

rapidly and accurately. 
When the path in question starts from a surface of zero potential it is 

convenient to make use of the fact that it issues normal to the surface 
and has an initial radius of curvature three times as large as that of the 
electrostatic field lines in the neighborhood of its point of origin. 
The second graphical procedure is the parabola method. This method 

is advantageous where the curvature of the path is small, which makes 
the radii awkwardly large when the circle method is used. Theoreti-
cally, if the process is carried to the limit and the separation between 
the equipotential lines made to approach zero, either method gives the 
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true path. In all practical cases tested, the accuracy of the two methods 
is about the same. 
The parabola method is based upon the fact that an electron moving 

in a uniform field having a velocity component at right angles to the 
field follows a parabolic path. It utilizes the geometric principle illus-
trated in Fig. 3.6a, namely, that the tangent to a parabola at a point at 
an axial distance x from its vertex meets the axis at point C, located at 
—x, or at an axial distance 2x from the point of tangency. 

(a) 

___ 24',d (1)11 

>lc 

E 

Fig. 3.6. Parabola Method of Ray Tracing. 

Again, in Fig. 3.6a, let it be assumed that an electron at point A is 
moving with a velocity y, as indicated by the vector y, and that its mo-
tion is due to a uniform field. It is possible to determine the parabola 
giving its motion as follows: The component of velocity due to the elec-
tron having fallen through the potential field to point A is y cos 0, where 
0 is the angle between the velocity and field vectors. The difference of 
potential 4)* between point A and the vertex of the parabola will, there-
fore, be 

4)* = —1 —m v2 cos2 0 
2 e 

(3.14) 

If two equipotentials, 4j and 4,2, are separated by a distance d, the field, 
E, can be expressed as (02 — 4,1)/d. The distance between the vertex of 
the parabola and the point A can consequently be written as 
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1 m 
— — v2d cos2 
2 e 

x — 
4)2 — 4)1 

4)1  
d cos2 0 (3.15) 

4)2 — 

Equation 3.15 indicates a simple construction which will locate the 
point C, as shown in Fig. 3.6a. The field vector, E, is extended back 
a distance IPA/Gin — 4)i) to B. From B a perpendicular is dropped to 
an extension of the velocity vector. This perpendicular will cut this 
vector at point C. Thus, this point can be determined from a knowl-
edge of the vectors y and E. Furthermore, if a line parallel to E is 
drawn through C, and extended back a distance d to C', this new point 
must lie on the velocity vector for the point on the parabola where it 
intersects the equipotential 4,2. If a line is drawn through C' and A, it 
closely represents the path between the equipotentials sbi and 02. 
To apply this construction to a general two-dimensional potential 

field, the procedure is as follows: Fig. 3.6b, the electron is at A, moving 
with a velocity and direction given by v. From point A, a line E repre-
senting the field direction is drawn normal to the equipotential, 44, and 
extends a distance d to 4,2. This line is drawn back from A a distance 
201d/ (4,2 — 4.1.) to point B. A perpendicular is then dropped from B 
onto the prolongation of y, locating point C. From C a line parallel to 
AB is drawn back a distance d, locating the point C'. A line through 
C' and A locates the position of the electron on the equipotential 
and gives the direction of its velocity vector. 
As the curvature of the path decreases, this method becomes increas-

ingly accurate. It, therefore, is useful for determining the straighter 
portions of an electron trajectory, where, as has already been men-
tioned, the circle method becomes awkward because of the long radii 
involved. 
The two plotting methods just discussed can be applied in any prob-

lem where the motion of the electron is confined to a plane; thus, it 
applies to any electrode configuration whose potential can be correctly 
mapped in a plotting tank of the type described. 

3.6 The Rubber Model. By far the most convenient method of 
obtaining electron paths is by means of the rubber model. This model 
can be used in all problems where the potential can be expressed as a 
function of two rectangular coordinates, and where the electron path is 
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confined to the plane of these coordinates. The accuracy which can be 
obtained is quite high, but not quite equal to that of a path carefully 
plotted by the graphical methods described. 
A rubber membrane, stretched over a frame, is pressed down over a 

model of the electrode system which is made in such a way that its plan 
view corresponds to the geometrical configuration of the electrodes in 
the x — y plane while the height is proportional to the negative voltage 
on each electrode. The rubber is then no longer flat, nor does it follow 
the surfaces of the model electrodes, but rather it stretches over them 
in a series of mountains and valleys, touching only the top of every 
electrode. If care is taken that the membrane is in contact with the 
full length of the top edges of all the electrodes the contours of its 
surface are found to correspond to an equipotential map of the electrode 
system. 
A small sphere is placed at a point corresponding to the electron 

source, and allowed to roll on the rubber. The horizontal projection of 
its path then is a map of an electron trajectory in the electrode system 
under investigation. 
The proof that the path of the sphere correctly represents an electron 

trajectory is divided into two parts. First, it is necessary to show that 
the height of every point on the rubber model is proportional to the 
potential existing in the electrode system. Second, it must be proved 
that a sphere rolling on such a surface follows a trajectory which repre-
sents the electron motion. 

In order to show that the height z of the rubber surface represents the 
potential distribution, it is necessary to show that the surface obeys 
the differential equation: 

a2z a2z 
ax2 ay2 (3.16) 

This may readily be demonstrated if two restrictions, which are more 
or less fulfilled in practice, are imposed on the rubber surface. They 
are: (1) that the slope of the surface be everywhere small, (2) that 
the tension of the deformed rubber be uniform over the surface. 
The most straightforward proof applies the principle of minimum 

energy. Since the energy in any region is proportional to the area, the 
area integral of the surface must be a minimum. Transforming this 
minimized integral into the Euler form leads to the differential equa-
tion required. 
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The physical significance of the shape assumed by the surface is 
made more apparent by the following less rigorous demonstration. 

Figure 3.7 shows an element of surface area, ds, together with the 
forces acting on it. It is obvious that the vector sum of these forces 

2 

Fig. 3.7. Forces Acting on an Element of a Stretched Membrane. 

must be zero since the element is in equilibrium. In order to set up the 
conditions of equilibrium, the four forces F1, F2, F3, and F4 must each 
be resolved into their components along the coordinates. Considering 
first F1, it is evident from the figure that 

dx  1  
Flx = F1 cos a = F1 

dx I élcf\2 

\dx; 

dz  1  
Fiz = F1 sin a = F1 

dx (C12 
1 + 

(3.17a) 

(3.17b) 

where dz, dx, and a are as indicated. By the first restriction, dz/dx is 
small, so that 

1 

\11 (--dz)2 
dx 
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and the components become 

F1. F1 

dz 
F1. F1 — 

(dx)i 
Similarly, 

F32 F3 

dz 
F3, _e="' F3 (— 

dX)3 

The two x components must be equal in magnitude and opposite in 
sign, hence 

F3x Flx 

F3 —F1 

and 
dz 

F32 = F1 (— dx)3 

Summing the z components, the upward force due to F1 and F3 is 

dz a2Z 
F1, -I- F32 = F1 [(— Fi àx (3.18) 

dx dx 3 Ox2 

where Ax is the length of the element in the x direction. 
Applying the second restriction, that the force F1 must equal the 

tension (3 of the membrane times the width Ay of the element in the y 
direction, Eq. 3.18 becomes 

a2z 

F12 ± F32 = ô— AX 
ax2 

(3.18a) 

In like manner, the vertical components of the other two forces are 

a2z 

F22 + F42 = —42 Ay Ax 

Finally, since the sum of all the z force components must be zero, and 
Ax, and Ay are not zero, the equation 

a2z a2z 

— — = 
aX2 ay2 

must be true, proving that z satisfies the Laplace equation with the 
boundary conditions determined by the electrode heights. 
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It may be mentioned at this point that the slope of the rubber surface 
is everywhere proportional to the field strength, and that the force 
exerted on any electrode by the rubber is proportional to the capacity 
of that electrode. 
The next problem is to show that a body moving under the action of 

gravity on the rubber surface moves along a path which corresponds to 
the electron trajectory. For simplicity, let it be assumed that the body 
in question slides on the surface, and that its friction is negligible. 
By the principle of least action, the action integral must be station-

ary, or 

JA mv ds = (3.8) 

Since the system is conservative and, hence, the sum of the kinetic and 
potential energies must remain constant, the momentum mv can be 
found as follows: 

K.E. -I- P.E. = const 

By substitution Eq. 3.8 becomes 

= _mgz 

mv = const 

dy 2 dz 2 
f ds = f ..\11. — dx = 0 (3.19) 
A of d—x 

It has already been assumed that the slope of the rubber is small so 
that (dz/dx)2 can be neglected compared with unity; therefore the final 
form of the action integral is 

du 2 

&f *V; \II dX = 
A ( dX 

(3.19a) 

Except for z replacing 0, Eq. 3.19a is seen to be identical with Eq. 3.9a. 
In the previous derivation it was shown that the height, z, of the rubber 
is proportional to the potential 0. Therefore, the path of the body 
sliding on the rubber is geometrically similar to the corresponding elec-
tron trajectory. 

If, instead of the motion of a sliding body, that of a rolling sphere is 
considered, the conclusions are the same, provided that the assumption 
is made that the radius of curvature R of the sphere is small compared 
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with the radius of curvature of the rubber. This is shown by deriving 
the total kinetic energy as follows: 

Let da be a small rotation of the sphere. Then the displacement, ds, 
of the center of the mass is given by 

ds = R da 

The angular velocity in terms of the linear velocity is thus 

da 1 ds y 

dl R dt R 

Next, the sum of the rotational and translational kinetic energies is ex-
pressed as follows: 

1 I \ 2 1 
K.E. (mv-2 

1.")2) = 2 Vn R2) v 

* 2 = V 

where m* is the effective mass. 
As before, the total momentum can now be written as Vi times a 

constant. Hence, Eq. 3.19a, expressing the principle of least action, is 
unchanged, and the path of the rolling sphere indicates the desired path. 

Certain assumptions were made in deriving the paths on the rubber 
model, and the question might well arise as to how closely these assump-
tions must be fulfilled in order not to introduce serious errors in the 
final results. As a result of a large number of tests on the model, the 
indications are that, even if the slopes become as great as 30 to 45 de-
grees, and the tension in the rubber very far from uniform, the paths 
obtained will be sufficiently accurate for all practical purposes. In 
fact, the presence of friction, which has been neglected in the foregoing 
derivation (except the implied friction required to produce rolling), 
makes it advisable to use fairly steep slopes. 
A practical form of the rubber model is shown in Fig. 3.8. Ordinary 

surgical rubber is stretched over a square frame, which is about 3 feet 
on a side. Usually the electrode models are made from soft metal 
strips, either lead or aluminum, which are cut to the correct height to 
represent the potential, and bent to conform with the electrode shape. 
The table supporting the electrodes is built of welded angle iron and 
has a plate-glass top. The glass top permits illumination from below, 
which greatly facilitates the placing of the electrodes. Since it is often 
necessary to press the rubber down to make it come in contact with the 
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more positive electrodes, the table is equipped with movable side arms 
to which can be clamped top electrode models. 

It has been found convenient to use 3/16-inch steel ball bearings for 
the spheres. These have an advantage over glass spheres in that they 

Fig. 3.8. Rubber Model for the Study of Electron Paths. 

can be held at the top of the cathode electrode with a small electro-
magnet and released when desired, without any danger of deflecting 
their course, merely by cutting off the current to the magnet. 

Fig. 3.9. An Experimental Electrostatic Secondary Emission Multiplier. 

Where a permanent record of the path is desired, a time exposure for 
the duration of the motion of the sphere can be made. In this case it is 
better to use black rubber for the model, and to illuminate it from 
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Electron 
paths 

Fig. 3.10. Electron Paths in a Multiplier of the Type Shown in Fig. 3.9 as De-
termined from Potential Plot. 
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---B Path determined 
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Fig. 3.11. Curves Showing Termini of Electron Trajectories in the Multiplier as 
Determined by Direct Measurement and from a Rubber Model. 
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above. Furthermore, with a pulsating light source, such as a 60-cycle 
cold arc, the paths will appear as dotted lines. The spacing between 
the dots is a measure of the velocity of the electron. 
Numerical values for the accuracy that can be attained with the 

rubber model are difficult to give, since the error depends upon the elec-
tron path. Measurements of parabolic paths obtained on such a model 
were made by P. H. J. A. Kleynen, who found an error of 1 percent in 
the height of the parabola, and one of 7 percent in the separation be-
tween the arms of the parabola when the sphere returned to its initial 
potential. 

Results obtained with the model when used in connection with the 
design of the electrostatic multiplier shown in Figs. 3.9 and 3.10 indi-
cate its excellence. Plots were made of the initial and terminal points 
of a number of electrons, as indicated by the model, and again with an 
actual electron tube. Two curves of this type are reproduced in Fig. 
3.11, showing fairly close agreement between the two methods of 
measurement. 
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Electron Optical Systems 

The electron-optical systems to be considered in this chapter are 
those with axially symmetric field-producing elements. Electron lenses 
in the usual sense are based on configurations of this type. Further-
more, it may be stated quite generally that any electrostatic or mag-
netic field which has axial symmetry is capable of forming a first-order 

image, either real or virtual. 
Electron lenses have achieved great practical importance in the last 

two decades. They not only find employment in a wide variety of 
scientific apparatus, but also play a leading role in electronic television 
and electron microscopy. 

4.1 Applications of Electron Lenses. The earliest application of 
an electron lens is, unquestionably, the formation of a small electron 
spot on the screen of a cathode-ray tube. This spot constitutes the 
image of an emitting cathode, of a small aperture in a diaphragm, or 
of a narrow cross-section of an electron beam. The electron-optical 
system employed for forming the spot is designated as an electron gun. 
Electron guns employed in television camera and viewing tubes will be 

discussed in some detail in Chapter 12. They constitute an element of 
central importance in present-day electronic television systems. 
The image tube is another relatively simple application of electron 

optics. As part of various types of television camera tubes, such as 
the image iconoscope and the image orthicon, it serves to increase the 
sensitivity of these tubes. In essence, an image tube is made up of an 
extended photocathode, a fluorescent screen maintained at a relatively 
high positive potential with respect to the photocathode, and an elec-
tric or magnetic electron lens which images the photocathode onto the 
fluorescent screen. If a light image is projected on the photocathode, 
a similar image is reproduced on the screen by the accelerated photo-
electrons falling on it. Figure 4.1 shows an electrostatic image tube 
designed for observing objects illuminated by infrared radiation. The 
photocathode is here infrared-sensitive, and the relatively small fluores-
cent screen is observed through a magnifier. Image tubes, with high-

117 
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efficiency phosphor screens and operated at high voltages, may produce 
fluorescent images which are many times as bright as the original 
object. 
The electron microscope constitutes the most elaborate application 

of the principles of electron optics. As indicated by Fig. 4.2, a modern 
magnetic electron microscope is a perfect analogue of a compound 

Fig. 4.1. Electrostatic Image Tube (Fluorescent Screen in Foreground). 

projection microscope. The object, which is here generally either in 
the form of a very thin film or deposited on a thin supporting mem-
brane, is "illuminated" by a beam of high-speed electrons. These 
electrons are given off by a heated tungsten hairpin filament and ac-
celerated by a potential drop of 30 to 100 kilovolts. A short focal 
length magnetic "objective" focuses the beam, modified by passage 
through the object, into a first, or intermediate, image, which in turn 
is imaged by a "projector" lens into a more highly magnified final 
image. The last, which may have a magnification up to about 30,000, 
may be either viewed directly on a fluorescent screen or recorded by 
the electrons on a photographic plate. An additional optical enlarge-
ment of the plate so obtained, by a factor of 5 or more, may be needed 
to reveal all the detail recorded thereon. 
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Sec. 4.1] Applications of Electron Lenses 119 

Figure 4.3 shows a highly flexible type of magnetic electron micro-
scope specifically designed for research purposes, with a magnification 
range of 100 to 30,000. The lenses are here excited by stabilized d-c 
power supplies. A much smaller, portable instrument, with permanent-
magnet lens excitation and a fixed magnification of about 6000, is 

Light source 

Condenser lens 

Objective lens 

Projector lens 

(Eyepiece) 

Observation screen 
(Photographic plate) 

Electron source 

Magnetic condenser 

Magnetic objective 

Intermediate image 
projector 

Second stage 
magnified image 

Fig. 4.2. Ray Paths in a Light Microscope and a Magnetic Electron Microscope. 
(Zworykin, Morton, Ramberg, Hillier, and Vance, reference 4.) 

shown in Fig. 4.4. This is especially convenient for routine checks, 
being extraordinarily simple in operation. 

Electron microscopes with similar general properties may also be 
constructed with electrostatic lenses, at the expense of a certain loss in 
ultimate resolution and magnification obtainable with a given instru-
ment size and number of lenses. An example of a modern electrostatic 
electron microscope is shown in Fig. 4.5. 

All these instruments, like the ordinary light microscope, find ap-
plication in a broad range of fields, particularly biology, chemistry, 
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and metallurgy; in the last instance a thin-film replica of the etched-
metal surface is prepared for examination in the electron microscope. 
The shadow electron microscope, in which a very fine point source of 

electrons is employed to project an image of a closely spaced object on 

Fig. 4.3. RCA Electron Microscope, Type EMU. 

a distant screen or plate, shares this property, but has attained only 
limited practical importance because of unfavorable intensity condi-
tions. Most other electron microscopes are distinctly special-purpose 
instruments. The scanning electron microscope, in which the specimen 
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is explored by a fine electron probe and the image is reconstructed by 
television techniques, is particularly suitable for the examination of 
opaque surfaces; even so, it is generally less effective and more complex 
than the standard electron microscope employed with a replica tech-

Fig. 4.4. RCA Electron Microscope, Type EMT. 

nique. Other instruments utilize thermionic, photoelectric, secondary, 
or field emieion to form images of the emitting surfaces. Such emis-
sion microscopes are employed for studying cathode properties, changes 
in the crystal structure of metals at high temperatures, and the effects 
of adsorbed atoms and ions on electron emission. If the emitting sur-
face is flat, the electrons are generally accelerated by a strong field 
and then imaged by ordinary electron lenses. On the other hand, if 
the cathode is cylindrical—for instance, a fine wire—or spherical or 
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hyperboloidal, either axial or central projection may be employed to 
form a magnified electron image of the surface on a cylindrical or 

Fig. 4.5. AEG-Zeiss 1.1,•vtroslatic Electron Microscope. (Courtesy Sfuldeutsche 
Laboratorien.) 

spherical fluorescent screen. Examples of such emission microscopes 
are shown schematically in Fig. 4.6. Hyperboloidal emission surfaces 
with a radius of curvature of the order of one micron may be obtained 
by etching tungsten wire in a sodium nitrite melt. Copious field emis-
sion is obtained from such a point if it is mounted in a cathode-ray 
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tube envelope and a difference of potential of a few kilovolts is applied 
between it and the fluorescent screen. 

(a) 

(d) (c) 

(h) 

Fig. 4.6. Emission Microscopes for (a) Flat Cathode, (b) Wire, (c) Spherical 
Cathode, and (d) Point Cathode. 

4.2 Optical Principles. When a ray of light passes through a bound-
ary between two media in which the velocity of light differs, the ray is 
bent by a process known as refraction. The law governing this refrac-
tion is the well-known Snell's law: 

n sin = n' sin 13, (4.1) 
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where fl and fl' are the angles which the incident and refracted ray 
make with the normal to the boundary between the media having 
refractive indices n and n', respectively. 

If the boundary separating the two media is a section of a spherical 
surface, it will act as a lens surface. Such a surface can be shown to 
have image-forming properties. By this is meant that, if the light rays 
from a small object enter the spherical refracting surface, the rays from 
any point will be bent in such a way that they converge on, or appear 
to diverge from, a second point known as its image point. Further-
more, the image points will be ordered in the same way as the emitting 

Fig. 4.7. Refraction at a Curved Surface. 

or object points, so that an image is formed of the original object. 
Where the rays travel so that they actually converge on the image 
points, the image formed is said to be real; if it is necessary to extend 
the rays backward to the point from which they appear to diverge, the 
image is virtual. 
To prove the existence of the image-forming property of these 

spherical surfaces, it is necessary to show, first, that the rays from an 
object point converge on an image point, and, second, that the ordering 
of object and image points is similar. The carrying out of this demon-
stration requires the imposing of two restrictions, namely, that the 
object be small, and that the rays make very small angles with the 
axis of the system. Rays which meet these requirements are known as 
paraxial rays, and the image theory based on these restrictions is called 
the first-order theory, or Gaussian dioptries. 

In Fig. 4.7, P is the object point at a distance s from the spherical 
boundary of radius R. The ray PA emitted at an angle O is refracted 
so that it reaches the axis at s', making an angle O' with the axis. From 
the geometry of the figure, it is obvious that the angles of incidence and 
refraction are 
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= —R 

13' = —0' — 
R 

Since, under the restrictions imposed, the angles of incidence and re-
fraction are small, the sines appearing in Snell's law may be replaced 
by the angles themselves. Equation 4.1 thus becomes 

n13 = n't3' (4.2) 

and, if the expressions for 0 and O' are substituted, 

nO n'O' = — (n1 — n) (4.3) 

However, 0 =r/s and O' = r/s', so that Eq. 4.3 can be written as follows: 

n n' n' — n 
— (4.4) 
s s' 

Since neither r nor O appears in this expression, the equation proves 
that any ray leaving P must converge on the point P' at a distance s' 
from the surface. The point P' is therefore the image point of the ob-
ject point P. 

If next a particular ray QQ', which is normal to the refracting sur-
face, is considered, it is evident from the similar triangles formed that 

y' s' — R 

y R s 

Combined with Eq. 4.4, this becomes 

y' ns' 
= 

y n's 
(4.5) 

Since y'/y is the ratio of the separation of the two image points P'Q' 
and that of the two object points PQ, it is the lateral magnification m 
of the image. This magnification is independent of which point on the 
image is chosen; therefore, the ordering of the image and object points 
will be similar, and the second condition for image formation is fulfilled. 

Finally, substitution of the relation s'/s = 0/0' in Eq. 4.5 leads to 
the equation 

nyO = n'y'O' (4.6) 
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This equation is a statement of the Lagrange law for the first-order 
image formation by any number of refracting surfaces. 
The formulas derived above are sufficient to determine the size and 

position of the first-order image formed by any number or type of 
coaxial curved refracting surfaces. For a pair of surfaces of radius R 
and R', separated by a distance which is negligibly small compared with 
the object and image distances and enclosing a medium of refractive 
index n, two successive applications of Eq. 4.4 lead to 

1 1 1 1 ) 1 
- - = (n - 1) (- — - (4.7) 
s s' R R' f 

The constant on the right-hand side of the equation is known as the 
refractive power, or the reciprocal of the focal length f, of the "thin 
lens" here considered. If the index of refraction in object space and 
in image space differs, that is, is n and nt respectively, instead of being 
unity as assumed above, the lens equation takes the form 

n n' n n' 
- = _ (4.8) 

It is thus evident, from setting either s or s' equal to infinity, that a 
ray parallel to the axis in object space intersects the lens axis at a 

Fig. 4.8. Properties of a Thin Lens. 

distance from the lens equal to f' and that a ray parallel to the axis 
in image space diverges from a point at a distance f from the lens in 
object space (Fig. 4.8). From the geometry of the figure and from 
Eq. 4.8 the magnification becomes 

m = -ns' An's) (4.9) 

4.3 The Thick Lens. The relations developed above can generally 
be applied with a fair degree of accuracy to lenses whose focal length 
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is long compared with their thickness. If the thickness of the lens is 
not negligible compared to the focal length, Eqs. 4.8 and 4.9 still apply, 
provided that the focal lengths and object and image distances are 
measured from appropriate reference planes, the "principal" planes of 
the lens. Indeed, they apply not only to a single lens, but to a system 
consisting of any number of lens elements. Either the individual lens 
or the compound system may be described as a "thick lens." 
The two principal planes of the thick lens are the conjugate planes 

for which the optical system has a positive magnification of unity. In 
other words, an object at one principal plane produces at the other a 

M1 1M. 

 X'  
 8'   

N N' 

Fig. 4.9. Image Formation by a Thick Lens. 

virtual (erect) image which is the same size as the object. The inter-
sections of these planes with the axis of the system are known as the 
principal points. Figure 4.9 shows a thick-lens optical system, the 
planes MN and M'N' being the two principal planes, and H and H' the 
principal points. Any ray of light entering the lens from object space 
parallel to the axis will be bent in such a way that it crosses the axis 
at the point F', the image-side focal point. The parallel ray and the 
ray through F' will, if extended, meet at the principal plane of image 
space, M'N'. Similarly, any ray through the object-side focal point F 
will emerge from the lens system parallel to the axis. These two rays, 
when extended, meet in the principal plane of object space, MN. The 
two focal points, together with the two principal points, are known as 
the cardinal points of the lens system. Once they have been located, 
the first-order image of any object can readily be found. The dis-
tances f and f', between the focal points and the corresponding prin-
cipal planes, are known as the object-space and image-space focal 
lengths. 
From the geometry of Fig. 4.9, it is evident that the lateral magnifi-

cation m of the system is given by 

m = - - = 
f' 

(4.10) 
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where x and s' are the object and image distances from the focal points. 
From this, it follows that 

xx' = ff' (4.11) 

The magnification and position can, of course, be referred to the 
principal points instead of the focal points. If 8 and s' are the dis-
tances of the object and image from the principal planes, their values 
are s = x + f and s' = f' + x'. Thus Eq. 4.11 leads to 

(8 f)(8' n 

or 

f f' 
- — = 1 
8 s' 

In the same terms, the magnification is 

f st f' 
m = 

s — f f' 

(4.12) 

(4.13) 

From an application of the law of Lagrange (Eq. 4.6) to the case of 
an object located a great distance from the lens it may be shown that 

f n 
= — (4.14) 

f, 

Substitution of this relation in Eqs. 4.12 and 4.13 leads directly to Eqs. 
4.8 and 4.9 of the preceding section. 

4.4 Index of Refraction in Electron Optics. From the foregoing, 
it is evident that the concept of the index of refraction is important in 

optics. In electrostatic electron 
A B C optics, the potential, or rather 

the square root of the potential, 
plays the role of the index of re-
fraction. The following simple 
example illustrates the similar-
ity. Consider an electron mov-
ing from a region at potential 

Fig. 4.10. Refraction by Potential 
0i through a narrow transition 
region into a region at potential 

02- Figure 4.10 shows the regions A and C to be field-free and at poten-
tial In and ch, respectively, whereas in the intervening transition space 
B there exists a field of magnitude (02 — 4,1)/d normal to the boundary 
sheets. The boundaries separating the three regions are assumed to be 

conducting sheets which are transparent to electrons. Such sheets are, 

x 

Double Layer. 
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of course, purely fictitious and can be only approximated in practice; 
however, they are useful for illustrative purposes. The incident elec-
tron approaching the first sheet has a velocity 

V' \I e 2 —m del 

If it makes an angle 01 with the surface normal, its velocity can be re-
solved into two components, which are 

e 
viz = ,\12 — cki cos 01, \I e viy = 2 — 01 sin 01 

m 
(4.15) 

where x is normal to the boundary sheets and y is parallel to them. As 
the electron traverses the transition region, it is accelerated in the x 
direction by the field, while its 'y component of velocity remains un-
changed. The total velocity of the emerging electron will, of course, be 

e 
V2 = 

712 
(4.16) 

Since the angle of emergence 02 is given by sin 02 = v2 /v2 and, further-
more, v2y = v1y, Eqs. 4.15 and 4.16 lead to 

sin 01 = VTi2 sin 02 (4.17) 

If this is compared to Snell's law (Eq. 4.1), it will be seen that Vrjh is 
the exact counterpart of the index of refraction n. 

This correspondence is quite general, as can be proved by comparing 
Fermat's principle of optics: 

8f n ds 0 (4.18) 
A 

and the principle of least action for an electron in an electrostatic field: 

S v ds = const f 14-1) ds = 0 (4.19) 
• 1 A 

4.5 Simple Double-Layer Lens. The simplest concept of an electron 
lens is probably that formed by two curved double layers of the type 
just described. The arrangement is illustrated in Fig. 4.11. The double 
layer on the object side is assumed to have a radius of curvature RI 
and that on the image side a radius R2. The potential of the inner 
surfaces is cp2; that of the outer In. 
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Fig. 4.11. Double-Layer Lens. 

This lens corresponds exactly to an optical thin lens with an index of 
refraction n2 = Vc-1.-2 immersed in a medium which has an index of 
refraction n1 = -‘,/. Its focal length can be calculated in elementary 
fashion and is given, in analogy with Eq. 4.7, by 

éVi:.2 v 1 1 
\V 1 

\ 
f ol A +R1 R2I 

An electron source, located at a distance s from this lens, emitting elec-
trons with a velocity 1/2(e/m)01, will be imaged at a distance s'. These 
distances are related by the equation 

(4.20) 

1 1 1 

s s' f 

Double-layer lenses may be approximated with the aid of fine-mesh 
spherical screens. However, the approximation is crude and does not 
permit precise imaging. 

4.6 Continuous Lenses. If the type of lens described were the 
only kind that existed, electron lenses would have little practical value. 
There is a second, fundamentally different class, and upon this the 
importance of electrostatic electron lenses depends. The operation of 
these lenses is based on the following fact. Whenever there exists a 
region in which there is a varying electric field having axial symmetry, 
this region will have properties analogous to those of an optical lens 
system; that is, it will be capable of forming a real or virtual image of 
an emitting source. 

It is evident that a lens formed in this way is very different from 
the familiar glass lens treated in conventional optics. Instead of chang-
ing abruptly at boundaries between media of different index of refrac-

tion, the index varies continuously, both along the axis and radially. 
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This being so, it has been found necessary to apply different mathe-
matical methods in calculating the lens properties of any specific field. 
These properties, once they have been found, can be represented by the 
same four cardinal points which describe an optical thick lens, namely, 
by two focal points and two principal points. 

El E2 
---e. 

(a) 

L  

(b) 

, 

Er E 
E, 

-"I dz 

Fig. 4.12. 4.12. Idealized Field Distribution in Simple Aperture Lens. 

The simplest lens having continuously variable index of refraction is 
that formed by an axially symmetric transition region between two 
constant fields of different magnitude. Physically, such a region is 
approximated by that in an aperture having different field strengths on 
the two sides. This is illustrated in Fig. 4.12a. 

In order to obtain a physical picture of the action of this lens, it is 
convenient to make use of the concept of lines of electrostatic force, or 
field lines, whose direction at any point is that of the field and whose 
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density is proportional to the field strength. A small volume element 
in the transition region of the lens is shown in Fig. 4.12b. In this 
region the Laplace equation is obeyed, and, as was pointed out in the 
preceding chapter, this requires that the number of field lines which 
enter the volume element must equal the number which leave. It is 
evident that, since the density of lines is different on the two ends, lines 
must enter or leave through the mantel surface of the volume. Figure 
4.12b shows that this condition can be fulfilled only if the field lines 
are curved. Accordingly, the field lines are not parallel to the axis, 
and the field can be resolved into radial and axial components. The 
radial component of the field will deflect any electron passing through 
the transition region toward (or away from) the axis. This bending 
action increases with radial distance from the axis, as is required for 
image formation. 
The quantitative properties of the lens can be determined as follows.* 

First, by applying the Laplace equation, the radial field component of 
the field is obtained. From the radial field component, the change in 
radial momentum of an electron passing through this region is calcu-
lated. This leads to the change in angle of the electron path and, 
hence, directly to the focal length of the system. 

Consider a small cylindrical element of volume about the axis of 
symmetry of radius r and thickness dz. In view of the validity of 
Laplace's equation, the number of field lines leaving through the mantel 
surface must be equal to the number entering through the end sur-

faces, or 
2irr dz E, = irr2[E,(z) — E,(z dz)] (4.21) 

where E,. is the radial component of the field at a distance r from the 
axis, and E ,(z) is the longitudinal component, averaged over the end 
surface at z. Replacing the parenthesis by (aE,/az) dz, this leads to 

r aEz 
Er = 2 az 

(4.22) 

The change in radial momentum of an electron subjected to this 
field for a time equal to that required to traverse the transition region, 
whose width is a, is 

er aE z dz 
A(mv,) = — feEr dl f — — — 

0 2 az vz 

* See Bedford, reference 15. 

(4.23) 
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since dt = dz/vz. Since a is small, vz can be assumed to be constant 
over the transition region, and the equation may be integrated, giving 

er 
à(mv,.) = — (E2 — E1) 

2vz 
(4.24) 

The change in angle is, therefore, 

A(mv,) er 
a = — (E2 — E1) (4.25) 

mvz 2vz2m 

or, replacing mvz2 by 2ect., where ck is the potential of the lens, 

E2 - E1 
a — r 

40 

Since a has been assumed small enough that vz may be regarded as 
a constant throughout the transition region, it is also permissible to 
regard r as a constant in this region, and equal to the height of inci-
dence and emergence of the ray considered. a/r then becomes simply 
the sum of the reciprocal object and image distances (1/s ± 1/s') 
and hence, by the thin-lens equation 4.7, 

(4.26) 

40  
f — E1 — E2 (4.27) 

Although, in view of the restrictions assumed in the derivation, Eq. 
4.27 is only a first approximation, it is, nevertheless, useful for esti-

F1 

H2) fH i 

 -1-1--
F2 

Fig. 4.13. Ray Paths in Double-Aperture Lens (Schematic). 

mating the behavior of apertures and other electron-optical systems. 
For example, a lens often encountered in practice consists of two aper-
tures at different potentials as illustrated in Fig. 4.13. The focal lengths 
of the apertures considered separately are 
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40Ad  
fA — 

— 

fB 
In3 — 

This being combined into a "thick lens," due account being taken of the 
converging action of the field between the apertures and the difference 
in potential on the two sides of the lens, the focal lengths f and f' on the 
object and image sides of the system are 

— 44,Bd 

8d  
f — 

3 (e--B — 1) (1 — \i--4)A) 
mim Oa/ 

(4.28) 
8c1  

eizt 

Again, warning should be given that these results are only approxi-
mate and are strictly applicable only when the aperture diameters are 
very small both compared to the separation d and to the focal lengths 
of the system. 

4.7 The Ray Equation. In most practical cases, the lens region, 
i.e., the region throughout which the field is varying, cannot be re-
garded as small, as was assumed in the derivation given in the preceding 
section. To determine the imaging properties of a more general elec-
tron lens, it is necessary to make use of a differential equation of the 
ray path, which can be integrated over the region of varying potential. 
If the same elementary cylindrical element, of thickness dz, about the 
axis of symmetry is considered as in the preceding section, the change 
in the radial momentum of an electron passing through the element 
becomes 

er aE z dz 
d(mv,) = — — 

2 az vz 

If the substitutions Vr = dr/dt and aEziaz = —d2ciildz2, representing 
the electric potential along the axis, are made, it leads to 

er d2(I) 

dz\dti 2mv z dz2 
(4.29) 
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By a suitable rearrangement of terms and the substitution vz 

(2e/m)ck, Eq. 4.29 can be written 

1 (10 dr 1 d20 

dz2 = dz 44) dz2 r 

or, representing differentiations with respect to the axial coordinate by 
primes, 

1.'0' 7.0" 
r" = — — — — 

24 44) 
(4.30) 

This is the fundamental ray equation used in all axially symmetric 
electron-optical problems involving only electrostatic fields. When 
solved, it gives the radial distance from the axis for a paraxial electron 
ray in a meridional plane at every point along the axis. Furthermore, 
its linear form assures the fulfillment of Gaussian, or first-order, image 
requirements. 

It is relatively simple to derive a more general path equation, which 
applies for all rays, whether they are paraxial and meridional or not. 
For this purpose, it is convenient to proceed from Newton's equations 
of motion in an axially symmetric electric field: 

€ôço e aye d 
— rÓ2 = — — • 2 = — — ; — (r-é) = 0 (4.31) 

m ar m az dt 

Here, dots indicate differentiation with respect to the time t and e de-
notes the electrostatic potential at any point in space. Integration of 
the last equation leads to 

ro2é0 
é =   

r2 

with 

à o ro 2é C 1/1 -I- r'2 r202 C 
0' = - = — =  

r2i r2 -V7,0 r2 \i/ c2 

e r2 

C= 
V1 ± ± 7-020'02 

The differential equation for r hence takes the form 

r020'0 

e (2C2 

m r3 Or 

(4.32) 

(4.33) 

(4.34) 
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If the z-coordinate is chosen as an independent variable in place of the 
time, the equation becomes, since r = r"i2 r'2 

— r'2 1 (2C2 O, ayo 
r" = — -F — — r' (1 r'2 1'28'2) (4.35) 

r3 ar aZ 

If the value for O' given by Eq. 4.32 is substituted and the modified 
potential 

C2 

= e 

is introduced, the equation for r takes the form 

= (1 -I- r'2) iae* ae*) 
r' — 

2ip* ar az 

while O is given by the integral 

(4.36) 

(4.37) 

'C 1/1 r'2  
0 = 00 r2   C"' (4.38) 

Ni 

For C = 0 the ray remains throughout in the same meridional plane 
(0 = 00) and the modified potential ip* becomes identical with the true 

potential p. C represents, but for a constant factor V -2-eTn, the angular 
momentum of the electron about the axis of symmetry. 

If the general relation 

= — tr2ce -2•4-2-44» • • • (4.39) 

which applies for all axially symmetric potential fields, is substituted in 
Eq. 4.37 and only terms of the first order in r and r' are retained, the 
paraxial equation 

C2 7.'0' r4)" 
I"  — —---- — 

OP 24, 44) 
(4.40) 

is obtained which, for meridional rays, is identical with Eq. 4.30. It 
will be noted that the constant C is of the second order in the radial 
coordinate. If the dependent variable r is replaced by the complex 
variable w = re«), the term with C vanishes and the equation again 
takes on the form of Eq. 4.30. As a result, the Gaussian imaging prop-
erties of the lens field are readily demonstrated even when skew rays 

are taken into consideration. 
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If the terms of the next-higher order—the third order in r and r'— 
are retained, the differential equation becomes inhomogeneous. A solu-
tion for small values of ro and es:, indicates that the rays now miss the 
Gaussian image points by distances which are given by a sum of terms 
of the third order in the initial separation from the axis 7-0 and the 
initial slope /10. These "aberrations" will be considered in section 4.14. 

4.8 Solution of the Ray Equation. If a pair of solutions of Eq. 
4.30 is known, the first-order imaging properties of the electron lens 
system can be readily determined. The procedure is similar to the 
procedure in optics. An electron ray parallel to the axis at the object 
is traced through the lens. If the image falls well outside the lens, the 
rectilinear ray in image space is traced back to its intersection with 
the axis to locate the image-side focal point and to its intersection 
with the incident parallel ray to locate the image-side principal plane. 
The object-side focal point and principal plane are similarly located 
by tracing through the lens a ray which is parallel to the axis in image 
space and drawing the tangent to the ray in the object plane to its 
intersection with the axis and with the parallel ray. With the four 
cardinal points, the position and magnification of the image correspond-
ing to an arbitrarily placed object can readily be calculated. However, 
it must be remembered that, in order to determine the cardinal points 
in this way, the image must be known to lie outside the lens. 
An alternative method of determining the imaging properties of a 

lens, which does not require this knowledge, consists in first locating 
the image plane by tracing through the system a ray leaving the axial 
object point with a small radial velocity component and then deter-
mining the magnification by tracing a second ray leaving an off-axis 
point of the object parallel to the axis. The image-side focal point and 
principal plane are then determined as before; the object-side focal 
point and principal plane, with the aid of Eqs. 4.11 and 4.14. It should 
be noted that the cardinal points so obtained apply only for a single 
object position if either object or image falls within the lens. 
The differential equation rarely permits an analytical solution in 

practical cases. As for the Laplace equation, a resort to numerical 
approximation or graphical methods is generally required. 

A very simple and fairly rapid approximate method has been pro-
posed by Richard Gans.* With a little care, this method is capable of 
an accuracy adequate for most practical cases. 

*See Gans, reference 16. 
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The method represents the potential along the axis by a series of 
straight-line segments, and applies the ray equation along the segments 
in turn. 
Over any straight segment, the second derivative 4," is zero. The 

ray equation, therefore, becomes 

This can be integrated twice to give 

r' = C (4.41) 

and 

r = ro + 
2C(Vit, — Vq—bo)  

41 
(4.41a) 

where 7.0 and 4,0 are the radial position and potential at the beginning 
of the segment. 
At the point where two segments meet, 4," is infinite. By integrating 

Eq. 4.30 over the transition, the equation 

412 — 411 

44, 
r'2 — r'1 — r (4.42) 

is obtained. The subscript 1 indicates values before the break-point, 
and 2 those after the break-point. 

Finally, where the segment is parallel to the axis, the solution becomes 

r = ro + r'0(z — zo) (4.43) 

The method, because of its utility as a practical means for estimat-
ing the performance of any electron lens system for which the axial 
distribution is known, is worth illustrating by means of a simple 
numerical example. 
The lens system to be considered consists of two equidiameter coaxial 

cylinders. The cylinders are assumed to have potentials equal to 2 
and 12, respectively. Here, the units of potential are quite arbitrary, 
the only thing of importance, as far as the lens properties are con-
cerned, being the voltage ratio, which in this example is 6. The axial 
potential distribution of the system has been calculated by means of 
Eq. 4.50a given in the next section, and is tabulated in Table 4.1, in 
which the distance z is given in cylinder radii. 
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TABLE 4.1. POTENTIAL DISTRIBUTION IN TWO-CYLINDER LENS 

z 0 z e z e 
-2.0 2.05 -0.6 3.72 0.7 10.62 
-1.8 2.10 -0.4 4.58 0.9 11.12 
-1.6 2.16 -0.2 5.71 1.1 11.45 
-1.4 2.27 0.0 7.00 1.3 11.66 
-1.2 2.44 0.1 7.66 1.5 11.79 
-1.0 2.70 0.3 8.88 1.7 11.87 
-0.8 3.12 0.5 9.88 1.9 11.93 

It should be pointed out that the potential distribution for any 
desired voltage ratio can be obtained with the aid of the values given 
in Table 4.1 by adding an appropriate constant. 

A 

2 

10 D 

8 

6 

4 

2 

-2M -1.5 -1M -0.5 0.5 LO 1.5 2.0 

Fig. 4.14. Axial Potential Distribution and Its Line Segment App..oximation for 
a Cylinder Lens. 

The potential distribution is shown by the dotted curve of Fig. 4.14. 
In addition, this distribution is approximated in the figure by a series 
of six straight-line segments intersecting at points A, B, C, D, E. The 
potentials at the intersections and the potential gradients in the con-
necting segments are given below: 

A -1.60 2.0 

• -0.96 2.7 

• -0.46 4.3 

0.60 10.6 

E 1.40 12.0 
00 

4), 

1.09 

3.20 

5.95 

1.75 

(1" 
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An electron leaves an object point on the axis at a distance —12 lens 
radii from the origin, with a velocity corresponding to rk = 2 and a 
slope of 0.096. It is required to find the conjugate image point, that 
is, the point at which the electron again intersects the axis. 
The electron will move in a straight line until it reaches the first 

break-point at A. At this point, its radial distance is rA = 1.00 and 
its slope r'iA = 0.096. Its slope at the other side of the break-point is 
given by Eq. 4.42: 

1.00 X (1.09 — 0) 
r' A = 0.096  = —0.040 

4 X 2.0 

The value of C for the segment AB, given by Eq. 4.41 is: 

C = —0.040 X V2.0 = —0.057 

Therefore, by Eq. 4.41, 
—0.057 

r'is =  = —0.034 
2.7 

and, from Eq. 4.41a, 

—0.114(Vii — 
rB = 1.00 ± 1.09 = 0.97 

The calculation continues in the same way for each succeeding break-
point and segment. The results are given in Table 4.2. From point E, 

TABLE 4.2. PARAMETERS OF APPROXIMATE PATH IN 
TWO-CYLINDER LENS 

r'2 
A 1.00 0.096 —0.040 

• 0.97 —0.034 —0.22 

• 0.88 —0.18 —0.32 

D 0.62 —0.20 —0.14 

E 0.51 —0.13 —0.11 

—0.057 

—0.366 

—0.657 

—0.459 

the electron continues in a straight line, with a slope to the axis of 
—0.11. Therefore, it intersects the axis at a distance 0.51/0.11 = 4.6 
radii from point E, or, in other words, the image point is 18.0 lens radii 
from the object point. A determination of the path by the more exact 
method outlined below gives the distance between the object and image 
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point as 18.6 lens radii. Figure 4.15 shows the exact path of the elec-
tron through the system, together with the points corresponding to the 
radial position at the break-points as calculated by the approximate 
method. 
A closer approximation, of course, could have been obtained if a 

greater number of line segments had been used to represent the poten-
tial, particularly on the low-potential side of the lens. It then becomes 
more convenient, however, to 
employ a standard method for 
the numerical integration of dif-
ferential equations, such as that 

rt 
x Points calculated 

by Gans method 
1.5 —True path 

0 5 
outlined below.* I • I • I ,  

—6 —4 72 0 2 4 6 Lens radii 
Suppose that a function y is 

Fig. 4.15. Electron Trajectory through 
tabulated for equal intervals h 

Cylinder Lens. 
of the independent variable z in 
the following manner, defining the first-, second-, and third-order dif-
ferences of y by 

LiYj = Yi 

à2Yi = iYi — 

A3Yi = AsYi à2Yi-1 

zo — 3h y_3 

A1Y-2 

¿1Y-1 

Yo 

àtYt 

A1Y2 

/1 

zo — 2h y_2 à2Y-1 

zo — h y_i Az>) 

Z() Yo ,à2y1 

zo + h yi 6,2Y2 

zo 2h y2 AzY3 
1Y3  

zo + 3h 1/3 

Then the integral of y over any interval h may be expressed in terms of 
function y and its differences as follows: 

*See, e.g., Zworykin, Morton, Ramberg, Hillier, and Vance, reference 4, pp. 407-
412, or E. P. Adams, reference 28, pp. 220-242. 

ao 

Y2 

às113 
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zo 
y dz h(yo — AiYo — 11-02Y0 ii- '3Y0) (4.44a) 

zo- hf  
iàiYo — .T1 A2Y1 -21A3y2) (4.44h) 

This approximation corresponds to fitting a third-order curve through 
four neighboring points of the function. The intervals should, in 
general, be chosen small enough so that the highest difference makes 
only a very small contribution to the integral. 
The application of Eqs. 4.44 to the integration of a first-order dif-

ferential equation, 

r' = y = f (r, z) (4.45) 

is obvious. Assume, to begin with, that the equation has been inte-
grated up to some point 20 — h and that y = f (r, z) and its differences 
as well as r are tabulated as functions of z up to this point. Then 
extrapolate r to provide a guessed value r (20) and substitute this value 
in Eq. 4.45 to provide a corresponding value for y (20). With this new 
value of y and the corresponding differences, the increment in r is 
determined by Eq. 4.44a. If this is identical with the originally guessed 
increment, the guess was correct, and it is possible to proceed to the 
next interval. If the two increments do not agree, a new guess is made 
and the process is repeated until identity between the guessed incre-
ment and the integrated increment is obtained. 
At the beginning of an integration, only the initial value of r, and 

hence, by Eq. 4.45, also that of r', are known, so that, in the integration 
over the first interval, only the first two terms of Eq. 4.44a can be used. 
As the integration progresses, additional differences are established, 
however, and the first integrations may be checked and eventually 
modified by applying Eq. 4.44b. Quite generally, the repeat opera-
tions can be minimized and the integration be carried out smoothly and 
speedily if sufficiently small intervals are chosen. Frequently, the 
differential equation can be transformed by a change of variables in 
such a manner that the speed and accuracy of integration is improved. 
An equation of the second order, such as Eq. 4.30, which may be 

written in the form 

r" = y = f (r' , r, z) (4.46) 

can be solved in quite the same manner, applying the numerical inte-
gration twice in succession. Both y and r' are tabulated with their 
differences, along with r, as function of z. The increments in r and r' 
are obtained with the aid of Eqs. 4.44 since 
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zo 
r' (zo) — r' (zo — h) = f y dz; r(zo) — r(zo — h) -= f r' dz (4.47) 

zo- h z0 -h 

The electron trajectory shown in Fig. 4.15 was calculated in this 
manner. 

4.9 Special Lens Systems. The electron-optical system consisting 
of two coaxial cylinders of equal diameter forms the basis of many 
practical lenses. The properties of this configuration can, of course, 
be determined by mapping the 
axial potential distribution with 
the aid of a plotting tank and 
then tracing suitable rays by one 
of the methods just discussed. r r=1 

However, when high accuracy is 
required, a mathematical solu-
tion of Laplace's equation is to 
be preferred. 

Figure 4.16 illustrates, in cross 
Fig. 4.16. Coordinates for Electrostatic 

section, two semi-infinite coaxial Cylinder Lens. 

cylinders, spaced a negligible dis-
tance apart. The axis of the cylinders will be taken as the z-axis of 
the cylindrical coordinate system, and the origin of the system will be 
located at the junction of the two cylinders. 
The general solution of the Laplace equation for this type of con-

figuration was discussed in the preceding chapter. By separating the 
variables, it was shown that the solution could be expressed in the 
form of the following integral: 

io(r, z) = f A (k)G(r , k)F(k, z) dk 

where 
F = ctEikz be—ikz 

G = cJo(ikr) dNo(ikr) 

The requirement that the potential remain finite as z increases elim-
inates all terms with complex k. Furthermore, the condition that it be 
finite along the axis requires that the coefficients of the Neumann func-
tion No be zero. Finally, since 4. — (4)1 ± 02)/2, where 4)1 and 4,2 are 
the potentials of the two cylinders, is an odd function of z, the only 
trigometric functions to be considered are sines. 
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Hence, the solution can be written in the form 

ep(r, z) = f B(k)Jo(ikr) sin kz dk ± 4)2 (4.48) 
o 2 

The coefficient B(k) can be found with the aid of boundary conditions 
for r = 1, the radius of the cylinders being taken as unit length; they are 

(1, z) = 

e(1, z) = 4.2 

for z < 

for z > 

The evaluation leads to 

o 
œ 4,2 — 01  

B(k)J0(ik) = —1 f f (1'2 — 4'1 sin kz dz -I- f 0 2 sin kz dz} 
ir 1./___., 2 

4)2 — 01  
B(k) = (1 him cos kz) 

irkJ0(ik) 

If this value is substituted in Eq. 4.48, the potential is found to be 

v(r, z) = — 
1 f e ch — (lei  Jo(ikr) sin (kz) dk + 4)i ± 4)2  (4.49) 
7 0 kJo(ik) 2 

The axial potential and its first two derivatives are 

4)(z) = — (4)2 — 4)1)  
1 r sin kz dk + 01 + In  (4.50a) 
11- 0 kJo(ik) 2 

— (4)2 — 4)1)  
1 r cos kz 

dk (4.50b) 
ir Jo JO (ik) 

1 fz k sin kz 
cti"(z) = — — (02 — 01) jek) dk (4.50c) 

ir J0  

ez) = 

These integrals cannot be solved analytically, but must be evaluated 
by quadrature, eventually employing Eqs. 4.44. The figures so ob-
tained can then be utilized to integrate the ray equation by one of the 
techniques described in the preceding section. For many purposes, it 
is convenient to approximate the expression for the potential by the 
function: * 

4,2 — 0 ± (1 1 i )2 
4)(z) = tanh (1.315z) -F ce. 

ir 2 

*See Gray, reference 17, and Bertram, reference 18. 

(4.51) 
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In this example, as in many others, the solution of the ray equation 
can be expedited by the substitution 

c = —r7r (4.52) 

The function c is the convergence of the ray. It is thus named because 
it is the reciprocal of the distance along the axis from the point at 
which c is determined to the intersection of a rectilinear extension of 
the ray with the axis. With the convergence as a dependent variable, 
the ray equation (4.30) becomes 

cci5' 
c' = c- —-+— (4.53) 

20 40 

The evaluation of the equation must be continued until the ray is sub-
stantially a straight line, or until it passes through the image plane. 
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Fig. 4.17. Focal Properties of the Equidiameter Cylinder Lens. (Zworykin, 
Morton, Ramberg, Hillier, and Vance, reference 4.) 
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The curves reproduced in Fig. 4.17 locate the four cardinal points of 
the coaxial equidiameter cylinder lens for various ratios of the applied 
potentials 4,1 and 4,2. All distances are expressed in terms of cylinder 
diameters. 

Besides the coaxial cylinder lens using cylinders of the same di-
ameters, an infinite number of other lenses can, of course, be formed 
by cylinders of unequal diameters. The position of the principal planes 
is affected, to some extent, by the choice of the diameter ratio. There 
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Fig. 4.18e. Focal Properties of Equidiameter Aperture Lens for 
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is rarely any advantage in choosing cylinders of different diameters 
from the standpoint of electron optics. Coaxial cylinder lenses will be 
discussed in more detail in relation to the electron gun. 

4.10 Aperture Lenses. Another important class of lenses consists 
of those formed by a pair of apertured conductors at different poten-
tials. They have found application both in electron guns and in certain 
types of electron imaging devices. 
The simplest case of this type has already been discussed. If the 
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separation d of the apertures is very large compared to the aperture 
diameter, the focal lengths of the lens are given by Eq. 4.28. Setting 
y6A = and 4)B = 4,2, both the principal planes lie beyond the low-
voltage aperture, at distances 

d 441 5d  441  
h = h' = (4.54) 

2 3(402 — 6 3(02 — (h) 

from the plane of symmetry of the lens. 
In the other extreme case, that is, a separation which is negligible 

compared with the aperture diameter, the potential distribution along 
the axis takes on the simple form 

4)2 + 4)1 4)2 — 4)1 

(te = 2 2 /(D/2)2 +z2 

Here, D is the aperture diameter. With the aid of this expression the 
cardinal points can be determined, for any value of .q.2/4)1, by inte-
grating the ray equation. 
For other values of d/D, the potential distribution must first be 

found with the aid of the electrolytic tank or by a method of succes-
sive approximations. Figures 4.18a and b show the position of the 
cardinal points of a lens formed by two equidiameter apertures for the 
three conditions d/D = 0, d/D = 2, and d/D = oo. The divergence 
between the values for the last two cases is seen to be most pronounced 
for large values of 02/951, or high refractive powers. 

4.11 Cathode Lens Systems. In many practical electron-optical 
systems, the electrons enter the system with essentially zero velocity. 
An example is to be found in the electrostatically focused image tube 
(which, in connection with the image iconoscope, is discussed in Chap-
ter 10). The electron-optical properties of such a lens system are 
radically different from those of the lenses discussed so far. 
The potential at the point where the electron enters the system is 

zero. In consequence, the electron ray originates in a region of zero 
index of refraction. Because of this, the first focal length is zero, and 
the first principal plane is located at the object. 

If the electrons were actually emitted from the object, that is, the 
cathode, with zero velocity, the image plane would be completely in-
determinate. However, the assumption of a small radial initial velocity 
suffices to determine the position and, with it, the magnification of the 
image. In practice, both the radial and axial components of the initial 

(4.55) 
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velocity are far from negligible, and are responsible for certain aber-
rations discussed in section 4.14. 
One of the simplest lenses of this type consists of two coaxial cylin-

ders of equal diameter, one infinite in extent, the other terminated by 
a flat plane. The terminal plane is assumed to be the electron object. 
In a conventional image tube, for example, this plane would be a photo-
cathode. The cathode surface is conducting and is electrically con-
nected to the cathode cylinder, these elements being at zero potential. 
For convenience, the lens will be said to be located at the junction of 
the two cylinders, although actually it extends from the cathode to a 
distance of several cylinder radii beyond the junction. The geometry 
of the lens can be seen from Fig. 4.19. 

Lens 

Image 

Cathode cylinder Anode cylinder 

Fig. 4.19. Cathode Lens. 

The calculation of the potential distribution proceeds exactly as in 
the previous example of the two-cylinder lens. It is expedient here to 
use cylindrical coordinates with their origin at the cathode. The gen-
eral solution of the Laplace equation, which can be evaluated from 
the boundary conditions of the lens, leads to the following integrals, 
giving the potential along the axis together with the first and second 
derivatives: 

2,01 f" cos ku sin kz 
ez) = --  dk 

7 o kJ0(ik) 

4'(z) = —24T cos ku cos kz  dk 
Ir o Jo(ik) 

4)"(z) 
20 if k cos ku sin kz 

= — —   
ir o Jo(ik) dk 

(4.56a) 

(4.56b) 

(4.56e) 

As before, these integrals must be evaluated by quadrature. 
The numerical values of the potential thus obtained can, with the 

aid of the ray equation, be used to obtain the lens properties. In this 
instance, the convergence function c becomes infinite at z = O and thus 
cannot be used. However, the substitution of the function 
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1 r' 
b — — — 

2z r 
leading to 

1 4G') 4)" 1 41' 1) 
— — — (4.57) 

z 24, 40 2z (20 2z 

will facilitate the solution by reducing the ray equation to a first-order 
differential equation. 
Numerical determinations of two electron paths will locate the image 

and give its magnification. In Fig. 4.20, the potential and its first two 
derivatives are shown, together with two electron trajectories. It 
should be noted that the latter are independent of the applied poten-

LO 

0.5 

—0.5 

4.0 z (Lens radii) 

in =1.8 lens radii 

Fig. 420. Axial Potential Distribution and Electron Trajectories in a Cathode 
Lens. 

tial, and are a function of the cathode-to-lens distance, u, only. 
The magnification is approximately half the ratio of image distance 
to object distance, both measured from the junction of the two 
cylinders. The magnification is unity for u = 1.8 lens radii. 

It is often desirable to arrange the lens in such a way that the focal 
length and image position can be varied electrically. This can be done 
by making the cathode cylinder of resistive material so that an axial 
potential gradient can be established on it between cathode and lens. 
In practice, it is convenient to divide the cathode cylinder into a num-
ber of rings having equal potential steps between them. Experimen-
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tally, this is found to simulate the effect of the resistive cathode 
cylinder qualitatively and quantitatively. 
The performance of this system can be calculated by the methods 

already given. The results of such a determination are of value in 
many design problems. 
The magnification of the system just described is a function of the 

image and object distance alone and cannot be changed in a given tube 
configuration. It is possible, by in-
corporating a third element, to make I I 

I I 
a lens system which has variable mag-
nification. The additional electrode L1J L  L  

5b, 1 

may be in the form of an aperture or 
a short cylinder placed between the 
anode and cathode cylinders. An e, 04 

electron-optical system of this type is 
illustrated in Fig. 4.21. For a given 
tube structure and overall voltage, the 
magnification is varied by changing the potential 4,3 on the extra elec-
trode and refocusing the image by the potential 4,2 across the cathode 
cylinder. 

Before the subject of cathode lens systems is left, some mention should 
be made of the procedure required when they are to be investigated by 
the Gans method described in section 4.8. In order to determine the 
image position, it is necessary to assume an initial radial velocity. In 

Fig. 4.21. An Electron Lens Sys-
tem Arranged to Give Variable 

Magnification. 

- ZB  ZR 

Fig. 4.22. Determination of Electron Trajectories near Cathode in Gans Method 
of Ray Tracing. 

Fig. 4.22 the axial potential distribution of a cathode lens system is 
represented by a series of straight-line segments. The electron is 
emitted from the object point, A, with a small radial initial velocity, 
into a region of uniform field as represented by the first segment, AB. 
The trajectory of the electron is a parabola. If, at the end of the first 
segment, its radial distance from the axis is rB, then, from the properties 
of the parabola, the slope of its trajectory will be re (2zB), where zn 
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is its axial position. Therefore, the electron will enter the first break-
point on a path described as follows: 

TB 
= — 

22B 

r = rB, (I) = (4.58) 

From this point on, the procedure is the same as for any lens system. 
The choice of the radial separation TB is arbitrary, and does not affect 
the determination of the image position. 

4.12 The Magnetic Lens. Thus far the discussion has been limited 
to electrostatic lens systems. Magnetic lenses, however, rank as at 
least equal in importance. From a theoretical standpoint, they are 
very much more complicated, because the principal electron paths are 
not confined to a plane. 
The simplest magnetic lens consists of a uniform magnetic field 

parallel to the axis of the system and pervading all the region between 
the anode and the cathode. Such a field is produced in the interior 
of a long solenoid. 
An electron which leaves the emitter parallel to the axis is subject 

to no force from the magnetic field. The time required by this electron 
to traverse the distance between anode and cathode is given by the 
integral 

dz 
ti = f — 

Jo  
(4.59) 

where L is the total distance and vz the axial velocity. If, in addition, 
the particle has a radial velocity component, vr, it will experience a 
force 

F = Her 

where H is the magnetic field strength. Since the direction of this 
force is at right angles to the transverse velocity and to the field, the 
electron path will be curved. The projection of this path on a plane 
normal to the axis (Fig. 4.23) is a circle, the radius p being given 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A 

H 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fig. 4.23. Electron Paths in a Uniform Magnetic Field. 
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by the relation between the inward acceleration and the centripetal 
force, i.e.: 

2 y,.e 
= Hey,.; — = H 

p m 

The circumference of this circle will be 2rp, and, therefore, the time t2 
required to traverse the circle will be 

2rp 
t2 = =   (4.60) 

y,. eH 

This time is independent of the initial radial velocity. If t2 in Eq. 
4.60, or any multiple thereof, is equal to t1 in Eq. 4.59, all electrons 
leaving a point on the source will come together at a point in the image 
plane, regardless of their initial radial velocity component. It should 
be noticed that the image, unlike that formed by an electrostatic lens, 
is erect. 
The investigation of electron motion in a more general axially sym-

metric magnetic field calls for the introduction of a new quantity, the 
vector potential A of the magnetic field. It is related to the axial and 
radial magnetic field components, hz and h„ by * 

1 a(rA)  
hz = ; h,. = — — (4.61) 

r 8i' az 

and is equal to the ratio of the magnetic flux N through a circle about 
the axis through the reference point divided by the circumference of 
the circle: 

N 1 fr 
h2rdr 

2er r o 
(4.62) 

The equations of motion in a general axially symmetric electric and 
magnetic field then become 

e aip e ( O a(rA) —al (4.63a) — re = — — (ruhz — = 
ar m 8,' ar 

*Lower-case letters are here employed to distinguish the magnetic field off the 
axis from the field H(z) = hz(z, 0) on the axis. The general relation between mag-
netic field and vector potential is, in vector notation, 

h = curl A 

In an axially symmetric field, only the azimuthal component of A, Ao = A differs 
from zero. 
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_1 0.26) (hr the) = iiaA ± t a(rA)) 
(4.63b) 

r dt m\ Oz r ar 

e aço e ( M 
2 = —(réh, + = — — ré — — — (4.63c) 

az m az az 

Integration of the second equation leads to 

with 

0' 

r2é = \i2e e rA\ 

m 2m ) 

(C 2m rA) 

 N/1. r'2 7.20'2 
r2Vip— 

(C Ni-i7772 rA) V 1 r'2 

r2 (c  \re-- A 2 r —2m ) 

i 
ViO 

C = — roAo  ro2n U 0  
2m + rt02 r020,02 

(4.64) 

(4.65) 

(4.66) 

This leads to an equation for r of the same form as for the purely elec-
tric field (Eq. 4.37): 

= e é_C e A  \ 2 + (C \IT A \a(rA)1 

m r \r 2in I or r m \ r 2m I Or 1 

— r'2 (1 + r'2 r20'2) {2 (C j -7 y 
A + — r" —  

z.2 290 r r 2m Or 

\l_e_ A\ ia(rA) , OA' ael 
r m r 2m Or r'r — r' — az Oz 

(1 + r'2) ae* 
r' -

2* lør Oz 
(4.67) 

WorldRadioHistory



Sec. 4.12] The Magnetic Lens 155 

with the modified potential e* defined by 

= + Al2 

r V2m 
(4.68) 

In view of the fact that the magnetic field, like the electric field, obeys 
the Laplace equation, the vector potential may be written in the form 

r r3 (_ 1)n H (2n)/ r\2+1 

A = - H - — H" ± • • • (4.69) 
2 16 n!(n 1)! 2) 

If this series, along with that for e (Eq. 4.39), is substituted in Eq. 4.68 
and only the terms of lowest order in r and r' are retained, the paraxial 
equation 

C2 r'4/ re" eH2r 
r" - 

Or' 20 40 8nui, 
(4.70) 

is obtained. In addition, Eq. 4.65 leads to the following expression for 
the angle of rotation of the electron: 

e 
0 = 00 C _ H} dz (4.71) 

8m4, r2 

If attention is confined to electrons which, outside of the lens, move 
in meridional planes, so that their angular momentum, and hence C, 
vanishes, it becomes evident from Eq. 4.71 that the magnetic field 
rotates the image through an angle 

X 871.--ke H dz (4.72) 

where zi is the axial coordinate of the image plane. Furthermore, for 
paraxial meridional electrons passing through a purely magnetic lens 
field, 

eirr 
r" = - 

8m4 
(4.73) 

For a thin magnetic lens, where the radial coordinate can be regarded 
as practically constant within the refracting field, Eq. 4.73 can be in-
tegrated to yield 

er fz. 
r'o - r'i = H 2 d2 

8n14 zo 
(4.73a) 
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If s and s' are the object and image distances, the left side of Eq. 4.73 
becomes identical with r/s+ r/s'. A comparison with the general lens 
equation 4.8, with n = n', yields for the focal length f, 

1 e fzi 
— = — dz 
f 8m0 

(4.74) 

In addition, the magnetic field of any electron lens rotates the image 
through an angle* 

x = dz (4.75) 
z 8m4 

A comparison of the expression for the angle of rotation (Eq. 4.75) 
and that for the refractive power of a thin magnetic lens (Eq. 4.74) 
shows that, if a lens is made progressively thinner, keeping its refrac-

£2 2€ zi4-1 

Fig. 4.24. Approximate Representation of Axial Magnetic Field. 
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The solution of Eq. 4.73 over any segment, for example, that between 
zi and zi+1, is 

sin VeH2/(8m0) (z — zi)  
r = ri cos 1/ eH2 / (8me) (z — zi) (4.76) 

eH2 / (iiirup) 

where is the potential in the segment; H, the magnetic field; r, the 
radial distance of the ray; and zi < z < 4+ 1. Both r and r' are con-
tinuous at the break-points, so that the solutions for the individual 
segments given by Eq. 4.76 join smoothly. 

Soft 
iron 

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fig. 4.25. Short Magnetic Lens. (Zworykin, Morton, Ramberg, Hillier, and 
Vance, reference 4.) 

One field distribution, which permits analytic integration of the 
differential equation and, at the same time, is closely approximated 
by many magnetic lenses encountered in practice, is given by * 

Ho 
H —  (4.77) 

1 + (z/a)2 

*See Glaser, reference 29. 
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where Ho is the maximum field, at the center of symmetry of the lens, 
and 2a is the width at half value of the field distribution. The focal 
length of this field is given by 

1 1 ir 7r k2 3k4 
—= —sin   (4.78) 
f a V1 k2 — a\2 8 

the distance of the focal plane from the center of symmetry, by 

1 1  +•• • k2 3k4 
) — = — tan   (4.79) 

xi, a •V1 k2 — a\2 8 

Here, the parameter k2 is given by 
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Fig. 4.26. Variation of Refractive Power (a/f) and Reciprocal Focal Distance 
(a/zp) with Lens Excitation for the Magnetic Field H0/(1 + (z/a)2). 

k2 — 
ea2H02 

8mo 

alzFi 

a/f 

(4.80) 
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In particular, if the lens field is produced by an armored coil with an 
air gap, such as that shown in Fig. 4.25, with a number of ampere 
turns ni, aHo = 4n//10 and 

k2 — 0.0035(nI)2 
V 

(4.81) 

where V is the operating voltage. 
Figure 4.26 shows the variation of the refractive power and recipro-

cal focal distance of the lens field (Eq. 4.77) as function of the ratio 
(nI) 2/V. It indicates, as is incidentally obvious from Eqs. 4.78 and 
4.79, that such a magnetic lens behaves, for moderate field strengths, 
like a thin magnetic lens with the lens position at the plane of sym-
metry. For stronger fields, the principal planes, which are crossed in 
the sense of the image-side principal plane lying closer to object space 
than the object-side principal plane, move apart. 

4.13 Image Defects. The theory thus far developed has dealt with 
images formed by rays very close to the axis of the lens. In other 
words, it deals with rays making angles with the axis which are suffi-
ciently small that only the first terms of the sine expansion need be 
used. However, because the first-order theory deals with such a small 
portion of the lens and object, it tells nothing about the quality of the 
image. 
The theory has been extended to take into account the next term of 

the expansion. This third-order theory, developed by Ludwig von 
Seidel and bearing his name, leads to a series of five correction terms 
which vanish when the oblique rays are deflected in the same manner 
as the paraxial rays. When one or more of these terms differ from 
zero, the oblique rays from the object do not converge in the image 
points indicated by the laws governing the paraxial rays and the image 
is unsharp or deformed; the system is then said to have aberrations. 
Corresponding to the five terms in the third-order theory, there are 
five aberrations from which a system may suffer. They are (1) Spheri-
cal aberration. (2) Astigmatism. (3) Coma. (4) Curvature of the 
image field. (5) Distortion of the image. 

In addition to these five third-order aberrations, there are two arising 
from variations in the initial velocities of the electrons as they leave 
the object. They are known as the chromatic difference in image posi-
tion and chromatic difference in magnification, in analogy with the 
optical chromatic aberrations caused by the variation of the index of 
refraction with the wavelength of light. 
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These aberrations play an important role in electron imaging and, 
hence, merit consideration. 

Spherical aberration is present when rays leaving the object at the 
axis and passing through the outer portions of the lens field do not 
converge at the paraxial image point. This is illustrated in Fig. 4.27a. 

Astigmatism 

(b) 
Spherical aberration 

(a) 

Curvature of field Object 
(d) 

Barrel Pincushion 

(e) Distortion of Image 

Fig. 4.27. Nature of the Five Third-Order Aberrations. 

Astigmatism. The images of object points lying at a distance from 
the axis of the system suffer from an additional defect resulting 
from the fact that rays in a plane containing the axis converge on a 
different point from those in a plane perpendicular to this plane. 
This defect, known as astigmatism, is shown in Fig. 4.27b. 
Coma. Even in the absence of the two aforementioned aberrations, 

the image of a point off the axis may not be sharp, but will be a comet-
shaped area whose vertex coincides with the first-order image point. 
Because of the form of the image, this defect is known as coma (c). 

Curvature of the Image Field. Again leaving chromatic defects out 
of consideration, every point of the object will be sharply imaged after 
correction has been made for spherical aberration, coma, and astig-
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matism. However, the image points may not lie in a plane unless cor-
rection for the curvature of the image field has been made (d). 

Distortion of the Image. Even in the absence of the above four 
aberrations, a fifth aberration may be present, consisting of a non-
uniformity of the magnification or a twist of the image (e). 

4.14 Aberrations. The foregoing classification may be derived 
from a consideration of the symmetry conditions of image formation; 
hence it is applicable to optical and electron lens systems. The exact 
derivation of these aberrations is beyond the scope of this chapter, but 
the dependence of the aberrations on the parameters of the imaging 
rays can be shown in the following simplified way. 

Object Lens Image 

Axis 

Fig. 4.28. Object, Lens, and Image Planes of an Electron-Optical System. 

Figure 4.28 represents a plane through the lens system which in-
cludes the axis. The lens itself is confined to a narrow region as indi-
cated on the figure. An object point, P, is located at a distance re, from 
the axis and the corresponding Gaussian image point, P', at rio. In 
order that the image be faithful, rie must be proportional to 2.0. This 
condition is fulfilled by the first-order image. Next, consider the ray 
PCP", which originates at the object point at re and meets the image 
plane at r. It is evident that n is a function of 9-0 and r„,, and that by 
expansion this dependence can be expressed as a power series with con-
stant coefficients. This expression of dependence will be symbolized by 

--> ro, ro, r02, ra2,'-rora,' ro3, ro2ra, rora2 r a3 • • • 

The first-order image, by definition, is such that, when re and r0 are 
small, the ray PCP" will meet the Gaussian image point. Therefore, 
the aberration which is given by 

àri = ri — rio 

is not dependent upon the first power of ro or ra. Furthermore, the axial 
symmetry of the system makes it impossible for ri to depend on any 
term of even order. Thus, the aberration consists of terms of the third, 
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fifth, . . . order only. If attention is restricted to the terms of the 
third order, it is possible to write 

àri --> ro3, 7.02ra, rora2, ra3 

The five aberrations are classified according to the terms of this ex-
pansion appearing in them. As the coefficients of these terms become 
zero, the corresponding aberration vanishes. 

Spherical aberration is that corresponding to r03; it is, therefore, 
proportional to the cube of the diameter of the ray bundle of electrons 
as they pass through the lens region. Since r0 does not appear in this 
expression, the aberration exists for object points on the axis to the 
same extent as for those off the axis. 
The term with ror,i2 indicates the extent of coma present. Since r, 

appears in this term, coma vanishes for a point on the axis. Both 
curvature of the image field and the astigmatism are the result of 
non-negligible coefficients of terms in ro2ra. Like coma, these are field 
aberrations. 
The final term in 9-03 gives rise to the distortion of the image. 
It will be clear from a consideration of such aberrations as coma and 

astigmatism that a representation in a plane containing the axis is not 
sufficient to describe them, since both require a consideration of rays 
which do not lie in this plane. A coordinate corresponding to a trans-
verse displacement must be introduced in a complete analysis. How-
ever, this approximate survey will serve to indicate the nature of the 
third-order image defects, which are shown in detail in Fig. 4.29. 
The procedure for calculating the image defects of an actual system 

is very laborious. The usual method is to calculate two paraxial rays 
which establish the location and magnification of the image in the 
manner which has already been described and to utilize these and the 
known field variation within the lens to evaluate integrals representing 
the aberration coefficients. For more complete discussions of the ana-
lytical methods of dealing with these aberrations, the reader is referred 
to books on electron optics.* 

It can be shown that it is impossible to eliminate spherical aberration 
completely in electrostatic, magnetic, or combined lens fields of the 
usual character. In other words, an aplanatic lens does not exist in 
present-day electron optics. Furthermore, the spherical aberration for 

*See, in particular, the papers by Scherzer and Glaser in Busch and Bffiche, 
reference 2, pp. 33 and 24, and Chapters 16 and 17 of Zworykin, Morton, Ramberg, 
Hillier, and Vance, reference 4. 
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a combined electric and magnetic lens cannot be made appreciably less 
than for either type alone. Immersion lenses having a photocathode 
as object, such as are used in the image tube, in general require the 
focusing of extremely narrow ray bundles, so that this aberration will 
be small. Spherical aberration, however, is a very important defect in 
the electron gun and is one of the limiting factors in producing a small 
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Fig. 4.29. The Effects of the Individual Geometric Aberrations on an Electron 
Image. 

spot. In this connection this aberration has been studied for coaxial 
cylindrical lenses by Epstein and by Gundert.* A general method for 
the experimental determination of spherical aberration has been de-
scribed by Spangenberg and Field.t 

In order of magnitude, the spherical aberration of the most com-
monly employed electron lenses is comparable with that of uncorrected 
glass lenses. Figure 4.30 shows the variation of the spherical aber-
ration constant with refractive power for the coaxial cylinder lens and 
a simple magnetic gap lens. These curves apply specifically to the 

* See Epstein, reference 19, and Gundert, reference 27. 
t See reference 21 or Zworykin, Morton, Ramberg, Hillier, and Vance, reference 

4, p. 618. 
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Fig. 4.30. Spherical Aberration as Function of Refractive Power for Electro-
static Equidiameter Cylinder Lens and Magnetic Gap Lens. (After Ramberg, 

reference 25.) 
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case of large magnification M. The constant C is then defined by the 
relation 

= MCfa3 

for an object point on the axis; f here denotes the object-side focal 
length; a, the angle of inclination (aperture angle) of the ray at the 
object point. The refractive power of the lenses is increased, of course, 
by increasing the ratio of the applied potentials in the case of the 
electrostatic lens and increasing the exciting current in the case of the 
magnetic lens. If the potential of the object-side cylinder of the elec-
trostatic lens is made lower than that of the image-side cylinder, it 

Fig. 4.31. Curvature of Field and Astigmatism in a Flat-Cathode Electrostatic 
Image Tube. 

represents an accelerating lens; in the converse case, a decelerating 
lens. 
Curvature of field and astigmatism, as was shown, have the same 

dependence upon object position and radius of the lens aperture. No 
practical lens having a plane object has been found by either theo-
retical or experimental methods which is free from both these defects, 
except those consisting of a uniform electric and magnetic field. 
Furthermore, the image plane is invariably concave toward the lens, 
the tangential image normally having the greater curvature. These 
defects depend on the first power of the aperture and on the square 
of the distance of the object point from the axis. They are hence, 
despite the small aperture of the electron beams, very important in 
the image tube, where the object field is large. The formation of the 
sagittal and tangential images in a flat cathode image tube is shown 
in Fig. 4.31. It has been found possible to correct these two defects 
in the image tube to a large extent by curving the cathode. Since 
these aberrations are field aberrations which vanish for points on the 
axis, they do not enter into the design of the electron gun. 
Coma can be made to vanish in a system where the electric field is 

symmetrical about a plane midway between the object and image, and 
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the magnetic field antisymmetric. In the image tube, where the elec-
tron has zero velocity at the cathode, this type of correction obviously 
is impossible as the electron would have to have zero velocity at the 
image surface as well. On the other hand, the small aperture of the 
imaging pencil makes this defect unimportant. Furthermore, since 
coma vanishes on the axis, it plays a small role in the design of electron 

guns. 
Distortion, the last of the five Seidel aberrations to be considered, 

can be divided into two types: radial distortion and rotational dis-
tortion. The former alone is present in the electrostatic lens. When it 
has the form of magnification increasing with radial image distance, it 
leads to pincushion distortion, the type most prevalent in electron 
lenses. The converse variation of magnification leads to barrel dis-
tortion. Both rotational and radial distortion may be present in mag-
netic systems. Rotational distortion arises from a variation of the 
rotation of the image point about the axis with its radial position. 
Both types of distortion may be nullified by appropriate design of the 
lens fields. 

It can readily be demonstrated that the refractive power of con-
tinuous electron lenses invariably decreases with an increase in the 
initial velocity of the electrons. Achromatic electron lenses hence do 
not exist. On the other hand, the introduction of an electron mirror 
into the imaging systems permits complete correction of a cathode 
lens for two different initial velocities, as well as the correction of 
first-order chromatic aberration for other electron lenses. 
The magnitude of the chromatic aberration (chromatic difference in 

image position) for cathode lenses depends on the ratio of the initial 
velocity (in volts) to the overall voltage, and upon the configuration 
of the lens. For simple image tube types, the diameter of the circle 
of aberration can readily be estimated. The three configurations illus-
trated in Fig. 4.32 have the following values for à, the diameter of the 
circle of aberration: 

(a) simple accelerating field: à = 4L1/ V / 
(b) uniform magnetic and electric fields superposed: = 2L(V/o), 
(c) image tube with electric or magnetic lens: à = 2m(V / F), which, 

for a short magnetic lens, with the whole field applied between lens and 
object, becomes 

2m V 
A=  

2m + 1 
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In the foregoing equations, the symbols have the following significance; 
L is the length of the tube; m the magnification of the image; V the 
initial kinetic energy in electron volts; F the field strength at the 
cathode; and the overall applied voltage. 
The dependence of this aberration on the field strength at the cathode 

is apparent from the relations above. It is evident that high field 
strengths are required to reduce chromatic image defects. 

Chromatic difference of magnification (and rotation) distorts an 
image point into a short line segment proportional to the distance of 

teL 
I j 

Uniform electrostatic field 
Uniform electrostatic 
and magnetic field 

Short lens 

Fig. 4.32. Chromatic Aberration for Three Simple Image Tubes. 

the image point from the axis. It can be nullified by measures similar 
to those effective for coma and distortion. 
The preceding treatment of electron optics and, in particular, the 

discussion of aberrations have necessarily been very much simplified 
and abbreviated since, although important in the development of a 
television system, electron optics represents a very small part of the 
whole field. 
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5 Fundamentals of Television 

The primary function of a television system is to produce on the 
observer's viewing screen a satisfactory reproduction of the scene be-
fore the pickup camera. The basic principles of the television systems 
now in use will be developed along very general lines in this chapter, 
and an attempt will be made to state what is meant by "satisfactory 
reproduction." The latter is a formidable task because of the wide 
variety of material which is handled by television and because the 
problem cannot be solved on a technical basis alone, but must also 
take into account physiological and psychological considerations. 
Although the experience of more than a decade of commercial tele-
vision and a background of many years of motion-picture practice 
supply many of the answers that are needed, many questions remain 
which cannot be answered. 

Since television is not a matter of transferring the observer's eyes to 
the camera position, but rather one of producing a picture which best 
represents the subject before the camera, there are actually two parts 
to the problem. First, what constitutes a good picture, and, second, 
what must be the relationship between the elements of the picture and 
those of the subject to give the best representation. 
The discussion of the quality of the picture required is not con-

cerned with its artistic aspects, but only with the purely technical 
factors involved. Some of these factors are size, aspect ratio, defini-
tion, contrast, brightness, and spurious shading, both coarse- and fine-
grain, which may be superimposed on the subject matter. 

In the projection of the original scene on a plane, such as may be 
produced by a camera, the brightness is a continuous function of the 
vertical and horizontal position (h, w) within the picture area and of 
time (t). Obviously, the brightness distribution cannot be expressed 
as a function of one variable (e.g., time t) only. Consequently, it is 
fundamentally impossible to transmit the complete picture over a single 
one-dimensional channel (or a finite number of such channels) as is 
required in television transmission. It is equally true, however, that 

171 

WorldRadioHistory



172 Fundamentals of Television [Chap. 5 

such a picture contains more information than can be physiologically 
accepted by the observer's eyes. Two physiological limitations of the 
eye, namely, its finite resolving power and the persistence of vision, 
set the upper limit to the rate at which information can be received 
by the observer. The present methods of television are possible only 
through the exploitation of these two properties of human vision. 

If a picture is considered as made up of small elements of area, each 
uniform in brightness, the limited resolving power of the eye means 
that there is a limit beyond which any further decrease in element 
size or increase in element number does not improve the picture. 
When the element size and number reaches this limit, the picture 
becomes indistinguishable from the original truly two-dimensional 
continuum. This can be seen readily from Fig. 5.1. It might be 
pointed out that this process of breaking a picture up into a finite 
number of elements is made use of in all half-tone printing processes. 
Thus, it can be concluded that to transmit a satisfactory stationary 
picture, it is necessary only to transmit a finite number of elements 
of information (i.e., magnitudes representing the brightness of each 
element). 
Because of the persistence of vision, it is possible to produce the 

illusion of continuous motion by a series of rapidly superimposed 
stationary pictures. It is well known that, if pictures taken of an 
object in a consecutive series of positions are observed in sequence, at 
a rate of more than twelve or sixteen pictures per second, the image 
gives the impression of smooth motion. This is, of course, the familiar 
phenomenon utilized in producing motion pictures. 

If then, the information required to form each individual picture is 
transmitted in a short enough time so that persistence of vision can be 
used to give the impression of continuous motion, a satisfactory moving 
picture can be produced. Thus, it can be concluded that to repro-
duce a moving scene with all the detail of structure and motion that 
can be accepted by human vision requires the transmission of informa-
tion at a finite rate only, and, therefore, can be accomplished over a 
single communication channel. 

5.1 Basis of Television Transmission. The problem of the trans-
mission of a series of pictures suitable for giving a moving picture, 
each picture being subdivided into a finite number of picture elements, 
does not have a unique solution. Of the several possible methods, that 
involving the process of scanning has been chosen as the most prac-
tical. This process consists of moving an exploring element or spot 
over the image to be transmitted in a periodically repeated path cover-

WorldRadioHistory



752 picture elements 1502 picture elements 

2252 picture elements 3752 picture elements 

original 

Fig. 5.1. Relation between Picture Perfection and Number of Picture Elements. 
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ing the entire image area. The exploring element is so constructed 
that it generates a signal giving information as to the brightness (either 
instantaneous or averaged over a time equal to or less than the time 
of persistence of vision) of the picture element on which the exploring 
element momentarily rests. This signal is transmitted over the com-
munication channel to a picture-reproducing spot whose brightness is 
controlled by the information supplied by the signal. The reproducing 
spot moves over the viewing screen in a path similar to, and in syn-
chronism with, that of the exploring element. Thus, the reproducing 

h 

Fig. 5.2. Scanning Raster. 

spot reconstructs at the viewing screen, both in magnitude and posi-
tion, the brightness distribution on the image area. 
The paths of the moving spots covering the image area and the 

viewing screen need not be continuous. In fact, the form of scanning 
which has been universally accepted as most satisfactory for television 
is one in which the spots move in a series of straight parallel lines 
covering the picture area as shown in Fig. 5.2. There is, of course, a 
theoretical infinity of paths which might be chosen to cover the picture 
area, for example, radial scanning, spiral scanning, sinusoidal scanning, 
etc., to name a few. These other forms of scanning find application in 
radar practice, oscillography, and other special fields, but in what 
follows, unless otherwise stated, straight-line scanning will be assumed. 

Before enlarging on the implications of the scanning process of the 
preceding paragraph as applied to television, it might be of interest to 
examine further the statement that scanning methods are not the only 
solution to picture transmission over a single finite communication 
channel. Another possibility, again assuming the picture subdivided 
into a finite number of elements, is to assign a different frequency to 
each element in such a way that the frequency characterizes the posi-
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tion of the element and the amplitude of a component of frequency 
gives the brightness of that element. This might be accomplished in 
principle by constructing n, oscillators, each tuned to a different fre-
quency and each controlled in amplitude by the output of a photocell 
located at one of the n picture elements of the image area. The n 
signals of different frequency are combined to form a single complex 
wave output, which is transmitted to the receiver. The receiver con-
sists in principle of n tuned circuits to match the oscillators. Each 
tuned circuit includes a detector which controls a light source forming 
a picture element of the viewing area. Each circuit is tuned to the 

Communication 

  channel   

Scanning 
patterns 

Exploring 
element 

Reproducing spot 

Image field Viewing screen 

Fig. 5.3. Functional Representation of a Television System. 

frequency of the corresponding oscillator at the transmitter. In this 
way the brightness of every picture element of the viewing screen 
reproduces the brightness of its counterpart at the image field of the 
camera. 

A study of the alternatives has shown them to be less satisfactory 
than the straight-line scanning process used in present-day television. 
The complete system for this type of television transmission and re-
ception can be represented by the five basic elements shown in Fig. 
5.3. These elements are (1) Scanning pattern or raster on the image 
field. (2) Scanning raster on the viewing screen. (3) Exploring ele-
ment. (4) Reproducing spot. (5) Communication channel. 
Roughly speaking, the geometric correctness of the reproduced pic-

ture is dependent upon the similarity and synchronism of the scanning 
rasters at the pickup and receiver; the tonal values (i.e., contrast 
ratios, etc.) upon the communication channel; the range of brightness 
at the receiver upon the reproducing spot; and the resolution upon all 
five factors. Spurious signal and noise also depend upon all five of 
these factors. Actually, this generalization is too broad to be of much 
value in considering a physical system of television, particularly be-
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cause under it a portion of the communication channel is included in 
both pickup means (camera tube) and viewing device (kinescope). 
However, for purposes of analyzing the transmission and reconstruc-
tion of a picture, this separation of functions is useful, and, once the 
analysis has been completed, the results can be fitted into the physical 
system. 

In electronic television, as used today, the exploring element and 
image scanning raster are in the pickup device (i.e., camera tube), for 
example, the iconoscope or image orthicon, where the exploring spot 
is formed by cathode-ray beams deflected over the raster by means of 
a suitable magnetic deflecting system. The reproducing spot and view-
ing screen raster are in the cathode-ray viewing tube, e.g., the kine-
scope, where an electron beam also serves as the scanning element. 
The communication chanci extends into the pickup tube and includes 
the chain of video amplifiers, the radio transmitter, the medium through 
which the signal is propagated, the receiver with its amplifiers and, 
finally, the control element in the viewing tube. 
The communication channel must be capable of accommodating a 

very wide band of frequencies in order to transmit all the information 
required to reconstruct the picture. That this is so can be seen from 
the following very rough consideration. However, it is a point of 
great importance and will be examined in greater detail later in the 
discussion. 
Suppose that the picture being scanned has n elements and the repe-

tition rate is N pictures per second. Then, if alternate elements are 
black and white, the signal frequency will be f = nN/2—roughly the 
maximum frequency which will ever have to be transmitted. All other 
frequencies down to the picture frequency N will be required for gen-
eral image reproduction. Thus, the channel width must be approxi-
mately àf = nN/2. 
To return briefly to the non-scanning type of picture transmitters 

mentioned early in this section, it might be thought that a narrower 
band of frequencies might be possible. For example, if the n fre-
quencies needed could be less than one cycle per second apart, the 
bandwidth required would be àf < n. However, this would be possible 
only for a stationary picture. It can be readily shown with the aid 
of Fourier transforms that a train of waves of periodicity 1/f and du-
ration T seconds actually includes a band of frequencies àf 1/(2T). 
Since, to obtain the illusion of continuous motion, each frequency must 
be capable of changing in T = 1/N seconds, the total bandwidth must 
be àf n/(2T) = nN/2. 
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Indeed, it can be shown in general that to transmit nN pieces of 
information per second, the frequency bandwidth is of the order of nN. 
This is known as Hartley's law.* 
The transmission of a coded picture is in a sense an exception to 

Hartley's law. However, this apparent exception occurs only because 
of the different nature of the information transmitted. To illustrate 
coded transmission, consider the very simple picture consisting of 
n = 16 elements illustrated in Fig. 5.4, where each element may be 
either black or white. Again, the 
repetition rate is N pictures per 
second. Evidently all possible 
pictures are given by the number 
216 •-•-• 66,000. By assigning a num-
ber or amplitude to each configu-
ration, it would be possible by the 
transmission of a single amplitude 
N times per second, or a bandwidth 
of àf =- N, to convey all the infor-

mation needed to reconstruct the 
picture. This assumes that the 
single amplitude can be transmitted 
with sufficient accuracy to permit Fig. 5.4. Coded Transmission: A 

the discrimination of some 66,000 Single Signal with 216 Distinguish-

steps at the receiver. In principle, able Steps of Amplitude Can Serve 
coding of this type could be used to Indicate Which of the 16 Squares 

Are Black and Which Are White. where, instead of simply black and 
white elements, the picture consisted of elements which had any de-
sired number of discrete steps of brightness. Furthermore, it is not 
necessary to transmit the information only once each frame. For 
example, a series of amplitudes might be transmitted, each giving 
information about two picture elements, so that the channel band-
width required would be half that needed for normal transmission. 
Since this form of transmission is not used at present in practical tele-
vision, it will not be discussed further here. 

5.2 General Considerations of Picture Quality. Before continuing 
the discussion of the reproduction of pictures by television, it would be 
well to determine, in as far as possible, what technically constitutes a 
satisfactory picture for the purpose. To do this, it is necessary to 
examine critically the requirements of size, brightness, resolution, con-
trast, and spurious signal (including noise) of a picture suitable for 

*See Hartley, reference 3. 
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regular viewing in the average home. It should, however, be recog-
nized that there is a very great latitude in meeting most of the re-
quirements, and that because of technical limitations of all present-day 
television systems, many of the requirements are met with minimal 

rather than optimum figures. 
Size. The size of the picture most satisfactory for home viewing 

depends upon what should be considered the normal viewing distance. 
Experiment and moving-picture experience show that the height of a 
picture whose aspect (dimensional) ratio is V:H = 3:4 should subtend 
a vertical angle of not more than about 15 degrees. Such an angle 

permits obtaining a more or less simultaneous impression of the entire 
content of the picture, and a detailed examination of all points simply 
with motion of the eyeballs, without motion of the head. This view-
ing angle means that the ratio of picture distance to height should be 
not less than about 4. In other words, if 6 feet is assumed to be the 
closest viewing distance, the picture should be about 19 inches in height 
V and 25 inches in its horizontal dimension H. However, it is not a 
sharp optimum, and both smaller and larger pictures have been found 
to be entirely acceptable. 

Brightness. It is as difficult to assign an optimum brightness to the 
picture as to determine a best size. The picture should be bright 
enough so that it can be readily watched in a moderately lighted room. 
The brightness also should be great enough so that all the information 
that is in the picture can be perceived without strain. Illumination 
engineers have found that for reading, or for close work, an illumina-
tion of 10 foot-candles is desirable. This means that a white surface 
(e.g., a piece of paper) will have a brightness of 8 to 9 foot-lamberts. 
However, since a television receiver is generally operated where rela-
tively high ambient illumination tends to reduce picture contrast, a 
higher kinescope brightness is desirable. It has been estimated that 
the average brightness should be not less than 10 foot-lamberts in 
order to give the required contrast range and detail visibility. The 
peak brightness should be able to reach values of 30 to 50 foot-lamberts. 
The range of brightness over which the eye can sense light is enor-

mous. It is of the order of 108 if both photopic and scotopic (dark-
adapted) vision are included. The brightness range for normal photopic 
vision is much smaller, being of the order of 10,000. However, rarely 
does any one scene cover a range of more than 1000. Inasmuch as the 
reflectivity of a very good black pigment, or of black velvet, is about 
1 percent, the brightness range of pictures almost never exceeds 100, 
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and in photographic work a range of 30 is considered good. A bright-
ness ratio of 100 should be entirely satisfactory, and even a ratio of 
30 not too low for good reproduction with a television receiver. A 
receiver operated with moderate ambient light, arranged so that no 
lights shine on the viewing screen, can easily exceed the smaller of 
these values and may reach the larger. The brightness of the screen 
due to reflected light (i.e., the brightness of black areas) will be a few 
tenths of a foot-lambert, and the highlights may reach 30 foot-lamberts. 

Contrast. The contrast of an object with its background is gen-
erally defined as 

— B, 
Contrast —   

B. 

where Bo is the brightness of the object and B. that of the background. 
If Bo and B. differ by a small amount, it is found that for a wide range 
of values for B., if the relationship 

AB/ B = constant 

is satisfied, the same sensation of increase of brightness is obtained. 
This is known as Fechner's law. The extent to which it is satisfied is 

1.0 10 100 1000 10000 lumensift2 
Brightness B 

Fig. 5.5. Visual Response to Incremental Increases in Brightness. 

shown in Fig. 5.5. From a brightness of a few foot-lamberts to many 
thousand, it will be seen that AB/B is practically independent of 
brightness. To the extent to which Fechner's law holds, the visual 

_ .w...••••MII•dide•IPMax 
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response to brightness will be proportional to the logarithm of the 
brightness, as is illustrated in Fig. 5.6. The concepts of contrast, and 
contrast ratio between reproduction and original, are important in dis-
cussing the relation between camera and viewing screen. 

In comparing the contrast properties of two images, for example, 
that of a transmitted and received image, it is useful to construct a 
logarithmic plot of the brightness of corresponding points. When the 
response of the channel is linear and the gain unity, the brightness of 

o 

10 100 1000 
Brightness Brightness of object 

Fig. 5.6. Visual Response as a Function Fig. 5.7. Brightness and Contrast. 
of Brightness. 

(b) 

transmitted and received image points plotted in this way lies on a 
straight line at 45 degrees to the abscissa, as shown in curve a of 
Fig. 5.7. A change in gain does not alter the slope of the line, but 
merely moves it up or down, as is the case with curve b representing 
a gain of %O. A given contrast, irrespective of the average brightness, 
between two areas is represented by a constant interval. For example, 
the interval 8 in the figure represents a contrast of 0.2 in the image. 
Since both lines a and b make an angle of 45 degrees, a given 8 of the 
transmitted image results in an equal interval 8' along the ordinate 
representing the received image brightness. Therefore the contrast in 
the two images will be equal. 
When the curve representing the received and transmitted brightness 

is a straight line making an angle either more or less than 45 degrees 
with the abscissa, as shown by curves b and c, Fig. 5.8, the contrast in 
the two pictures will no longer be the same. However, the relative 
contrast of various parts of the transmitted image will be the same as 

WorldRadioHistory



Sec. 5.2] General Considerations of Picture Quality 181 

for those in the received image. That is, if the contrast between two 
objects in one portion of the transmitted image is twice that of two 
objects in some other portions, the contrast between the first pair of 
objects will be twice that of the second in the received image. This 
relationship is illustrated diagrammatically in the figure. If the line 
representing the response makes an angle greater than 45 degrees, the 
contrast in the received image is greater than that in the transmitted 
image, and the received image appears crisp or harsh, whereas if the 
angle is less than 45 degrees, the rendition is soft or flat. 

1000 

.g too 
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1000 10 100 
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Fig. 5.8. Relative Contrasts in Object and Reproduction. 
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In photographic practice the slope of the response line has been given 
the name gamma (y). Thus for identical contrasts y is unity; if it is 
greater or less in the reproduction, y is greater or less than one. The 
concept of y is very useful in photography because in the process of 
development the approximate linearity of the logarithmic plot between 
the reproduction transparency and the brightness of the original is 
preserved, but the slope or y of the curve changes with the various 
factors, such as time and temperature, influencing development. This 
same nomenclature proves useful in the field of television, although 
in the physical communication channel there is no element which auto-
matically preserves the linearity of logarithmic response. 

Resolution. The definition, that is, the finest detail which exists in 
a picture, is an extremely important factor in determining its quality. 
In general, a picture which is not sharp is unsatisfactory, and is both 
difficult and tiring to watch. Obviously, the apparent sharpness of a 
given picture depends upon the distance between it and the observer. 

WorldRadioHistory



182 Fundamentals of Television [Chap. 5 

A picture which may look sharp at a distance may look badly blurred 
when viewed at close range. In other words, it is a matter of the angle 
subtended at the eye. The sharpness also depends upon the brightness 
of the picture; that is, a blurred picture may look sharp in a dim light. 
Finally, with a given brightness, a high-contrast picture will show 
greater detail than a low-contrast picture. 

Since sharpness is one of the requisites of a good picture, the next 
step is to gain a quantitative idea of the definition required to satisfy 
the eye in this respect. One measure of the resolving power of the eye 
is the angular separation between two points which are so close together 
that they can only just be distinguished as two objects. For a good 
picture, taking into account ordinary brightness and detail contrast, 
probably 1% minutes of angle is a good working figure. This point 
will be considered in more detail in section 5.5. On this basis a picture 
which subtends 15 degrees vertically at the eye should have some 600 
picture elements in that dimension. A moving picture or a television 
picture does not have to have quite this definition, and with 450 or 
500 picture elements on a vertical line, the eye will be completely 
satisfied. A further discussion of the psychology of picture "sharp-
ness" is presented in the final section of this chapter. 
Spurious Signal. The amount of spurious shading or brightness 

variation which can be tolerated in a picture is rather difficult to specify. 
For convenience, spurious effects will be divided into three different 
types. The first is a gradual variation (not necessarily monotonic) in 
brightness over the picture which will be designated as "shading." The 
second is a sharp discontinuity in brightness, and the third a fine-
grained random variation (the variations approaching picture element 
size in their dimensions) in brightness which for reasons which will 
become apparent later will be termed "noise." 

False discontinuities in brightness of the second type are extremely 
objectionable in a picture. A change in brightness which is entirely 
unnoticeable if it is gradual from one side of the picture to the other 
will be very prominent if it is in the form of a brightness step. In fact, 
the mechanism of seeing is such that the eye is more sensitive to this 
type of discontinuity than to any other effect, either wanted or spurious, 
in a picture. This is because, as the eye examines any scene, it is in 
slight continuous motion, which permits a single perceptor center (rod 
or cone) of the eye to compare adjoining elements of the image. In 
reproducing a television picture, it is necessary to insure that this type 
of spurious effect is absent. The sensitivity of the eye to distortion of 
this form presents a serious obstacle to the application of the type of 
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Since the emission of photons is a purely random effect, there will be a 
statistical variation in the number whose root-mean-square deviation is 
equal to the square root of the number. Hence 
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coding mentioned in the previous section, in which discrete steps of 
brightness are employed. 
The amount of shading permissible in a picture depends to a large 

extent upon the way in which the variation is distributed. If the 
variation is continuous from one side of the picture to the other, a 
variation of 2 to 3 percent is almost unnoticeable for ordinary subject 
matter. However, if the change goes from minimum to maximum in 
half the width of the picture, the change in brightness should be less 
than 1 percent; and if the change is in less than one-tenth of the pic-
ture width, only about 0.1 percent variation is permissible. 
The two types of spurious effects described above are nonfunda-

mental, and both can be reduced below any prescribed level by suitable 
electronic, electrical, or optical techniques. The third effect, the bright-
ness fluctuation characterized as noise, is fundamental and cannot be 
reduced below a definite limit under given conditions. To illustrate 
this, consider a small element of area of h units of length on a side, 
which forms part of a picture. If the picture is luminous and the 
element has a brightness BA, the number of lumens from the area 
will be 

L = h2 BA 

Now, if the area of the aperture of the observer's eye is A at a distance 
d, the light flux entering his eye will be 

A Ah2BA 
L' = — L —  

rd2 irce 

But each lumen of "white" light consists of 1.3 X 10" photons of visible 
radiation per second. Therefore, entering the observer's eye there will be 

dN Ah2BA 
1.3 X — =  10" photons per second 

dt Td2 

or, if T second is the persistence time of vision, 

A h2 TBA 

'VAN' = \11.3 X 10"  
Td2 

Ah2BAT 
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Obviously, if two elements A and B have the same area and nearly the 
same brightness, it will be fundamentally impossible to say definitely 
which is the brighter if (BA — BB) is not larger than 

N/T3/1/1.3 X 1016Ah277(rd2) 

Actually, the photosensitive process in the eye is so constituted that 
a factor if representing the quantum efficiency of vision must be intro-
duced. This increases the brightness difference necessary to insure 
differentiation. Experiment indicates that for the eye to recognize a 
difference in brightness (i.e., the smallest perceptible contrast step), the 
difference in the number of photons stimulating the eye must be three 
to five times the root-mean-square fluctuation in this number. Thus 

\111.3 X 1016 Ah2TcrB 

T)min 5/ rd2 

It is quite evident that a relationship of this form will apply to any 
sort of pickup device, if h, T, and « are properly interpreted. 
The fluctuation in brightness just described exists in any picture. 

However, additional fluctuation may exist in a television picture (or 
in any other picture for that matter) arising from the nature of the 
pickup, transmission, and reproduction of the image which is very 
similar to the above fundamental "noise." It is a consequence of elec-
trical fluctuations fundamental to all circuits and of "shot noise," 
which was discussed in Chapter 1. 

This additional noise can be handled in much the same way as that 
described above. Assume that the desired picture has a brightness 
range of 100, and let the unit b of light flux from a picture element be 
such that 

B... =100b 

corresponds to the maximum brightness. The root-mean-square fluc-
tuation in brightness can be expressed in these units. If tBrms = b for 
a single element whose average brightness is B = nb, it would, as was 
pointed out, be impossible to state with any degree of certainty whether 
B had brightness nb, (n 1)b, or (n — 1)b, etc. However, if a group 
of say 10 X 10 = 100 elements is considered, the total flux from them 
is 100nb and the root-mean-square deviation 10b. The fractional 
deviation has been reduced by a factor of 10. 
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If it were necessary to distinguish 100 steps in brightness with the 
certainty factor 5 mentioned in an earlier paragraph for every pic-
ture element, the maximum root-mean-square deviation permissible 
would be 

àB = b/5 

The signal to noise ratio defined as 

Bmax 

would have to be 500. However, the eye cannot possibly distinguish 
100 steps in brightness in a single picture element. Actually 5 bright-
ness steps would be adequate. Hence, a signal-to-noise ratio of 

100b 
  = 25 

LBrma 20b/5 

would be adequate. With this ratio, an area of some 20 elements on 
a side, if considered as a unit, would have a root-mean-square devia-
tion small enough to distinguish 100 steps in brightness. It can be 
concluded that for a high-quality picture the signal to noise ratio as 
described should be 25 to 50. 
The foregoing qualifications are essential for a satisfactory picture. 

Other requirements must be met also, but these are characteristic of 
current television practice and not of a fundamental nature. Hence 
they will he treated in separate sections. 

5.3 Picture Quality in Relation to Television Transmission. The 

previous section reviewed the principal factors which are essential for 
satisfactory picture quality. Each of the factors must be examined 
to determine what requirements they place upon the basic television 
system outlined in section 5.1. 
The dependence of geometric correspondence between image and 

reproduction upon the similarity and synchronism of the two scanning 
patterns is evident without further explanation. A slight distortion can 
be caused by faults in the communication channel, such as variable 
time delay of the signal, but these faults produce such a serious de-
struction of tonal values that when this latter aspect is corrected their 
geometric effect is entirely negligible. Therefore, for all practical pur-
poses, geometric distortion arises only from scanning defects. The 
problem of maintaining synchronism and fidelity of scanning rasters 
will be the subject of a later chapter. 
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It is evident that some relationship must exist between the bright-
ness of the elements of the image at the camera and the brightness in 
the reproduction at the viewing device which will yield the most satis-
factory representation of the scene before the camera. The simplest 
relationship which might be postulated is one for which the brightness 
of corresponding elements in image and reproduction are proportional. 
This would be achieved if, for example, the voltage output of the ex-
ploring element is proportional to the image brightness, the channel has 
the characteristics of a linear amplifier, and the brightness of the repro-
ducing spot is proportional to the applied voltage. In practice, neither 
the reproducing spot nor the exploring element is linear in its character-
istics, so that it is frequently necessary to distort the amplitude re-
sponse of one or more of the amplifiers in the transmission channel to 
obtain the desired contrast characteristics. 

It has been pointed out that, in order to maintain the illusion of 
continuous motion, the separate pictures showing the successive stages 
of the changing scene must follow one another rapidly. Sixteen frames 
per second is sufficient for most pictures, although a few require a 
higher rate. The motion-picture industry has adopted 24 frames per 
second as a standard. This rate, possibly higher than absolutely 
necessary, insures smooth motion for all types of scenes. For tele-
vision, in this country, a rate of 30 frames per second has been chosen, 
not because the high rate is needed for continuity of motion, but be-
cause it bears a simple relation to the frequency of commercial power. 
The reason why this is desirable will be taken up later. Actually, 30 
field traversals per second, although fulfilling all the requirements of 
continuity of motion, is not high enough to avoid flicker effects. To 
meet this situation, interlaced scanning, a special form of straight-
line scanning explained in the next section, is used, making unnecessary 
any greater frame frequency. 

In the preceding section it was concluded that the definition of a 
picture satisfactory for television viewing should have some 500 pic-
ture elements in the vertical direction. Since the picture aspect ratio 
is 3:4, there should be about 650 elements horizontally. The first figure 
means that the scanning raster ought to consist of at least 500 lines. 
Present television standards call for 525 lines with about 7 percent 
unused to permit the return of the scanning spot to the starting posi-
tion and to allow for a synchronizing signal, as will be discussed in 
later chapters. . 

Vertical and horizontal resolution bear distinctly different relation-
ships to the mechanism of transmission. Vertical resolution depends 
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almost entirely upon the number of scanning lines making up the raster 
and upon the size of the scanning spots. The nature of the communi-
cation channel plays no direct part in its determination. The hori-
zontal resolution, on the other hand, depends upon the frequency re-
sponse of the channel and again upon the size and shape of the explor-
ing and reproducing spots. It is related to the number of lines only 
because the number of lines and the frame frequency determine the 
time available for scanning a single line. 

It is self-evident from the mechanism that has been postulated for 
picture transmission that the size of the exploring and reproducing 
spots affects the picture definition, and that small spots are required 

(a) 

(b) 

Object Reproduction 

Fig. 5.9. Vertical Resolution for Various Object Positions. 

for high definition both horizontally and vertically. In the vertical 
direction, it is obvious that two points cannot be resolved unless sepa-
rated by two or three lines as indicated in Fig. 5.9. To a first approxi-
mation the resolution corresponds to the separation between lines. 
The dependence of horizontal resolution upon the overall communi-

cation channel was pointed out in section 5.1. Here, it was shown that 
high definition can be achieved only if the frequency bandwidth of the 
communication channel is great. The necessity of small exploring and 
reproducing spots has just been mentioned. This requirement is 
analyzed in detail in sections 5.5 and 5.6. 

5.4 Flicker. Even before the advent of motion pictures, the be-
havior of the visual sense towards an object which is periodically 
illuminated had been investigated. Since their advent the subject has 
become one of considerable practical importance, and consequently 
has been rather completely examined. The general conclusions are of 
interest to the television engineer, although the details, because of the 
rather special nature of the intermittency involved in television, are 
not particularly pertinent. 

It was found that, although the eye is unaware of discontinuity of 
motion at frequencies above about 15 cycles per second, it nevertheless 
could detect flicker at very much higher frequency. The threshold 
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frequency for awareness of flicker is a function of brightness of the 
object, color of the light, relative duration of light and dark, and the 
position on the retina where the light image falls. Figure 5.10 illus-
trates the results of a series of tests of flicker threshold as a function 
of brightness for different relative amounts of light and dark.* The 
length of the illuminated period is given in degrees, the entire period 
of light and dark equaling 360 degrees. The light is averaged over the 
period, to correspond to the reaction of the eye to intermittent light. 
The3e tests were made with white light and with the image covering 

90 

Ë>'50 

•2 30 

10° 

60' 

3oo° 

350' 

1.0 3 10 310 Lumens/ft 
Brightness 

Fig. 5.10. Relation of the Threshold Frequency of Flicker to Brightness. 

a large area of the retina. Other tests have shown that the threshold 
frequency is a maximum for light whose color is such that it produces 
the maximum visual sensation and decreases toward the red and blue, 
and, also that the sensation of flicker at a high frequency is less at the 
edges of the retina than at the center. 
The scanning process introduces a type of flicker which is sufficiently 

different from that described above so that the results of these tests 
cannot be used, a priori, to formulate the requirements necessary to 
insure the elimination of flicker from the television viewing screen. 

Reconstruction of the televised image on the viewing screen is ac-
complished by the motion of a bright modulated spot traversing the 
series of straight parallel lines making up the scanning pattern. There-
fore, except for the very short time which may be required for the spot 
to return to its original vertical position (known as the return time), 
some point of the screen is always bombarded by electrons. However, 
if a given small area of the screen is considered, it obviously emits light 
intermittently for a very short interval at field frequency. For most 

*See Engstrom, reference 4. 
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practical cathode-ray television viewing tubes the duration of the in-
terval for which the screen emits light is a function of the decay char-
acteristics of the phosphor used on the screen, 
rather than the actual length of time the scan-
ning spot is on the area under consideration. 
For the most commonly used phosphors a born-  No 1 

barded area remains luminous for a time long 
compared to a line scan. Thus, as far as flicker 
is concerned, the process of picture reconstruc-
tion may be considered as being the result of a 
bright horizontal strip moving vertically across 
the screen at field frequency. The leading edge  1No. 2 
of this strip has the maximum brightness, the   
luminosity decaying gradually towards the trail-
ing edge. In order to determine the reaction of   
the visual senses to this type of flicker, tests 
were made using the projected image of con-

 No. 3 
tinuously moved film whose frames had the   
density distribution shown in Fig. 5.11. The   
results of these are shown in Fig. 5.12. The   
general qualitative resemblance of these results Fig. 5.11. Test Films 

with those of Fig. 5.10 is evident. From the Used to Determine 
Threshold of Flicker 

information given in these tests it can be con- for a Scanning Pattern. 
eluded that the scanning field frequency must 
be about 50 cycles per second or higher to avoid all sensation of flicker 
on a bright picture. 

e, 

75 

50 

25 

1 2 

3 

1.0 3.0 10. 
Brightness 

Fig. 5.12. The Threshold Frequency of Flicker for a Scanning Pattern. 

30 Lumens/fe 

This frequency is much higher than is needed for continuity of 
motion, and therefore requires an unnecessarily large frequency band 
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of the communication channel. Economy of bandwidth can be retained 
without reducing the effective field frequency by means of interlaced 
scanning. 

Interlaced scanning is a form of straight-line scanning. The spot, 
instead of moving across the horizontal lines in the sequence of 1, 2, 

3, 4 ..., covers the odd num-
bered lines first, then the even-

1 numbered lines, i.e., 1, 3, 5, ... ; 
3 2, 4, 6, .... This process of 
5 scanning is illustrated in Fig. 

5.13. It will be seen that the 
7 

scanning beam has to complete 
two scanning patterns, displaced 
by the width of one line, in order 

13 to cover the entire field. There-

Fig. 5.13. Interlaced Scanning, fore, the field frequency is twice 
the frame frequency. 

This form of scanning is not restricted to covering every second line 
in the first vertical sweep and the intervening lines on the second 
sweep. The scanning may be interlaced in such a way that the first 
sweep covers every third or every fourth line, etc.; that is, the sequence 
may be 

1, 4, 7, 10, ; 2, 5, 8, ...; 3, 6, 9, ... 

1, 5, 9, 13, ...; 2, 6, 10, ; 3, 7, 11, ; 4, 8, 12, ... 

or, in general, 

1, k + 1, 2k + 1, ...; 2, k + 2, 2k + 2, ...; 

3, k + 3, 2k + 3, ... ; ; k, 2k, ... 

Interlaced scanning, as applied in most practical systems, employs a 
frequency which is twice the repetition frequency of the picture. Tests 
show that at optimum viewing distance, namely, a distance such that 
the line structure is just below the limit of resolution, the field fre-
quency of interlaced scanning and frame frequency of sequential 
scanning have identical relationship to the perception of flicker. There-
fore, a field frequency above 50 cycles with interlaced scanning gives 
a flicker-free reproduction at normal picture brightness. However, if 
the individual lines can be resolved, a slight interline flicker or weave 
may be perceptible in a bright picture. In the United States, for 

or 
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reasons connected with the 60-cycle standard of commercial power, a 
repetition rate of 30 frames per second and a field frequency of 60 
cycles per second have been adopted; in England and in continental 
Europe, where 50-cycle power is standard, frame and field frequencies 
are 25 and 50 cycles, respectively. At the high picture brightness levels 
available in modern receivers the higher field frequency (60 cycles per 
second) has been found decidedly advantageous for flicker suppression. 

5.5 Resolution. Occasionally a picture which is essentially con-
tinuous is encountered, but most of those viewed are grainy in nature. 
Pictures of the latter type must be divided into two classes: those in 
which the grain is regularly disposed, and those in which the indi-
vidual grains are scattered at random. Another classification divides 
them into those in which the individual grains may have any shading 
from light to dark, and those in which only black grains and white 
grains are used and picture contrast is obtained by the relative density 
of the two kinds. These two classifications are mutually inclusive. 
The scanned picture cannot be brought into the fold of either grainy 

or continuous pictures, because along any line it is essentially con-
tinuous, while at right angles to this it is grainy in nature with a 
regular distribution of elements. 
The question of resolution is relatively simple in a picture of regular 

grain, but becomes more complex for a continuous picture. Consider-
ing the former, it is evident that the grain, or picture elements, should 
be sufficiently small that the eye does not resolve the individual units. 
Numerous tests have shown that the average eye cannot resolve two 
points separated by a distance subtending less than 1 minute at the 
eye. Exceptional eyesight under ideal illumination can resolve as little 
as one-half minute, but eyes which cannot resolve less than 2 minutes 
of angle are fairly common. Actually this cannot be interpreted to 
mean that, where a regular pattern of picture elements is used, ele-
ments spaced at 1 minute can reproduce a picture whose limiting 
resolution is 1 minute of angle, because the components of the picture 
are randomly distributed. However, a regular pattern of elements with 
spacings which subtend an angle of about 1 minute of angle is capable 
of forming images which reach the limit of visual acuity for all but very 
special patterns (i.e., patterns having regularities which "beat" with 
the element regularity). 
Measurements made by E. W. Engstrom,* using projected pictures 

whose structure simulates that of a television picture, give valuable 

*See Engstrom, reference 4. 
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information relative to visual acuity, image structure, and picture size. 
His conclusions are based upon the results of a number of tests by 
several observers on pictures having structure and structureless images. 
The findings from some of these tests, in terms of scanning lines per 
inch and viewing distance, are shown in Fig. 5.14. The general con-
clusion from these data is that the optimum viewing distance is such 
that the structure subtends an angle of about 1% minutes. At this 
distance the structure becomes unobtrusive or invisible, and the detail 

100 

o 

an' 

E 50 
to 

O 

A Minimum viewing distance 
B Ideal viewing distance 

5 10 15 
Viewing distance 

Fig. 5.14. Relation between Picture Structure and Viewing Distance. 

20 feet 

appears to be the same as that of a structureless reproduction of a 
similar image viewed from the same distance. 

It has been stated that an equal horizontal and vertical resolution 
is to be desired, at least to the best of present knowledge. Since in the 
vertical direction the transition from black to white occurs in a dis-
tance equal at most to the separation between the centers of two lines, 
that is, in a distance t = h/n, this same separation should be attainable 
in the horizontal direction. If the image of a small illuminated point 
is transmitted, the resultant reconstructed image will be a bright spot 
somewhat larger than the original point. Its width, in order to meet 
the resolution requirements for the horizontal width, should be not 
more than 2/. In order to determine the channel width needed to fulfill 
this requirement, it is necessary to make use of a Fourier integral. 
(Note: A Fourier series is actually required if the spot is stationary 
owing to the periodicity of the signal, but is more cumbersome to apply 
and lends nothing to the accuracy of the present calculation.) 
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The scanning beam in passing over the illuminated part gives rise to 
an impulse of very short duration which can be represented as shown 
in Fig. 5.15. The frequency spectrum is given by 

2A  r sin 2n-fr 
F(f) = -J cos lift dt _ 2A  

7" 0 Irfr 
(5.1) 

where 21- is the duration of the impulse. If 7" is small, this represents 
an essentially constant band out to a very high frequency, the fre-
quency limit increasing as the duration of the pulse decreases. The 

2r 
-->lk--

A  
--i.t (or x) 

Impulse input . t (or x) 
Output of channel 

Frequency spectrum 

Fig. 5.15. Reproduction of a Bright Bar by a Sharply Cutoff System. 

communication channel, however, transmits only a band of frequencies 
extending from approximately zero to a cutoff frequency fo. Therefore, 
the frequency spectrum of the pulse at the receiving end of the channel 
consists of a band of constant amplitude 2A extending from zero to fe. 
The integral representing the resultant pulse is 

A A sin 2711 ct 
P(t) = 2A f cos 2rft df —   (5.2) 

o ir t 

Figure 5.15 illustrates the form of the pulse. The length of time be-
tween the point of maximum amplitude and the first minimum can be 
found by determining the derivative of P(t) with respect to t and equat-
ing it to zero: 

dP(t) cos 27rfct A sin 2rfct 
  = 2Afe    = 0 (5.3) 
de t 7 12 

2rfcto = tan 211 do 

4.4934 1 
.fe =   

27 to 

(5.3a) 
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The half width / of the reproduced image is equal to the product of the 
velocity of the reproducing spot and the time to. Therefore, 

toy = 1 = h/n 

and, since 

y = Nnw 

it follows that 
h 1 

11) = w n2N 

and from this the cutoff frequency of the channel will be 

4.493 w 
fe =  n2N = 0.715 — n2N 

27 h h 
(5.4) 

In this expression w/h is the aspect ratio of the picture, which may be 
taken as 4/3. 

Equation 5.4, when evaluated for a 525-line picture having a repeti-
tion rate of 30 frames per second, gives a cutoff frequency of 7.9 
megacycles. 

Actually the assumptions made in the evaluation were much too 
simple to lead to an accurate estimate of the bandwidth. Two very 
important factors that were not considered at all are the properties of 
a physical spot, and the shape of the transmission band as it exists in 
reality. Before these factors can be added to the analysis of the band-
width requirements the theory of scanning must be examined more 
deeply. 

5.6 Theory of Scanning. The analysis of a picture into an elec-
trical signal and the synthesis of this signal back into an image by the 
scanning are quite complicated. A very complete treatment of this 
subject was given by Mertz and Gray,* making use of harmonic 
analysis. The following discussion is based upon their treatment, but 
is necessarily seriously abridged because of lack of space; therefore an 
interested reader will do well to refer to the original article. 
The scanning of a stationary picture is a process of repetition; con-

sequently the signal produced can be represented by the Fourier series 

2kirt 
E(t) = E Ak cos (  Ok (5.5) 

kO 

* See Mertz and Gray, reference 5. 
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where k is the order of the term, ilk the amplitude of the kth Fourier 
component, and T the frame period. It will be noted that the number 
and frequency of the Fourier components do not depend upon the light 
distribution in the picture, but only upon the scanning process. The 
coefficients Ak are, however, functions of the light distribution in the 
image being scanned. 
The variable t can be expressed in terms of the position of the ex-

ploring spot with the aid of the relation 

tx 

T wn 

The series can therefore be written in the form 

E(x) = E Ak cos (2r + 0k) (5.6) 
kO wn 

This can best be visualized by considering that the scanning process 
consists of moving the exploring spot over an array of identical images, 
as shown in Fig. 5.16. 

4 
h 

a" 

Spot 

Scanning 
pattern 

Fig. 5.16. One-Dimensional Representation of Scanning. 

The one-dimensional series just given, which is required by the 
channel, does not provide a means of determining whether this type 
of series can contain components of such a form that the picture can 
be reconstructed. 

In order to represent completely a two-dimensional image, it is 
necessary to use a double series. If B (x, y) is the brightness at any 
point, x, y, the image can be described by the following series: 
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00 00 kx ly 
B(x, y) = E E Aki cos [27r (—w + —h) Okl] (5.7) 

This series represents an array of sinusoidal variations over the field, of 
a wide range of frequencies and directions. Examples of some of the 
components are shown in Fig. 5.17. Since in the scanning process both 
x and y are functions of time alone, the series given in Eq. 5.7 can be 
written in terms of this variable 

kv lu 
E(t) = E E Akl cos [27 (— t Okl] 

k 1 n) h 

where yt = x and ut = y. 

k 
1=2 

k=2 
1=0 

k 
1=3 

=2 
1=2 

0=1 
/ 

=0 
1=2 

(5.8) 

0=1 k=1 k=0 
1=0 1=1 /--=1 

Fig. 5.17. Components of the Fourier Series Used in Picture Analysis. 

However, there exists, from the nature of the scanning pattern, a 
relation between the horizontal velocity y and the vertical velocity u, 
namely:* 

and, furthermore, 

h v 
u = — — 

w n 

= wnN 

* If the analysis here given is applied to interlaced scanning, N must be inter-
preted as the field frequency and n as the number of lines per field (e.g., 262.5). 
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Therefore, the frequencies f which appear in the argument of the cosine 
terms are 

f = — (k (5.9) 
W \ 

= nN (k 

lation, which will be considered at 
greater length presently, is that f can have the same value for several 
values of k, 1. 
So far both the exploring element and the reproducing spot have been 

considered as points. Actually, of course, these spots have a finite size 
which is comparable with the resolution of the device. The effect of 
the size is a filtering action on the higher frequencies. Returning again 
to the one-dimensional series given in Eq. 5.6, the quantitative effect 
of a finite exploring aperture can readily be shown. Figure 5.18 repre-
sents the line being scanned, together with the finite aperture whose 
response, which varies over its length, is shown by the small rounded 
curve. 
The picture intensity I along the scanned line is a function of the 

distance along the line. However, the amount of signal picked up from 
any point depends not only on the intensity I, but also upon the par-
ticular region of the spot that lies on that point. Let x be the co-
ordinate locating the center of the exploring spot, and e that locating 
a position within the spot itself, relative to the center of the spot. For 
simplicity it will be assumed that the exploring element is symmetric 
about the center and its response is S(e). 

(5.9a) 

Several interesting points may be noticed in this relation. When k is 
zero it represents a family of frequencies which are multiples of the 
frame frequency. All frequencies for 
which / is zero are multiples of the 

.11 I <,  
line frequency nN. The resulting Scanning lipe 

'— Spot spectrum may be thought of as 
groups of frequencies about the van- 1(x) 
ous multiples of line frequency, the 
members of each group being sepa-  

E rated by multiples of frame fre-
Fig. 5.18. Scanning with a Finite quency. Another feature of this re-

Aperture. 
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The intensity of illumination at point (x e) is 
[ 2irik(x  

I(x o = E exp (5.10) 
wn 

whereas the signal from the total area of the exploring spot at point x is 

E(x) = fS(E)I(x E) de (5.11) 

Therefore, if Eq. 5.10 is substituted in Eq. 5.11, the signal becomes 

E(x) = EfsmAk exp Ck(x ± 0) clE 

or 

where 

tvn 

2irike 27rikx 
Efs(e) exp Ak exp dE (5.12) 

ton ton 

27rikx 
E(x) = E A kY (k) exp  (5.12a) 

wn 

Y(k) = fS(E) exp (2.eik ) ci E = fS(E) cos (—) de (5.13) 
wit ton 

The last equation assumes that the spot sensitivity is symmetrical, 

The factor Y(k), called the aperture admittance, appears in the series 
in the same form as electrical admittance, since it is a function of fre-
quency only in the one-dimensional case. The function is illustrated in 
Fig. 5.19 for a uniformly sensitive round spot a, square spot b, and e, 
one in which the sensitivity is given by S = 

Although the cosine series is convenient for physical interpretation, some mathe-
matical simplification is effected by the use of the exponential form of the Fourier 
series. Therefore the latter will be used, returning to the former only where prac-
tical interpretation makes it necessary. The relation between the forms can be 
seen from 

Therefore 

becomes 

where 

2a cos (X + cP) = (ae4 )eix (ae —i4e)e—iz 

ak cos (271-k(x e) 

k \ urn 

kE Ak exp (27ri k(x e) 
k o ten / 

k = (-1-)ake+e"; A _k = (4)ake kek 

WorldRadioHistory



See. 5.61 Theory of Scanning 199 

1.0 

Y(G) 

09 

0.8 

07 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

O 

0.1 

0.2 

s 
\ 

\ 
\ 
% 
% 
% 
1 

b 
e 

a 

b 

b 
N/Tr 
c 

S= 

-b. 

1 
62 ' r <-,./7 

b 

1 I xl <b/2 , 

IXI> b4 
or ivi>b/2• 

wr. 1 -- S= — e b' 
62 

per unit area or 
of spot 

of spot 
relating Scanning 
size, and frequency: 

rbf 

b • 
' 

‘ 

, 
Yi-  
X y 

I 
1 a 
1 

S=0, 

I 
I 
1 

e 
S Sensitivity 

brightness 
b Linear dimension 

G A parameter 
velocity spot 

_.= o 

C‘ 
1 
t 
1 

\ 

, 

- uniN 

% 

‘ 

\ 
\ 

b 

N 

,.... 

/ e 
, 

a 

12 
y --.— 

, 

Fig. 5.19. Aperture Admittance of Various Scanning Spots. 

For the more complete two-dimensional analysis resulting in Eq. 5.8, 
the aperture admittance becomes 

and 

ice in 
Y(k, 1) = ffS(e, )exp (— 

w h 

kx ly) 
E(x, y) = E E Y(k, PAkz exp 27ri (—w —h 

k 

(5.14) 

(5.15) 

Thus as a function of time the signal is 

E(t) = E E Y(k, /)Aki exp [2irinN (k + —1) ti (5.16) 
k I 

If the sensitivity of the exploring spot has symmetry about both e and 
n axes, Y(k, 1) becomes 
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ice 1, 
Y(k, /) =ffS(e, n) cos 27r (— de dn (5.17) 

w h 

A very commonly occurring case is that in which the sensitivity can be 
broken into two factors which are each dependent on one variable only, 

s(e, n) = s(e) s(n) 
in which case the admittance becomes 

where 
Y(k, l) = Y(k) • Y(l) (5.18) 

Y(j) = f8(ô) cos 2r cl8 (5.19) 

The signal arriving at the receiving end of the system, neglecting for 
the moment the frequency response of the channel, is, of course, E(t). 
This signal modulates the brightness of the reproducing spot which 
scans the viewing screen. The reproducing spot is finite in size, and not 
necessarily of uniform brightness over its area. Let S'(E, n) be the 
function representing its brightness with respect to a point fixed on the 
spot, the primed symbols being used to designate properties of the re-
ceiving system. 
The instantaneous brightness of a point on the screen will be 

e(e, n)E(t) = S'(x — vt, y — ut)E(t) (5.20) 

Let B'(x, y) represent the brightness at a point x, y in the reproduced 
image; by the same reasoning as before, this may be expressed by a 
double Fourier series, as follows: 

k'x 
B'(x, y) = E E Inez, exp 27i (— — 

k' w h 
(5.21) 

To compare the received picture with that transmitted, the Fourier 
terms of the two pictures may be compared. The coefficients A iley of 
the image on the reproducer are 

1 -Hol2 r +h12 k'x l'y 
= B' (x, y) exp[-27ri (— dy dx (5.22) 
wn f_w/2 -h12 w hii 

If Eq. 5.20 is used to express the instantaneous brightness, with the 
variables changed to the E, n coordinates and the order of integration 
with respect to t and n reversed as a matter of convenience, the coeffi-
cients become (taking due account of line overlap) 
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hw J 
1 r+.0 n) exp [ —27ri (—k'Z —l'n)] 

h w h 
—c° --ce 

k'v l'u 
exp [ —27-i (— AtE(t) dt dt dn (5.23) 

w h 

Considering the integral in time, which is, omitting constant terms and 
substituting for E(t), 

[(k — k')v (1 — 19u] 
fexp (27ri   dt 

h 

it is evident that the only terms contributing to the coefficients A'k'js are 
those for which the relation 

kv lu ley l'u 
— = — — 

wh w h 

1 1' 
k —= k' — 

n 
is fulfilled. 

One condition satisfying Eq. 5.24 is 

k = k' 

= 

(5.24) 

This gives rise to a direct correspondence between the coefficients in 
the transmitted picture and the received image. The amplitudes of the 
corresponding coefficients are related as follows: 

ki = ANY (k 1)Y' (k, 1) (5.25) 

where, for symmetrical spots, 

+= ice in 
Y'(k, 1) = f f S'(e, n) cos [27r (— —)]d dn 

—co —co w h 
(5.25a) 

The factor Y' (k, /) bears the same relation to the receiving spot as 
Y(k, 1) bears to the exploring element. In other words, it is the aper-
ture admittance of the reproducing spot. 
No account has been taken in Eq. 5.25 of the transmission char-

acteristic of the communication channel. Since it is a function of fre-
quency, it obviously has an effect on the relative amplitude of cor-
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responding coefficients. The frequency response of the channel may be 
represented by the function G (f), which, because of the relation be-
tween f and k, 1, can be expressed as G (nN [k + 1/n]). Therefore, 
including this in Eq. 5.25, the coefficients at the transmitted and re-
ceived pictures are given by 

A' kr —7AkiG (nN [k + —]) Y (k, 1)Y (k, 1) 

From the standpoint of horizontal resolution the admittance may be 
treated as a function of the frequency of the signal components. The 
relation between the coefficients in the transmitted and reproduced 
picture then is 

Alf = AfGWYMY(f) 

It will be noticed that the spot admittances have the same form as 
the channel response, and therefore, by making the latter proportional 
to the reciprocal of the spot admittances, the effect of the decreasing 
admittance with increasing frequency can be compensated. In practice 
this compensation is only partial. Compensation of this type can be 
used for the horizontal frequency components even with an unsym-
metrical spot. 
The condition k = k', I= 1' is not the only one which satisfies Eq. 

5.24. Therefore, some extraneous components will be present in the 
reproduced picture which do not exist in the transmitted image, as well 

as the desired corresponding Fourier components. These extraneous 
components will be 

A 'kj = Aka (nN [ 1k + —]) Y'(k', 1')Y (k, 1) 

where 
1 1' 1k k' 

k + — = k' + 
n 1 0 l' 

These extraneous components give the line structure of the reproduced 
image. Because of them the vertical resolution is restricted to a step 
process, and a bright point moving in a vertical direction moves in 
finite increments and may change in size periodically as it progresses. 
In addition, these components may cause one or more false patterns 
to accompany the normal pattern. This is very strikingly demon-
strated in the transmitted reproduction of a zone plate shown in Fig. 
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5.20. The process of generating such false patterns is often graphi-
cally, but not quite accurately, referred to as beats between the scan-
ning pattern and the image. 

Fig. 5.20. Spurious Patterns in the Reproduction of a Fresnel Zone Plate. (Cour-
tesy of Bell Telephone Laboratories.) 

5.7 More about Resolution. One of the most controversial and 
difficult problems of television reproduction is correlating the subjec-
tive sharpness of a picture with the objective characteristics of reso-
lution. This is required in order to obtain quantitative values for the 
vertical and horizontal resolution of an image which can be considered 
acceptable. Vertical and horizontal resolution in turn has, as has 
already been shown, a bearing on the number of lines forming the 
scanning raster and upon the frequency bandwidth of the transmission 
channel. In an earlier section it was shown that the structure of a 
525-line picture is sufficiently fine so as to be unobtrusive when ob-
served from a distance such that the image subtends an angle at the 
eye which is large enough to satisfy most viewers. This number of 
lines in the scanning raster has been adopted as standard for com-
mercial television broadcasting in the United States. Experience of 
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ten or more years seems to indicate that it is satisfactory to the tele-
vision audience. 
The maximum vertical resolution is obtained when the scanning 

apertures at the transmitter and reproducer are made very small. 
However, such a procedure does not give an optimum both because 
it makes the horizontal line structure unduly prominent and because 
it enhances spurious images due to the scanning pattern. The existence 
of the spurious images resulting from scanning was indicated in the 
preceding section by the existence of extraneous Fourier components 
shown to be present in the received picture. The effect is particularly 
objectionable if the spot size is smaller than the line separation. For 
example, if the exploring spot at the transmitter is less than the vertical 
line separation, the reproduction of a bright line nearly parallel to the 
scanning lines will be a row of separate bright beads clearly visible 
even at distances for which the line structure cannot be resolved. This 
and other spurious effects due to line structure can be minimized by 
making the distribution of the spot such that the response and bright-
ness at the transmitting and receiving ends respectively are as nearly 
as possible uniform over the entire field. A field meeting this require-
ment will be termed a "flat field." Rectangular spots having uniform 
distribution whose heights are equal to the line separation will, of 
course, give a flat field. 

In most cathode-ray systems, the spot has radial symmetry and a 
distribution such that the brightness or maximum response is in the 
center. To obtain a flat field with such a spot, it is necessary to over-
lap the scanning lines. 
The actual distribution of brightness at the receiver and response at 

the transmitter across a scanning line approximates an error function. 
It can also be represented by a cosine squared distribution with a fair 
degree of accuracy, this distribution having certain advantages in 
mathematical manipulation. The minimum size of a spot giving this 
distribution which will yield a flat field requires a 50 percent overlap. 
The distribution for this type of spot is illustrated in Fig. 5.21. 
The next step in analyzing the definition which can be obtained with 

the system is to determine what vertical resolution can be obtained in 
a picture formed with a 525-line pattern and a cosine squared spot 
having a 50 percent overlap. This vertical resolution will then be 
compared with the horizontal resolution that can be obtained when the 
frequency band is limited to the presently accepted standard channel 
width. Finally, the subjective quality of sharpness of such a picture 
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will be discussed, in order to obtain a quantitative orientation of the 
merits of the picture which can be transmitted within the limits im-
posed by the present standard television signal. 
The difficulty in evaluating the resolution of a television picture in 

the two directions lies, of course, in the fact that the picture is essen-
tially anisotropic in structure. It is, therefore, necessary to select some 
arbitrary structural feature of a generalized image as the basis of 
comparison. Of the several methods of evaluating resolution, two will 

Fig. 5.21. Overlapping Cosine-Squared Spot Which Yields a Flat Field. 

be discussed. One of these, due to Wheeler and Loughren,* makes use 
of the "width of confusion." It is defined as the width of a uniform 
bright bar whose brightness is equal to the peak brightness of the 
reproduction of a very narrow horizontal line of light and whose total 
flux is equal to that of the reproduction. Figure 5.22 is given to further 
clarify the meaning of the conception "width of confusion." The 
narrow rectangular peak a is the distribution of light in the original 
image, brightness being plotted vertically. The broad, rounded curve b 

_ 

Width of confusion 
Original Reproduction 

(a) (b) 

Fig. 5.22. Width of Confusion. 

shows the brightness variation across the reproduced line. Superim-
posed on curve b is shown the rectangle having equal height and area. 
The width of this rectangle is the width of confusion of the reproduction. 
When the narrow line used as the test original is exactly parallel to 

the scanning line, the width of the reproduction will vary as the original 
is moved between successive lines. By placing the original line at a 

small angle with respect to the scanning lines, the average width of 

*See Wheeler and Loughren, reference 6. 
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confusion will be independent of the position of the test line. The 
width of confusion will, of course, vary along the reproduced line and 
must be averaged in determining the vertical resolution. 

If the brightness across the lines which make up the scanning raster 
at the reproducer varies as the cosine squared and there is a similar 
variation in sensitivity across the exploring lines of the pickup device, 
the average vertical width of confusion can be shown to be 1.414 times 

the separation between lines for 
the 50 percent overlap required for 
a flat field. 
To apply the concept of the 

width of confusion in the hori-
zontal direction, it is necessary to 
consider the frequency spectrum 
of the original image and the way 

Nominal it, is altered by the aperture de-
cutoff fects and channel limitations. The 

Fig. 5.23. Attenuation of the High 
Frequencies by the Communication frequency spectrum of a sharp 

Channel. pulse is essentially constant at 
all frequencies. The upper fre-

quencies will be attenuated by the admittance of the two exploring 
spots involved and by the channel response so that the reproduced pulse 
will be the result of band frequencies whose amplitudes decrease grad-
ually to zero with increasing frequency, as shown in Fig. 5.23. 
The width of confusion can be shown by the theory of Fourier trans-

forms to be equal to a half period of the nominal cutoff frequency of 
the passband. The nominal cutoff frequency is defined as the upper 
frequency limit of a band having constant amplitude equal to the low-
frequency amplitude of the passband and an area which is the same as 
that of the passband. The nominal cutoff frequency is indicated for 
the bandpass characteristics of the entire channel in Fig. 5.23. 

Since the vertical width of confusion is 1.414 times the vertical line 
separation, the nominal cutoff required to give an equal horizontal 
width of confusion must be 

1 w 
=  n2N 
2 N/2 h 

fc= 3.90.10e cycles 

for a 525-line picture with a repetition rate of 30 frames per second. 
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Under the present standards adopted for television transmission, the 
nominal cutoff frequency of the communication channel is only slightly 
more than 3.5 megacycles. Further attenuation is caused by the two 
scanning spots still further reducing the effective nominal cutoff of the 
overall system. Therefore, on the basis of the foregoing described 
criteria, the horizontal resolution will be somewhat less than the verti-
cal resolution. 
A second criterion for comparing vertical and horizontal resolutions 

has been proposed by Kell, Bedford, and Fredendall.* This method 
uses the width of blurring of the reproduction of an abrupt transition 
from light to darkness. This unit step is used as a test element in 
preference to the checkerboard pattern referred to earlier in this 
chapter or the line of light used by Wheeler and Loughren because such 
unit steps may be thought of as the building blocks out of which real 
pictures may be made. Thus the unit brightness step is considered 
quite analogous to the Heaviside unit function used in electric circuit 
theory. In estimating the vertical resolution, the light distribution 
across the line is considered to vary with the cosine squared and, 
furthermore, the overlap is taken as 50 percent to give a flat field. 
The test pattern is placed on the pickup device in such a way that 

the white-to-black junction is nearly but not quite parallel to the 
scanning lines. The vertical distribution of light intensity across the 
junction varies with position along the junction because of the chang-
ing relationship between the scanning lines and the test edge. Figure 
5.24 shows the intensity distribution for four representative positions 
along the test edge. It is assumed that the eye will see an arithmetic 
average of the transition. Curve y is such an arithmetic average. 
This average curve is a measure of the vertical resolution and is to be 
compared with the horizontal resolution measured in a comparable way. 
To determine the horizontal transition curve, the junction of the bright-
ness step is placed vertically on the sensitive screen of the pickup 
device. The sharpness which can be obtained in the distribution along 
a horizontal line is determined by considering the attenuation of the 
high-frequency components in the original light pattern by the fre-
quency characteristics of the two scanning spots and the passband of 
the communication channel. 
The conclusions that can be reached by such a calculation are sum-

marized in Fig. 5.25. Here, the ordinate gives the horizontal and 
vertical resolutions in arbitrary units, and the abscissa gives the 

*See Kell, Bedford, and Fredendall, reference 10. 

WorldRadioHistory



CD 
00 

140 

120 

100 
we 

0. 
.c 80 

60 
.c 

40 

20 

oo 3 

Clonal Direction of 
picture scanning 

ni e, e 4 d, 

'Scanning line No.1 I I 
IM"" 4- 4 I ' - 

IP 

47ac 

u 

CD 

d 

a 

ez 

'Cl 

/ 

2 
Vertical distance along screen (unit-scanning line pitch) 

Fig. 5.24. Intensity Distribution across the Reproduction of a Horizontal Edge in Relation to the Center of a Scanning Line 
of the Pickup System. Curve (y) represents an arithmetic average of the distribution. (Kell, Bedford, and Fredendall, 

reference 10.) 

>Fe 
c 

d 

C2 

/C3 

Fundamentals of Television 

WorldRadioHistory



Sec. 5.7] More about Resolution 209 

number of scanning lines. The three horizontal resolution curves are 
for the three different channel frequency response shapes indicated in 
the inset drawing, all having a total bandwidth of 4% megacycles. 
For the horizontal resolution curve Hi (m = 1), the point of equal 
horizontal and vertical resolution is very near the 525 lines of the 
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Bedford, and Fredendall, reference 10.) 

present television standards. However, when a more reasonable 
channel response shape is assumed (e.g., curve H2), the conclusion is 
that the horizontal resolution is only about 75 percent of the vertical 
resolution. 

The term "resolution" as employed in the preceding paragraphs 
relates to an objective property of the reproduced image. It would 
be of value to obtain a measure of the subjective effect of this prop-

erty. The term "sharpness" of the picture will be used to designate 
the subjective or psychological effect of the objective property of high 
resolution. It is very difficult to obtain a quantitative correlation 
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between sharpness and resolution. Indeed, it is even difficult to specify 
what is meant by such a correlation. A very interesting treatment of 
this question has been presented by M. W. Baldwin * of Bell Telephone 
Laboratories. In this treatment not only is the quantitative method 
of evaluating the sharpness of a picture worked out but also a measure 
is obtained of the subjective effect of unequal vertical and horizontal 
resolution. 
The unit of measure which was employed to compare the sharpness 

of two pictures was termed the "liminal unit." It was obtained in the 
following way. 
Two pictures of slightly different objective resolution were shown to 

a large number of observers, and they were asked to designate which 
appeared to be the sharper. The difference in resolution was small 
enough so that there was not unanimous agreement as to which was 
the sharper. The two pictures were said to differ by one liminal unit 
if 25 percent of the observers guessed wrong and 75 percent right. 
The assumption here is that if 25 percent of the observers made an 
incorrect choice, then another 25 percent made a correct choice simply 
on the basis of a guess rather than real discrimination. Thus, two 
images which differ in sharpness by one liminal unit have a resolution 
difference which is only perceptible to 50 percent of the observers. By 
comparing a large number of pictures of different resolution, a liminal 
scale of sharpness can be established. Having established a quantita-
tive measure of sharpness, the next step was to obtain a curve giving 
the sharpness of a picture in terms of the number of picture elements 
(figures of confusion) which it includes. The picture had an aspect 
ratio of 4 to 3 and was viewed from a distance of 30 inches, which was 
four times its vertical height. The curve obtained is shown in Fig. 
5.26. This curve is based on more than a thousand observations. It 
is important to note that the subjective sharpness rises rapidly at first 
and then flattens out so that a point of diminishing returns is soon 
reached as the number of picture elements is increased. 
The total number of picture elements is directly proportional to the 

effective frequency band over which the picture can be transmitted. 
This frequency band is indicated on a separate scale in Fig. 5.26. The 
position of the 525-line picture is also indicated. It will be quite evi-
dent that a very large increase in frequency band would be required 
to give a significant increase in subjective sharpness. Using the same 
type of criteria, the effect of differences in horizontal and vertical 
resolution was measured. The results are shown in Fig. 5.27. In each 

*See Baldwin, reference 13. 
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of the three curves shown, the area of the circle of confusion was con-
stant over the entire area, but the ratio of its height to width was 
changed in the manner indicated at the bottom of the figure. It will 
be evident from this family of curves that as long as the total number 
of picture elements making up the picture remains constant, the shape 
of the picture element makes very little difference. In other words, if 
the product of the vertical and horizontal resolutions is constant, the 
fact that they are not equal is inconsequential. 
Although the preceding measurement gives meaning to the concept 

of sharpness of a picture in terms of angular resolution, it still leaves 
open the question of the total amount of detail required in a picture. 
Laboratory measurements of the total number of picture elements re-
quired are difficult to make because of the impossibility of duplicating 
the conditions, both physical and psychological, under which the aver-
age broadcast receiver is used. Some information about this point 
can be obtained from the last ten years of television broadcast 
experience. 
When television broadcasting was started under present standards, 

it was not known what direction demands for improvement would take. 
Many workers in the field felt that the demand would be for pictures 
having a larger number of picture elements, even if this necessitated 
a wider transmission channel. However, the demand has not been 
along these lines, but instead has been for larger and larger viewing 
areas without very much demand for a larger information content in 
the picture. In fact, the public reaction to picture quality is curiously 
reminiscent of its reaction toward high-fidelity sound. Possibly some 
as yet unformulated psychological law is involved here which states 
that there is an upper limit to the rate at which any recreational in-
strument should supply information to the observer's brain. However 
that may be, it appears for the present that the amount of information 
supplied by a 525-line picture and a 4%-megacycle transmission band 
is adequate. 
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6 
Transmission and 

Reproduction of 

High-Definition Pictures 

The preceding chapter put forward certain requirements that must 
be met by an idealized skeleton television system in order to produce a 
high-definition picture. These requirements are not out of keeping 
with what can be physically realized with the resources available. The 
purpose here is to outline the actual embodiment of a high-definition 
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Fig. 6.1. Elements of a Television System. 

system, or more exactly, high-definition systems in general, for the dis-
cussion will center chiefly around those elements which are common to 
most systems. 

Briefly, the system may be subdivided into the following elements: 
(1) Pickup device. (2) Video amplifier. (3) Radio transmitter. 
(4) Radio receiver. (5) Receiver amplifier. (6) Viewing device. 

(7) Synchronizing equipment. Schematically they can be represented 
as shown in Fig. 6.1. Because the system functions as an entity, this 
subdivision is not without its disadvantages. However, for the sake 
of simplicity and clarity it has been adopted. 

6.1 The Pickup Device. The pickup device is the element in the 
system which converts the light image into a train of electrical impulses 
making up the video signal. As has already been explained, this in-
volves scanning the picture area with a suitable exploring element. 
There are a number of ways in which the conversion of a light image 

214 
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into the video signal may be accomplished. The means for this con-
version may be either electronic or mechanical. 
The electronic pickup devices may be divided into two categories: 

storage systems and nonstorage systems. In the former, exemplified 
by the iconoscope, the orthicon, the image orthicon, and the Vidicon, 
a charge image, which is a replica of the optical picture of the scene 
being televised, is stored by the photoelectric effect on a target. The 
charge is removed point by point from the mosaic by a fine pencil of 
electrons which scans the stored image. The released charge forms the 
picture signal. Nonstorage systems, such as the dissector tube and the 
flying-spot system, make use of a quite different principle. In the 
dissector an electron image is formed by focusing the electrons from a 
photocathode on which the picture being televised is projected. This 
electron image is moved across a small opening so that it is scanned 
by this aperture. The current entering the aperture is amplified by a 
secondary-emission multiplier and constitutes the video signal. In the 
flying-spot system, employed primarily for the transmission of motion 
pictures, the scanning spot tracing a pattern on the fluorescent screen 
of a cathode-ray tube is imaged on the object; the light of the scanning 
spot which is reflected or transmitted by the object falls on a multiplier 
phototube which generates the picture signal. It is seen that in all the 
above systems the scanning depends on the deflection of an electron 
stream. The deflection is accomplished by means of suitably directed 
and varied electrostatic or magnetic fields. The voltage or current pro-
ducing the fields is generated by a deflection generator, which in turn is 
controlled by synchronizing equipment. 

In general, mechanical pickup devices do not lend themselves to high-
definition television work. They have retained their usefulness longest 
in connection with the transmission of moving pictures. For this a 
Nipkow disk, preferably running in vacuum, rotates in the plane of the 
image, apertures in the disk moving across the image to produce the 
scanning pattern. Behind the disk is the light-sensitive element, usually 
in the form of a multiplier phototube, which converts the light passing 
through the apertures into the video signal. The rotation of the disk 
is controlled by a signal from the synchronizing equipment. 
These pickup devices will be described in greater detail in the next 

chapter; the above brief account merely indicates the role this equip-
ment plays in the system as a whole. 

6.2 The Amplifiers. The signal output from any one of the fore-
going pickup devices usually represents only a minute amount of 
power—commonly not more than a few thousandths of a microwatt 

WorldRadioHistory



216 Transmission and Reproduction [Chap. 6 

delivered at a voltage level of the order of a few millivolts. Before 
this signal can be used to modulate a broadcast transmitter of even 
moderate power, it must be amplified to a level of several hundred 
watts.* Hence the total power gain of the chain of amplifiers raising 
the signal level ranges from 10" to 1012. This total gain is attained 
with 15 to 20 stages of amplification, with an average effective power 
gain per stage between 4 and 5. The average gain per stage is low 
since a considerable portion of the amplifier gain is canceled by at-
tenuation losses in coaxial cables, losses incident in controlling and 
shaping the signal, etc. 
The video amplifier, like the amplifiers employed for audio amplifi-

cation, makes use of thermionic vacuum tubes. However, because of 
the much more exacting requirements imposed by the amplification of 
the video signal, the means used to cascade the tubes are somewhat 
different. A discussion of the design of this type of amplifier will be 
deferred until Chapter 13, and only the general purpose and nature 
of the video amplifier will be considered in this section. 
The frequency band required to give the desired resolution has been 

shown to be approximately 4.5 megacycles wide. Over this range of 
frequencies the amplifiers must have uniform gain and constant time 
delay. An exception to the requirement of uniform gain occurs when 
it is necessary to correct for the aperture defect of the scanning spots; 
in this case the gain at high frequencies is made greater than that at 
low frequencies in order to compensate for the reduction in amplitude 
of the high-frequency components which results from the finite spot 
size. 
The signal which is generated by the pickup device does not contain 

the complete information necessary for the reconstruction of the pic-
ture. In addition to voltage variations representing the light and shade 
in the picture, it is necessary to furnish the information required to 
insure synchronism between the scanning pattern at the transmitter 
and the receiver. This is supplied in the form of properly shaped 
pulses, timed so that they occur after the end of each scanning line 
and before the beginning of the next. Similarly, a pulse or series of 
pulses is added between frames or field repetitions to insure vertical 
synchronization. 
The synchronizing impulses are added to the picture signal in the 

amplifier chain. This operation is performed by rendering the ampli-

* In some television transmitters the carrier is modulated at a considerably 
lower level than this. Low-level modulation has, however, material drawbacks for 
the maintenance of transmitter adjustment. 
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fier inactive, ahead of the point of injection, for a period equal to or 
slightly in excess of that occupied by the actual synchronizing signal, 
and injecting the impulse during this interval. The purpose of this 
"blanking" process is to prevent any possible signal from the pickup 
device from interfering with the synchronizing signal. During the 
blanking period the voltage level in the amplifier is brought to a value 
which corresponds to maximum white or, what is more usual, maximum 
black of the picture, thus providing a reference point from which the 
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Signal & synch. 

Black level 
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Fig. 62. Formation of the Complete Video Signal. 

average illumination in the picture is indicated. If the pickup device 
is essentially an a-c device indicating only the variation in light and 
dark over the picture, but not giving information as to the average 
illumination, as, e.g., an iconoscope, a special phototube and d-c am-
plifier may be necessary to establish this value. The various steps in 
the formation of the complete signal are indicated in Fig. 6.2. 
For convenience, the amplifier at the transmitter may be considered 

to consist of three parts. At the pickup device there is a preamplifier 
which receives the very weak signal, which may range from a fraction 
of a millivolt to about 200 millivolts, and raises it to a level of 0.1 to 
1 or 2 volts. This amplifier is made to have as low a noise level as 
possible, since the input at this point is commonly not greatly in excess 
of the statistical fluctuations in the necessary coupling resistors and 
vacuum tubes. As will be shown later, in order to obtain a maximum 
signal-to-noise ratio, it may be necessary to make the gain of the first 
few stages as high as possible. This brings in the need of rather corn-

WorldRadioHistory



218 Transmission and Reproduction [Chap. 6 

plicated coupling arrangements to maintain constancy of frequency 
response. 
The output of the preamplifier is sufficient to drive a cable (usually 

a low-loss coaxial) which connects it with a second amplifier chain, 
variously called the monitoring amplifier or the control amplifier. This 
unit raises the signal to a level of 1 to 10 volts, and it is in this ampli-
fier that the synchronizing signal is added. Also the gain, the d-c level, 
etc., are controlled in this amplifier, and any special signals which may 
be necessary are added. 
The output of this amplifier is fed to the modulation amplifier which 

raises the signal level to that required by the modulator of the radio 
transmitter. 

This subdivision of the amplifier chain into three, and only three, 
physical units is, of course, a simplification which does not necessarily 
exist in practical transmitters; at times the physical layout makes more 
than three units advisable. Functionally these three units can gen-
erally be identified. 

6.3 The Video Transmitter. The design problem presented by the 
radio transmitter to be used for television broadcasting entails many 
features not encountered in other fields. This is a consequence of the 
tremendous bandwidth of frequencies which must be radiated if high 
definition is to be attained. 

Like a sound transmitter, the transmitter in question is made up of a 
carrier generator which produces a high-frequency oscillation of con-
stant amplitude, and a modulator which varies the amplitude of this 
radio-frequency carrier in such a way that it is at every instant pro-
portional to the signal applied to the modulator, in this ease the video 
signal. The modulated radio frequency carrier is then fed to the trans-
mitting antenna, from which it is radiated. This is shown schemati-
cally in Fig. 6.3. 

Obviously, since the amplitude of the radio-frequency output of the 
modulator is not constant, the signal no longer consists of a single fre-
quency as does the unmodulated carrier. The existence of these several 
frequencies can be demonstrated by a brief consideration of the process 
of modulation. For this purpose let the carrier frequency be f and the 
modulating frequency p. A factor must also be included which repre-
sents the amount by which the amplitude of the carrier is varied, and 
which is proportional to the amplitude of the modulating frequency. 
This factor k, when expressed as a percentage, is known as the percent 
modulation. It varies from zero, when the amplitude of the modu-
lating frequency is zero, to unity (or 100 percent) when the amplitude 
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Fig. 6.3. Block Diagram of a Television Transmitter. 

is equal to that of the carrier. In terms of these symbols the modu-
lated signal is 

A(1 k cos 27rpt) cos 27-ft 

which, by the rules of trigonometry, can be transformed to 

A {cos 2rft + — cos 21r(f p)t + — cos 2r(f — p)t} (6.1) 
2 2 

As was shown in the preceding chapter, the video frequency p may have 
any value from zero (approximately) to 4.5 megacycles. Therefore, 
the band of frequencies which must be transmitted is 2p.„„ cycles 
wide—i.e., 9 megacycles wide—with its center at the carrier frequency. 
These additional frequencies above and below the carrier are known 
as the upper and lower sidebands, respectively. 
In order to accommodate this wide band of frequencies the carrier 

frequency itself must be very high, i.e., in the very-high or ultra-high-
frequency region, if more than one broadcasting station is to function 
at any one time. Actually, frequencies in the range of 54 to 88 and 
174 to 216 megacycles, as well as between 470 and 890 megacycles, are 
used for television broadcasting, whereas frequencies near 4000 and 
6000 megacycles are used for television relay purposes. The channels 
allotted by the Federal Communications Commission (FCC) to tele-
vision broadcasting (1953) are indicated in Fig. 6.4. Certain inherent 
difficulties, which militate against the use of much higher frequencies 
for television broadcasting, will be reviewed in Chapter 15. 

It will be noticed in Fig. 6.4 that the channel width assigned for each 
television transmitter is 6 megacycles. In view of the 9 megacycles 
apparently demanded by Eq. 6.1, it would seem that this would seri-
ously limit the definition of the pictures which could be broadcast. 
Actually this is not so, because it can be shown that all the information 
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in the video signal is present if the frequencies transmitted include the 
carrier and all frequencies above the carrier, that is, a band from f to 
f p.. Similarly, if the carrier and all frequencies below it are 
transmitted, the signal contains the full information. Therefore, the 
bandwidth transmitted needs to be only slightly greater than the 4.5 
megacycles. For practical reasons connected with the means adopted 
to eliminate the unwanted sideband, the frequencies of this sideband 
which are close to the carrier are included in the signal. Furthermore, 
the sound which supplements the picture is also transmitted in this 
channel, albeit with a separate carrier. These signals fill the 6-mega-
cycle band, as shown in Fig. 6.5. 

Channel 
2 3 4 

54 

Channel 
14 15 16 17 18 

72 76 

470 

5 6 7 8 9 10 11 12 13 

88 174 216 Mc/sec 

79 80 81 82 83 

  l I I 
no Mc/sec 

Fig. 6.4. Portion of Frequency Spectrum Allocated to Television Broadcasting. 

The propagation characteristics of the ultra-short-wave signal are 
somewhat different from those of broadcast or ordinary short-wave 
signals. This difference arises from the fact that this radiation has 
much more in common with light than the lower frequencies have. The 
useful range of ultra-high-frequency transmission is essentially deter-
mined by the horizon; in other words, the radiation does not follow the 
curvature of the earth's surface. Because of this the service area of 
any one transmitter is limited to a radius of 25 to 50 miles for prac-
tical transmitting antenna heights. This is not entirely without its 
advantages, inasmuch as it avoids all difficulties from reflections at 
the various ion layers in the upper atmosphere which are responsible 
for the fading encountered at the longer wavelengths. If the prop-
erties of very-high-frequency radiation resembled those of the lower 
frequencies, fading would be so severe because of the great bandwidth 
that the quality of pictures coming from distant points would be seri-
ously impaired. Furthermore, these same unusable distant signals 
would interfere with local reception. 
Owing to the quasi-optical properties of the radiation, it can be 

very easily directed by antenna arrangement. The signal can, there-
fore, be placed where it is of most value; for example, it can, by means 
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of a suitable transmitting antenna, be confined to a horizontal plane, 
so that the energy is not wasted in the vertical direction where it can-
not be used. Similarly, the receiving antenna can be made directive 
and consequently insensitive to radiation coming from any direction 
other than that of a particular transmitter. 

Video Audio 
carrier carrier 

50 kc 

- -1.25 Mc-   4.5 Mc 

6 Mc 

Fig. 6.5. Utilization of the 6-Megacycle Channel. 

10.25 Mc 

6.4 Single-Sideband Transmission and Reception. It was stated, 
without proof, that a carrier and all the sideband frequencies either 
above and below the carrier carry the full information contained in 
the video signal. Since there is a one-to-one correspondence between 
the video frequencies and the different frequencies of the sideband 
and carrier, and also a proportionality between the sideband ampli-
tudes and video-frequency amplitudes, this statement does not seem 
unreasonable. 

It is not immediately obvious that the video signal can be obtained 
from carrier and single sideband by the ordinary processes of detection. 
Therefore, the next consideration will be that of the action of a detector 
on the single-sideband signal. As has already been shown, a carrier fo 
modulated with a single frequency p leads to a signal having the fol-
lowing form: 

e = A (cos 2110t — cos 2i-(fo p)t — cos 27r(fo — p)t) (6.2) 
2 2 
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At the receiver, since the entering signal passes through various band-
pass filters, there is an attenuation which is not independent of fre-
quency. The same circuit elements introduce phase shifts which are 
a function of frequency. If the amplitude factor is B (f) and the phase 
shift (t) , the signal reaching the detector is 

kB(fo p) 
e = A [B(fo) cos [27rfot 4,(fo)] -I-  2 cos [28-(fo p)t 

kB(fo — p) 
(1)(fo p)]  2 cos [27(fo — p)t '(fo — 0 1 (6.3) 

When the signal is rectified by a linear detector and the output put 
through a low-pass filter to eliminate frequencies much above the maxi-
mum video frequency Pmax, the resulting signal is the envelope of this 
expression. If Eq. 6.3 is written in the form 

e = V. cos (2.8-fot cp*) 

the factor V. is for all practical purposes the envelope.* 
Therefore, the detector output has the form 

k2 
V8 = A [B2(fo) + —4 {B2(fo p) B2(fo — 

2B(fo P)B(fo — 1)) cos [47P1 + (fo ± 7)) — (fo — 

kB(fo) {B(10 + 1)) cos [27rPt O(ro + 19) — '(fo)] 

BUo — cos [27rPt 4.(fo) es(fo — P)] I] (6.4) 

If, as they should be in a well-designed filter system for double-sideband 
operation, the following conditions are fulfilled: 

B(.fo = BUo — = 13 (1)) 

e(fo + — (fo) = (fo) — (fo — 11) = 0(1)) 

Eq. 6.4 reduces to 

V. = A [B2(f0) k2B2(p) {1 -I- cos (47rpt -I- 20)1 
2 

2kB(p)B(fo) cos (27pt ± 0) (6.5) 

*The phase shift 0. is here chosen so as to eliminate time dependence with the 
carrier frequency from the coefficient V 8. It is readily seen that the time deriva-
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or 

= A[B(fo) kB(p) cos (27rpt 0)1 (6.5a) 

This equation shows that no distortion is introduced by the detector. 
Single-sideband operation can be represented with Eq. 6.4 by placing 

either one of the sideband attenuation factors B(fo p) or B(fo — p) 
equal to zero.* As far as the calculation is concerned no distinction is 
necessary between the suppression of the sideband at the transmitter 
or at the receiver. 

Equation 6.4 becomes, with B(fo — p) = 0: 

k2B2(fo p) 
= A [B2(f0)  4 kB(fo)B(fo 

cos [27rpt (fo p) — (p(fo)]] (6.6) 

It is immediately evident that if the modulation factor k is large, this 
equation represents a distorted output. If k is small, the equation can 
be expanded by the binominal theorem, giving 

V. = A [B(fo) kB(fo p) cos (27rPt 4)(fo + 7') — 4)(fo))] 
2 

kB(p) 
= A [B(f0)  2 cos (21-pt + 0) 1 (6.7) 

using the notation of Eq. 6.5a. This equation has the same form as 
Eq. 6.5a and indicates that the detector introduces no distortion. 
The fidelity of response can be seen to depend upon the attenuation 

characteristic of the filter in both Eqs. 6.5a and 6.7. In order to have a 
response independent of the video frequency p, the attenuation factor 
B (p) must be constant. Furthermore, unless the phase factor O is pro-
portional to p, the time delay will depend upon frequency, with con-
sequent distortion of the reproduced picture. 

If one sideband, for example, the lower, is only partially suppressed, 
that is, if frequencies from fo -I- pmax to fo — pi are received at the 
detector and those from fo — pi to fo — Proax are rejected, the resulting 
video signal will have twice the amplitude over the range of 0 to pi. 
as from p, to p.. This is illustrated in Fig. 6.6b. 

tives of e and V. are identical at the pointa of contact of the two curves [e = 8, 
cos (Irfot -F 0.) = 1], so that V. is indeed the envelope of e. 
*See Poch and Epstein, reference 8. 
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On the other hand, if the band includes the upper sideband from 
fo + pmax to fo -I- pi uniformly, then tapers linearly to zero between 
fo + Pi to fo — pi, as shown in Fig. 6.6c, the output will be undistorted, 
at least for a low percentage modulation. 
As is apparent from Eq. 6.6, truly undistorted linear detection is 

possible only when the percentage modulation is small. For a modu-
lation fraction which is not negligible compared with unity, higher-
order terms in the expansion of Eq. 6.6 cannot be dropped. Under 

(a) 

fo 

(c) 

Plum fa —  P I Pi Pfe 

PRIM fo —  f0+ P, PIUS. ATM 
Input spectrum Pass band Output spectrum 

Fig. 6.6. Effect of Attenuating a Sideband on the Character of the Transmitted 
Frequency Spectrum. 

these conditions the detector output consists not only of the original 
video frequency but also of harmonics of it. At 100 percent modula-
tion the second harmonic is about 12 percent and the third harmonic 
about 3 percent. In audio work this amount of distortion would be 
very serious. However, the reconstructed picture is very insensitive to 
distortion of this nature, so that the presence of this amount does no 

visible harm. 
So far the discussion has been limited to the behavior of the system 

toward a single frequency. Of greater interest is the response of the 
two types of systems to a square pulse. This requires the use of 
Fourier integrals. 
The signal whose response is to be investigated, shown in Fig. 6.7a, 

consists of a square pulse whose duration is 27. Its spectrum can be 
expressed as 

sin coi-
G(w) — k  

0.1 
(6.8) 

WorldRadioHistory



Sec. 6.4] Single-Sideband Transmission, Reception 225 

where co is 27rp, p being the video frequency. Hence the Fourier integral 
describing the pulse is 

2k r° sin COT  
COS wt dco 

11" Jo CO 
(6.8a) 

This pulse modulates a carrier whose frequency is fo = v/(27r), giving 
rise to a signal having the following form: 

k r sin COT  
COS (Pt ± Ck) — (COS RP ± CO)/ + + COS — w)+ 4a1 I dca 

W o (.7 
(6.9) 

This represents a carrier and both upper and lower sidebands extend-
ing over an infinite range on either side of this carrier. In the course 

(a) 

Signal 

k—).-

k 0.5 

- -1 

Spectrum 

fa-2p • f0+2p 

f, 4+2 p 

/0-1, 

Pass bands 

k i.o 

Fig. 6.7. Comparison of Single- and Double-Sideband Transmission of a Square 
Pulse. 

of transmission and reception, the radio-frequency signal passes through 
circuit elements which act as filters, limiting the extent of the sidebands 
before it reaches the detector. Before it is possible to determine the 
shape of the video pulse leaving the detector, it is necessary to make 
certain assumptions about the characteristics of the passband. Three 
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conditions will be considered; they are illustrated in Fig. 6.7. In the 
last two, the passbands have equal widths, one passing frequencies 
from fo — p to fo p, the other from fo to fo + 2p. Over these bands 
the attenuation factor B(f) is constant, being zero for all other fre-
quencies. The phase factor will be assumed to be a linear function 
of frequency 4 (f) = ap 13. The first filter admits both sidebands, 
having twice the width of the others, that is, it passes the range of 
frequencies from fo — 2p to fo -F 2p. 
The detector output after the signal has been attenuated by the 

bandpass filter is determined, as before, from the envelope of the 
modulated signal. For the two filters passing double-sideband signals, 
the detector output is: 

2kil sin cor 
= 1 + —   cos coe dco 

71" 0 

= 1 — (Si[0(e — Si[n(e ir— T)])* (6.10) 

where 252 = 47rp... is the total width of the passband, and e = t 
a/ (2/r). 
With single-sideband reception the results are not quite so simple. 

The signal reaching the detector is 

k f 2n sin COT 
COS (lit eo) —   Icos (v co)/ + dco 

7r 0 
or 

k / r?i! sin cor ' 
cos (vi <ko) — cos we dco) cos (vi cbo) 

ir 0 w 

k ra sin COT 

T 

 sin we dw) sin (vi + 00) 
V() CI) 

(6.11) 

k k 
=--- [1 -I- — Si[212(e ± or)] — — Si[212(e — r)]] cos (vi + 00) 

27 27r 

+ —k [Ci[211(/' + r)] — Ci[2S2(t' — r)] — ln (t' ± T)1 sin (vi + cpo) 
27r e — r 

(6.12) 

*Si(x) is the "sine integral" of x: Si(x) =fr Sii Y-iy- dy. And Ci(x) is the "cosine 
0 o cos y 

integral" of x: Ci(x) = — f —  dy. 
. Y 
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Here 4>o = /3. This signal has an envelope which is given by 

= [1 ± —k Si[211(e r)] — — Si[212(/' — r)] 
27 27 

[—k Ci[2,Q(/' r)] — Ci[22(/' — r)] — ln (I' + 1112 
27 t' — r 

(6.13) 
and the phase shift 

Ci[212(/' r)] — CUM(/' — r)] — ln (t'  
e — ri 

O = ± tan-1 (6.13a) 
27 
— Si[2(2(t' r)] — Si[Z2(e — r)] 

The responses corresponding to the pulses passing through the three 
passbands: 

(1) 2fi = 8rp—double sideband, 
(2) 2n = 47rp—single sideband, 
(3) 21/ = 4-irp double sideband, 

are shown for k small, k = 0.5, and k = 1.0 in Fig. 6.7. It will be seen 
that even for the worst case, that of k = 1, the reproduction for single-
sideband operation does not differ greatly from that obtained with 
double-sideband operation, using twice the overall bandwidth. For 
square-law detection these two coincide even more closely for all modu-
lations. It is interesting to note that for a step function with single-
sideband transmission, where the lower sideband is cut off sharply at 
the carrier frequency, the envelope does not converge. If, however, 
the passband tapers off gradually through the region of the carrier, as 
shown in Fig. 6.8, this is no longer true. 
The conclusions which can be reached from this brief introduction to 

single-sideband operation are that if the cutoff of the suppressed side-
band is not too sharp, and is symmetrical about the carrier, a faithful 
reproduction of the original video signal can be obtained with linear 
detection, and that the effective definition will be nearly that of double-
sideband operation, using twice the overall radio-frequency bandwidth. 
A diagram illustrating the ultra-high-frequency spectrum of a single-

sideband transmitter was given in Fig. 6.5. The lower sideband only 
is suppressed, the gradual cutoff beginning at carrier frequency. If this 
form of signal reached the final detector, there would be a distortion 
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of the picture in the form of accentuated low frequency. Therefore, 
the bandpass characteristics of the radio- and intermediate-frequency 
stages of the receiver are so adjusted as to give a cutoff which tapers 
off gradually through the region of the carrier, as shown in Fig. 6.8. 
With this characteristic the requirements necessary for faithful repro-
duction with one sideband are met. The reasons for not shaping the 
transmitter characteristics to give the spectrum needed at the detector 

Video 
carrier 

0.75 Mc 0.75 Mc 3.25 Mc 0.50 Md 4 xi< - 

Fig. 6.8. Passband of a Receiver Meeting High-Definition Requirements. 

are purely practical and connected with the difficulty of designing and 
constructing a filter capable of handling the large amounts of power, 
yet having the required attenuation and phase properties. 

6.5 Radio Receiver. The signal received by the antenna is con-
veyed to the radio receiver by some form of balanced line. This line 
may merely be a twisted pair, if the location of the antenna is such that 
a relatively short line can be used, and if the signal strength is high. 
On the other hand, if the feed line is long, and particularly if the field 
strength at the antenna is small, it may be necessary to use a two-wire, 
air- or plastic-insulated, transmission line or even a coaxial cable. 
The receiving equipment itself provides for converting the radio-

frequency signal into a video signal and amplifying it sufficiently so 
that it can be used to operate the viewing device. It also separates the 
synchronizing impulses from the picture signal, employing the former 
to control the scanning pattern of the viewing device. 
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As with the conventional radio receiver, several alternative types of 
television receivers are possible. The two most common types employ 
tuned radio-frequency and superheterodyne circuits, respectively. 
A tuned radio-frequency receiver has five or six tuned stages of ultra-

high-frequency amplification, a detector, and several stages of video 
amplification. Because of the difficulty of accurately tuning the many 
radio-frequency stages, it is rarely used where reception from more 
than one transmitter is desired. Figure 6.9 shows in block diagram this 
type of receiver. 

Antenna 

Fig. 6.9. Television Receiver Employing Radio-Frequency Amplification. 

The superheterodyne receiver is made up of a radio-frequency ele-
ment, a first detector and oscillator, an intermediate amplifier, and a 
second detector followed by a video amplifier. The radio-frequency 
element may merely be a broadly tuned circuit whose chief function 
is to match the antenna feeder to the first detector circuit, or it may 
be more complicated, containing, for example, a stage of radio-fre-
quency amplification. The radio frequency output of this first stage 
is mixed with the output of the local oscillator and rectified by the 
first detector, giving rise to the intermediate frequency signal. The 
mixing is merely an addition to the incoming signal and the locally 
generated frequency, or a modulation of one by the other, producing a 
beat effect between these two waves. For example, if the incoming 
signal consists of the carrier alone, and so has the form Ao cos Irfot, 
and the local wave is A1 cos 2/rfit, the envelope of the resultant wave 
will be 

N/A o2 + Al2 + 2A 0A1 cos 27r(fo — h)t (6.14) 
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The sideband frequencies which are present beat with the locally gen-
erated oscillation in a similar way. When the mixed signal is then 
rectified by an ideal square-law detector, the output contains an inter-
mediate carrier whose frequency is (fo — fi) and sidebands associated 
with it which correspond exactly to the sidebands present in the origi-
nal signal. The intermediate carrier and its sidebands are amplified 
by the intermediate amplifier, the other frequencies present in the out-
put of the detector being removed by the bandpass characteristics of 
the interstage coupling of this amplifier. Rectification of the mixed 
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Fig. 6.10. Block Diagram of a Superheterodyne Television Receiver. 

signal by a linear detector also leads to the intermediate carrier and 
sidebands, but there are present, in addition, terms resulting from the 
addition of various sideband frequencies. However, if the amplitude 
of the locally generated oscillation is large compared with the incoming 
signal, the amplitude of the unwanted combinations of sideband fre-
quencies will be small compared with those of the fundamentals. For 
practical reasons it is common to use a linear detector and a powerful 
local oscillator rather than a square-law detector. 

After amplification, the intermediate carrier and sidebands are again 
rectified, this time by the second detector, which is also usually a linear 
detector. The output of this element is a signal which corresponds 
exactly to the video signal generated by the pickup device together 
with synchronizing impulses and any correcting signals inserted at the 
monitoring amplifier. A superheterodyne receiver is illustrated by the 
block diagram given in Fig. 6.10. 

6.6 Receiver Video Amplifier. The level of the video signal leaving 
the final detector is, in general, not sufficient to actuate the viewing 
device. In consequence, it must be amplified by several stages of 
video amplification before it can be used. These stages are similar to 
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those between the pickup equipment and the transmitter, being re-
sistance-coupled and compensated to increase the high-frequency re-
sponse. Because of the nature of the coupling, the amplifier will pass 
only the a-c components of the video signal. Therefore, it is usually 
necessary to provide some arrangement to convert the signal to a d-c 
signal, in order to establish the average illumination of the picture 
being transmitted. By "d-c" signal is meant one for which the voltage 
relative to some fixed reference voltage corresponds to the absolute 
brightness of the point under the exploring spot at the transmitter. 

White bar 

Zero volts 

--Grey background 

--Pedestal black 

White 

r I  Black 
t—Zero volts 

White 

Grey 

Black background 

A.C. Signal D.C. Signal 

Fig. 6.11. The Video Signal with and without the D-C Component. 

Black 

Zero volts 

The diagrammatic oscillograms of Fig. 6.11 illustrate the distinction 
between the two types of signal. The d-c level of the video signal can 
be reinserted by making use of the pedestal or of the synchronizing 
impulse, because these bear a definite relation to either maximum dark 
or light of the picture. A diode rectifier or its equivalent in connection 
with the final stage of the amplifier, as will be described in Chapter 16, 
is the usual means for reinserting the d-c component of the signal. 

6.7 The Viewing Device. The viewing device converts the video 
signal into the final visible reproduction, which is the ultimate objec-
tive of the system. 
Two operations are necessary to perform the reconstructing of the 

image. The first consists of modulating a small but intense spot of 
light with the video signal; the second, of causing this spot to move 
in such a way that it sweeps out the scanning pattern on the viewing 
screen. 

Broadly, there are two classes of viewing devices, namely, electronic 
and mechanical. Of these, the former are almost exclusively used at 
present, particularly in home receivers. Both systems have been suc-
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cessfully utilized as a means of producing large pictures for public 
viewing, although here, too, electronic devices alone find practical ap-
plication at the present time. 
A survey of electronic and mechanical viewing devices will be pre-

sented in Chapter 8. Further description of these devices and their 
operation will be deferred until then. 

6.8 Synchronization. As was pointed out in the preceding chapter, 
the geometric fidelity of the reproduction depends upon the exact 
correspondence in position of the scanning spot at the transmitter and 
receiver. This correspondence requires that the periodicity and phas-
ing of the horizontal and vertical scanning motions at the two termini 
be alike. It has not been found practicable to attempt to maintain 
this condition with independent control of the scanning pattern at the 
pickup and viewing device. Instead, suitable signals are transmitted 
which indicate the beginning of each frame (or field repetition in the 
case of interlaced scanning) and the beginning of each line. These syn-
chronizing signals are part of the complete video signal, and occur 
during time not utilized by the picture signal itself, that is, during the 
interval in which the scanning spot is returning to its original position, 
after completing a line or field traversal. In terms of the frequency 
spectrum of the picture signal discussed in Chapter 5, the frequency 
components of the synchronizing signal are multiples of line and frame 
frequency, their phase and amplitude being such that they have no 
effect on the picture except around the edges, where they form a narrow 
border which cannot be used for the image and which, in cathode-ray 
terminal tubes, has no real existence. Instead of this multiplicity of 
frequencies it might seem possible to use, for purposes of synchroniza-
tion, a single frequency, falling, for example, in one of the vacant 
regions of the picture spectrum. However, while no picture component 
of this frequency appears in the spectrum, the presence of the signal 
would be reproduced in the form of a spurious moving shading. 

In a simple Nipkow disk mechanical system, the rotation of a single 
element only need be governed, and for this one kind of impulse alone 
is necessary. The usual procedure is to drive the disk with two motors: 
one a variable-speed motor which supplies most of the power and is 
adjusted to run at nearly the required speed, the other a synchronous 
motor driven by the synchronizing impulse itself, which serves to lock 
the disk into the correct speed and phase. 
More often two types of synchronizing impulses are needed, one to 

control the horizontal spot displacement, the other the vertical motion. 
Mechanical film scanning requires synchronization of the vertical scan-

WorldRadioHistory



See. 6.8] Synchronization 233 

fling produced by the motion of the film, and of the disk or drum giving 
line scanning. Similarly, where two mirror drums are used for picture 
reproduction, one for each direction of scanning, both frame and line 
synchronization are necessary. 
Scanning in the case of electronic terminal tubes is produced by de-

flecting an electron stream periodically in two mutually perpendicular 
directions by means of suitably varying magnetic or electric fields. 
The current or voltage producing these fields is supplied from two de-
flection generators, one operating at line frequency, the other at frame 
(or field) frequency. Each generator is controlled by its own syn-
chronizing impulse; therefore, the complete signal must include two 
types which can be distinguished from one another by some form of 
selector circuit. 

It is general practice to make the generator producing the syn-
chronizing impulses at the transmitter the fundamental timing unit of 
the entire system. Thus the synchronizing signal governs not only the 
scanning pattern at the reproducer, but also that at the pickup. When 
possible, the synchronizing signal generator is itself tied in with the 
public electric power supply for the service area of the transmitter in 
order to minimize the effect of stray 60-cycle fields on the picture. 
The exact shape of the impulses for horizontal and vertical syn-

chronization depends upon how the signal is applied at the deflection 
gen—erator, and upon the circuits which separate the two components. 
This phase of the problem will be considered in a later chapter. 

Experience has prompted the almost universal adoption of synchro-
nizing impulses which are "blacker than black," that is, the blanking 
level corresponds to black in the video signal, and the impulses extend 
below this level in the direction of black. 
Some of the conditions which must be satisfied by the synchronizing 

signal are: 

1. The wave shape of the pulse must be such as to permit accurate 
control of the scanning pattern. 

2. The pulse must not interfere with the picture. 
3. The signal must be of such shape and amplitude that synchroni-

zation is not easily interrupted by interference. 
4. The line and frame pulses must be easily separable. 
5. Where possible, the signals should aid in some other picture opera-

tion, such as extinguishing the beam in the cathode-ray viewing tube 
or providing automatic gain control. 
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The form of the synchronizing impulse which has been adopted as 
the present standard in this country by the Federal Communications 
Commission is shown in Fig. 6.12. How this signal meets the listed 
requirements will be discussed in Chapter 14, devoted to the problems 
of scanning and synchronization. 
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7 Video Pickup Devices 

7.1 Mechanical Systems: the Nipkow Disk. The earliest means for 
obtaining scanning suitable for television transmission was the Nipkow 
scanning disk. In its simplest form it is a perforated disk, having 

apertures spaced at equal angular 
intervals on a spiral. A Nipkow 
disk having a spiral of one turn is o 

o shown in Fig. 7.1. 
o The basic arrangement of a 
o Nipkow disk in a direct pickup 

device for a mechanical television 
0 

system is illustrated in Fig. 7.2. 
o The scene being transmitted is 

imaged on the disk by means of o 
lens L. Behind the disk is a light-
sensitive element such as a photo-
sensitive secondary-emission mul-
tiplier, or a phototube, which gen-
erates a current proportional to 

the light passing through the apertures. The image area occupies 
only a small portion of the disk's surface, its width being equal to the 
chord separating the apertures. The top and bottom of the image 
coincide with the outer and inner apertures. One and only one open-
ing at any given instant permits light to reach the light-sensitive ele-
ment. As the disk turns, successive apertures sweep across the image 
area, scanning it with a pattern of nearly straight parallel lines. 
With a spiral of one revolution as shown, the disk must rotate at 

frame frequency N. Furthermore, the angular separation between the 
holes must be a = 360/n degrees, where n is the number of lines making 
up the scanning pattern. The spacing between these perforations is, 
therefore, 271-r/n, r being the radial distance from the center of the disk 
to the point in question. This spacing is the width of the image on the 
disk. Assuming an aspect ratio of 1/b for this image, its height must 
be 21-br/n. The perforations for maximum efficiency are square, and 

236 

a a 

Fig. 7.1. Nipkow Disk. 
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so positioned that the edges of consecutive lines just touch. Obviously 
the height of each square opening is therefore 271-br/n2. It should now 
be apparent that r can be taken as equal to the radius R of the disk, since 

27rb 
over the entire pattern all the perforations lie within R and R ( 1 — —n , 

and n for high definition is large. 
The usefulness of this pickup arrangement depends upon the video 

signal which can be obtained with a given amount of light. In Fig. 7.2, 

4Lens (Lighetlesmeneeive 

s 

I) 

Nipkow disk 

Fig. 7.2. Direct Pickup Using Nipkow Disk. 

the light reaching the photosensitive element S, placed behind the disk, 
and generating the video signal, can be estimated as follows. On a 
very bright midsummer day, the illumination in an outdoor scene may 
reach as high as 10,000 foot-candles, although 3000 foot-candles might 
be taken as an average for summer daytime illumination. If a reflec-
tion coefficient of 1/2 is assumed, the brightness B of the scene will be 

10,000 
B —  '_-' 1500 candles per square foot 

2r 

The incident illumination of the image projected on the disk depends 
upon the photographic aperture or f-number A of lens L. For pur-
poses of computation, a value of A = 2 for the aperture is assumed. 
The illumination under these conditions is 

7rB 10,000 ir 
I = —  _ 300 lumens per square foot 

4A 2 2/r 4.22 

It should be noted that absorption in the lens is not considered, and 
the field angle is assumed to be small. Practical considerations limit 
the maximum diameter of the scanning disk, for it must be maintained 
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accurately in synchronism at a very high angular velocity. A circum-
ference of 12 feet, though large, is not beyond physical realization. 
The light flux passing through an aperture of a disk of this size will be 

27rbry b2 
F = I   = 4 X 104.— lumen 

n4 

If, now, a picture of the quality under discussion is being transmitted, 
with 525 lines making up the scanning pattern, the amount of light 
reaching the phototube will be about 3 X 10 —7 lumen. Even if the 
sensitivity of the light-sensitive element is 50 microamperes per lumen, 
the signal current will be only 1.7 X 10 -11 ampere. Whether or not 
this amount of signal is sufficient to give an acceptable picture depends 
upon the noise fluctuation that accompanies the signal. The absolute 
minimum of noise is determined by the statistical fluctuation of the 
photocurrent itself. This lower limit might be approximated if the 
light-sensitive element were a good secondary-emission multiplier. 
This limiting noise, over the required 4.25-megacycle video band, is 

= 2eIf = 32 X 10-20 X 1.7 X 10—" X 4.25 X 106 
or 

in (rim) 5 X 10-12 ampere 

In other words, the signal-to-noise ratio, even under the ideal illumi-
nation assumed, is only about 3. This ratio is far too low to give what 
can be considered a picture of high entertainment value. 
The light reaching the light-sensitive element can be increased to 

some extent by means of a more complicated arrangement, as, for 
example, a disk having a spiral of two or more turns, or one in which 
lenses replace the apertures. However, this increase is not sufficient 
to make the system practical for direct pickup. 
Although these calculations indicate that the scanning disk is not 

suited for this service, it has found a place in other types of pickup. 
7.2 Flying Spot Scanning. For studio pickup of a very small area, 

e.g., the close-up of a head, a Nipkow disk used in a somewhat different 
way has been found fairly successful. The pickup equipment is ar-
ranged as shown schematically in Fig. 7.3. Instead of an image of the 
scene being projected on the disk, the disk is illuminated with a high-
intensity arc, or other powerful light source, so that the light through 
it forms a narrow moving beam. This beam is focused on the object 
being televised, to produce a spot of light which scans its surface. The 
light reflected back from the object is received in a battery of photo-
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tubes surrounding it. These tubes produce the video signal. The 
advantage of imaging the flying light spot on the scene and picking 
up the reflected light from all points continuously is twofold. The 
surrounding phototubes can be made to subtend a very large solid 
angle about the illuminated point, thus making use of a fairly large 
fraction of the reflected light. Also, the average illumination needed 
on the scene is only 1/n2 that which would be needed to obtain an 
equal video signal by the first-mentioned system, even if the light-
gathering power of the objective imaging the scene on the disk is 

ht source 
'Pre lens 

f Li L2 
Lent 

Disk 

D 

',Photo sensitive 
elements 

tObject 

Fig. 7.3. Flying Spot Scanner. 

assumed to be equivalent to that of the phototubes. In order to main-
tain the large light-gathering power of the phototubes, it is necessary 
to restrict the field to be reproduced to a relatively small area in the 
immediate vicinity of the light-sensitive elements. 

7.3 Film Scanning. In a very similar way, the Nipkow disk can be 
used to pick up the image from a moving-picture film. Two arrange-
ments for this type of pickup are shown in Fig. 7.4. The image from 
the film is projected onto the scanning disk in the first. In the other, 
the light source is imaged onto the disk, and the opposite side of the 
disk is in turn imaged onto the film, so that the apertures produce a 
small moving spot of light which sweeps over the picture. In each 
case, the light passing through the disk and film is picked up and con-
verted into the video signal by a light-sensitive element. The choice 
between these two arrangements rests on practical considerations of 
mechanical construction, rather than any inherent superiority in optics. 
For the direct pickup of actual objects, vertical displacement of the 
scanning spot is obtained through arranging the series of apertures in 
a spiral. This is not necessary for film pickup, as the motion of the 
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film itself can be utilized. The perforations in the disk are arranged 
in a circle, and the scanning spot moves across a single line, rather 
than over a pattern of parallel lines. The film is moved with constant 
speed and at such a rate that a single frame passes the position of the 
scanned line in one picture period. Therefore, as illustrated in Fig. 

QiePhoto element 

-Disk 

(liógulirtce 
Lens 

  a MD 

1-Disk 

  Film 

IQ Photo element 

Fig. 7.4. Two Forms of Simple Disk Film Scanners. 

7.5, relative to the film the scanning spot sweeps out an ordinary 
pattern of parallel lines. 
So far no mention has been made of interlaced scanning. Many 

expedients are possible. For film transmission, odd-line interlacing 

f 
111 

(a) (b) (e) 

Line on moving film 

Fig. 7.5. Principle of Film Scanning. 

is obtained if the disk contains the same number of apertures as the 
complete pattern has lines, and the film passes it at the rate of two 
frames per revolution. A double spiral of holes will give interlacing 
for studio pickup. 
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To return to film scanning, the disk can be designed so as to make 
more than one revolution per picture period. If cc is the angular sepa-
ration between apertures, and n' the number, the relation between the 
number of revolutions per second, N', and the frame frequency is 

anN = 21-N' 

an' = 

— N = N' 
n' 

When n' is less than n, a higher rate of revolution is required; how-
ever, the diameter of the disk can be reduced, with a consequent 
reduction in the net mechanical stresses. 

7.4 Modifications of Scanning Disk. As an alternative to the disk 
described, a drum perforated with a helical array of apertures can be 
used to obtain the scanning pattern required for the direct pickup from 
a physical object. Similarly, a 
single row of perforations around 
such a drum will serve as a film 

Aperture 

scanner. Light IV 
A modification of the simple (source Micro objectives 

disk is shown in Fig. 7.6. Instead Photo-multiplier 

of the tiny apertures heretofore (Lens u 

described, the holes are fairly 
large, and each is fitted with a 
lens. Figure 7.6 shows a lens disk 
arranged for film pickup. Each 
lens in the disk is a micro-objec-
tive of very short focal length and 

Fig. 7.6. Film Scanner with Lens Disk. 
large numerical aperture. These 
objectives form very much reduced images of the relatively large aper-
ture on the film. The tiny bright image is the exploring element which 
sweeps out the scanning pattern. Again a phototube intercepts the 
light passing through the film and generates the video signal. Of 
course, the lens disk has its counterpart in the lens drum. A lens drum 
used for practical television transmission by Telefunken is shown in 
Fig. 7.7. This drum has a light gain of the order of thirty times over 
a simple perforated drum of equal size. The drum is equipped with a 
single row of holes for fi lm transmission and a helix of two revolutions 
for direct pickup. The complete scanner incorporating this drum is 
illustrated in Fig. 7.8. 

Il 
lo 

Lens disk' 

II 

Film 
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Fig. 7.7. Lens Drum (Telefunken). (Courtesy of J. Springer.) 

Fig. 7.8. Complete Film and Direct Pickup Scanner (Telefunken). (Courtesy 
of J. Springer.) 
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A very successful filin transmitter, built and used by the Fernseh 
Company, is shown in Fig. 7.9. A 375-line picture with a 25-cycle 
frame frequency is obtained from it. In this machine an image of the 
continuously moving film is projected onto an aperture disk, and the 
light passing through the latter is picked up by a photoelectric sec-

Fig. 7.9. Lens Disk Film Scanner (Fernseli). (Courtesy of J. Springer.) 

ondary-emission multiplier. The disk itself is very carefully balanced, 
and rotates in a partially evacuated housing in order to reduce the 
power required to drive it and thus facilitate synchronization. 
The video-telephone system which once operated in Germany be-

tween Berlin, Leipzig, and Munich made use of a lens-disk flying spot 
scanner, giving a 180-line pattern. Large photoelectric multipliers 
arranged around the window through which the moving spot is pro-
jected transform the reflected light into the video signal. This scanner 
is shown in Fig. 7.10. 
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Other forms of mechanical scanning have been used experimentally 
with varying degrees of success. The mirror drum, illustrated in Fig. 
7.11, exemplifies one form. A modification of this drum has curved 

Fig. 7.10. Flying Spot Scanner for a Video-Telephone (Fernseh). (Courtesy of 
J. Springer.) 

mirrors instead of flat. Prisms take the place of mirrors in another, 
very similar, arrangement. These scanners, together with others not 
mentioned, have shown some promise as a means of effecting mechani-

Mirror drum 

Proj. lens 

(Aperture 

 ¡night source 

Fig. 7.11. Schematic Diagram of a Mirror Drum Scanner. 

cal television pickup, but they have not been developed to the same 
extent as have the disk and drum scanners described in the earlier 
pages of this chapter. 
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7.5 Intermediate Film Pickup. Although, as the foregoing estimate 
indicates, the mechanical scanner, because of its intrinsic lack of sen-
sitivity, is excluded from the field of direct pickup, this, by itself, is 
not so serious a limitation as it appears to be at first glance. An inter-
mediate moving-picture film provides the means for overcoming the 
obstacle. The scene to be televised is photographed by means of a 
moving-picture camera, rapid development of this film then follows, 
and finally a mechanical film scanner converts the registered image 
into the video signal. A diagrammatic view of this type of trans-

necoating 
Film pickup 

Camera 

Scanning 
— disk 

Drying 

Develope Emulsion 
remover 

Fig. 7.12. Continuous Intermediate Film Scanner. 

mitter, including camera, processing equipment, and scanner, is shown 
in Fig. 7.12. 
One disadvantage of this system is the delay between the actual 

taking of the picture and converting it into video signal, due to the 
time required to process the film. Special methods of developing and 
fixing the film, however, have reduced this time to less than a minute. 
Of course, it is unnecessary to dry the film before it is used in the 
scanner. Also, a negative is as satisfactory as a positive for trans-
mission because the reproduced picture can be changed from negative 
to positive merely by changing the polarity of the signal. (Note: This 
inversion takes place with every stage of amplification so that an 
amplifier of an even number of stages gives a picture having the same 
sense as that at the input, whereas an odd number of stages inverts 
light and dark.) Therefore, the delay that would be incurred by 
printing or reversing the film is avoided. The most serious practical 
objections to the system are the complicated and bulky equipment 
required and the cost of operation. 

7.6 Electronic Pickup Systems: Electronic Scanning. The first pub-
lished suggestion of a cathode-ray pickup arrangement appears to have 
been made by A. A. Campbell Swinton in a letter to Nature as early 
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verbatim: 

246 Video Pickup Devices [Chap. 7 

As a historic landmark this letter is worthy of quoting 

DISTANT ELECTRIC VISION 

Referring to Mr. Shelford Bidwell's illuminating communication on this 
subject published in Nature of June 4, may I point out that though, as 
stated by Mr. Bidwell, it is wildly impracticable to effect even 160,000 syn-
chronised operations per second by ordinary mechanical means, this part of 
the problem of obtaining distant electric vision can probably be solved by 
the employment of two beams of kathode rays (one at the transmitting and 
one at the receiving station) synchronously deflected by the varying fields 
of two electromagnets placed at right angles to one another and energised by 
two alternating electric currents of widely different frequencies, so that the 
moving extremities of the two beams are caused to sweep synchronously over 
the whole of the required surfaces within the one-tenth of a second neces-
sary to take advantage of visual persistence. 

Indeed, so far as the receiving apparatus is concerned, the moving kathode 
beam has only to be arranged to impinge on a sufficiently sensitive fluores-
cent screen, and given suitable variations in its intensity, to obtain the 
desired result. 
The real difficulties lie in devising an efficient transmitter which, under 

the influence of light and shade, shall sufficiently vary the transmitted elec-
tric current so as to produce the necessary alterations in the intensity of 
the kathode beam of the receiver, and further in making the transmitter 
sufficiently rapid in its action to respond to the 160,000 variations per 
second that are necessary as a minimum. 

Possibly no photoelectric phenomenon at present known will provide what 
is required in this respect, but should something suitable be discovered, dis-
tant electric vision will, I think, come within the region of possibility. 

Although this letter did not describe in detail how such an elec-

tronic scanner could be made to operate to convert the light image 
into the desired video signal, a later paper by the same author, pre-
sented before the Roentgen Society in 1911, and repeated in part in 
Wireless World, April, 1924, discussed in some detail a pickup tube 
embodying cathode-ray scanning. The tube and circuit are dia-
grammed in Fig. 7.13. The transmitting tube is a Crookes tube with 
the cathode B connected to the negative end of a 100,000-volt d-c 
power source, while the anode is connected to the positive end. The 
anode is perforated with a fine aperture through which passes a narrow 
pencil of cathode rays. Continuing with the description given by 
A. A. Campbell Swinton in Wireless World and Radio Review: * 

. . . the cathode rays fall on a screen J, the whole surface of which they 
search out every tenth of a second under the influence of the magnets D and 
E. Further, it is to be remarked that as the two magnets D and D', and 
the two magnets E and E' are energised by the same currents, the move-

* See A. A. Campbell Swinton, reference 7. 
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ments of the two beams of cathode rays will be exactly synchronous and 
the cathode rays will always fall on the two screens H and J on each cor-
responding spot simultaneously. 

In the transmitter, the screen J, which is gas-tight, is formed of a number 
of small metallic cubes insulated from one another but presenting a clean 
metallic surface to the cathode rays on the one side, and to a suitable gas 
or vapour, say sodium vapour, on the other. The metallic cubes which 
compose J are made of some metal, such as rubidium, which is strongly 
active photoelectrically, in readily discharging negative electricity under the 
influence of light, while the receptacle K is filled with a gas or vapour, such 

Fig. 7.13. Electronic Television System Proposed by Campbell Swinton. 

as sodium vapour, which conducts negative electricity more readily under 
the influence of light than in the dark. 

Parallel to the screen J is another screen of metallic gauze L, and the image 
to be transmitted of the object N is projected by the lens M through the 
gauze screen L on to the screen J, through the vapour contained in K. The 
gauze screen L of the transmitter is connected through the line wire to a 
metallic plate 0 in the receiver, past which the cathode rays have to pass. 
There is, further, a diaphragm P fitted with an aperture in such a position 
as, having regard to the inclined position of B', to cut off the cathode rays 
coming from the latter, and prevent them from reaching the screen H, unless 
they are slightly repelled from the plate 0, when they are able to pass 
through the aperture. 
The whole apparatus is designed to function as follows: Assume a uni-

form beam of cathode rays to be passing in the Crookes tubes A and A', and 
the magnets D and E and D' and E' to be energised with alternating cur-
rent, as mentioned. Assume, further, that the image that is desired to be 
transmitted is strongly projected by lens M through the gauze screen L on 
to the screen J. Then, as the cathode rays in A oscillate and search out the 
surface of J, they will impart a negative charge in turn to all of the metallic 
cubes of which J is composed. In the case of cubes on which no light is 
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projected, nothing further will happen, the charge dissipating itself in the 
tube; but in the case of such of those cubes as are brightly illuminated by 
the projected image, the negative charge imparted to them by the cathode 
rays will pass away through the ionised gas along the line of the illuminating 
beam of light until it reaches the screen L, whence the charge will travel by 
means of the line wire to the plate 0 of the receiver. This plate will thereby 
be charged; will slightly repel the cathode rays in the receiver; will enable 
these rays to pass through the diaphragm P, and impinging on the fluores-
cent screen H, will make a spot of light. This will occur in the case of each 
metallic cube of the screen J, which is illuminated, while each bright spot 
on the screen H will have relatively exactly the same position as that of 
the illuminated cube of J. Consequently, as the cathode ray beam in the 
transmitter passes over in turn each of the metallic cubes of the screen J, it 
will indicate by a corresponding bright spot on H whether the cube in J is 
or is not illuminated, with the result that H, within one-tenth of a second, 
will be covered with a number of luminous spots exactly corresponding to 
the luminous image thrown on J by the lens M, to the extent that this image 
can be reconstructed in a mosaic fashion. By making the beams of cathode 
rays very thin, by employing a very large number of very small metallic 
cubes in the screen J, and by employing a very high rate of alternation in 
the dynamo G, it is obvious that the luminous spots on H, of which the image 
is constituted, can be made very small and numerous, with the result that 
the more these conditions are observed, the more distinct and accurate will 
be the received image. 

Furthermore, it is obvious that, by employing for the fluorescent material 
on the screen H something that has some degree of persistency in its fluores-
cence, it will be possible to reduce the rate at which the synchronised motions 
and impulses need take place, though this will only be attained at the ex-
pense of being able to follow rapid movements in the image that is being 
transmitted. 

It is further to be noted that as each of the metallic cubes in the screen J 
acts as an independent photoelectric cell, and is only called upon to act once 
in a tenth of a second, the arrangement has obvious advantages over other 
arrangements that have been suggested, in which a single photoelectric cell 
is called upon to produce the many thousands of separate impulses that are 
required to be transmitted through the line wire per second, a condition 
which no known form of photoelectric cell will admit of. 

The basic similarity between this type of tube and the mechanical 
scanners is evident from the description of its mode of operation. In-

stead of there being a single photocell upon which light is projected 
from the various picture elements in succession, there are many photo-
cells which are in operation only during the time the scanning beam, 
which functions as a commutator, is actually on them. The photo-
current which makes up the video signal is collected on an anode which 
is common to all the cells, but since only one cell is active at any one 
instant, the current collected corresponds to that from the successive 
elements as the beam sweeps over them. The limiting sensitivity can 
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be calculated in the same way as that for the disk scanner. If A is the 
area of the array of elements and there are n2/b elements in all, cor-
responding to an n-line picture with an aspect ratio of 1/b, the area 
of each element a will be Ab/n2. Now, assume an average illumina-
tion I falling on the picture area, and an effective photosensitivity p. 
The average current picked up by the collector element L (since one 
element, and only one element, is always under the beam) is given by 

bA 
is = 

nh 

Under the conditions previously assumed with a screen area of 20 
square inches and a photosensitivity of 20 microamperes per lumen, 
the signal current is 2.3 x 10 -9 ampere. If this current could be col-
lected with an ideal multiplier, the accompanying noise would be about 
5.6 X 10 -11 ampere. The signal-to-noise ratio, therefore, is sufficient 
to give a picture of the desired quality. The ratio, which decreases 
with the square root of the illumination, becomes too low for practical 
purposes when the illumination falls below an average value of 1000 
foot-candles. Even at that value, noise would be plainly visible in the 
picture. 

In computing the limiting sensitivity of the mechanical pickup ar-
rangement it was assumed that the photocurrent was amplified by 
means of a "noiseless" multiplier. Such an arrangement is not always 
practicable. If, instead of the secondary-emission multiplier, a thermi-
onic amplifier of conventional design is employed, the limiting sensi-
tivity is greatly curtailed. This is because the statistical fluctuation 
introduced by the amplifier and coupling arrangement is much greater 
than that present in the photocurrent. The signal current output from 
the pickup device is passed through the coupling resistor, as shown in 
Fig. 7.14, and the IR drop across it actuates the grid of the first radio 
amplifier tube. The magnitude of this voltage depends upon the value 
of the coupling resistor, and this in turn is limited by the capacity to 
ground of the combined output element of the pickup tube, coupling 
element, and amplifier grid. Details of this limitation will be taken up 
in Chapter 13. With the electronic device just described, if a resistor 
of 20,000 ohms is used, the signal voltage is 

es = 0.46 X 10-4 volt 

whereas the noise voltage, as will be shown in the chapter referred to, is 

(rms) = 3.7 X 10-5 volt 
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Under these circumstances the signal-to-noise ratio is below the useful 
limit. A somewhat more complicated coupling arrangement may in-
crease this ratio to some extent, but not greatly. The idea of replacing 
mechanical moving parts by an electron beam, however, represents a 
very important step forward. 

Signal collector 

Fig. 7.14. Simple Means for Coupling a Pickup Tube to the Video Amplifier. 

7.7 Dissector Tube. Another and quite different type of electronic 
scanning was developed by Philo T. Farnsworth.* The principle of 
this pickup device is shown in Fig. 7.15. The optical image is projected 
onto the photocathode, from which are released electrons whose density 
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Shield 

I. 137 --  CS 

Sem transparent 
cathode 

Fig. 7.15. An Early Farnsworth Dissector Tube. 

is distributed in accordance with the distribution of light intensity. 
Thus, an electron image is formed. These electrons are accelerated by 
a potential difference between the photocathode and the shield at the 

*See Farnsworth, reference 8. 

WorldRadioHistory



Sec. 7.7J Dissector Tube 251 

other end of the tube (or suitable metallic coatings on the wall, etc.) 
and move toward the shield. A magnetic field produced by a long coil 
focuses the electron image on the shield. This shield is perforated in 
the center by a tiny aperture behind which is an electrode that collects 
the electrons passing through the aperture. Two pairs of coils, per-
pendicular to the axis of the focusing field and to each other, deflect 
the image as a whole, either vertically or horizontally. By supplying 
one pair with a sawtooth current at line frequency, and the other with 
a similar current wave at field frequency, the entire image is moved in 
such a way that the aperture sweeps out a scanning pattern relative 
to the image itself. In other words, moving the image across the 
scanning aperture is exactly equivalent to moving the aperture over 
the image. The current to the collecting electrode has an instantaneous 
value equal to the photoemission from the picture element resting on 
the aperture, and therefore varies as the aperture scans the image, to 
give the video signal. Just as in the previous pickup arrangement pro-
posed by Campbell Swinton, the signal current has an instantaneous 
value equal to the photocurrent from a single element. 
The electron optics involved in this device, which goes under the 

name of dissector tube, is of no little interest. The problem is one of 
imaging the emission from an extended photocathode. However, it is 
not identical with that of the image tube mentioned in Chapter 4, 
because in the latter all image points must be simultaneously in focus, 
whereas in the dissector tube only those points in the immediate vi-
cinity of the scanning aperture need be accurately sharp. This makes 
it possible to use suitable components of the deflecting voltage or cur-
rent to correct for any curvature of the image field when necessary. 
These components may be supplied either to the magnetic lens or to 
the accelerating voltage. 
The dissector tube used with a conventional amplifier and coupling 

system, such as was described in the first-mentioned electronic pickup 
tube, would yield a signal-to-noise ratio too low to produce a picture 
of high entertainment value, except under exceptional lighting condi-
tions, or in conjunction with a moving-picture projector. However, 
this type of tube lends itself readily to the use of a secondary-emission 
amplifier. As first used in this type of tube, the multiplier took the 
form shown in Fig. 7.16. Instead of the shield shown in Fig. 7.15, a 
narrow hollow metal tube contains the aperture which scans the image. 
This permits using an opaque photoemitter instead of the semi-trans-
parent or screen cathode, the light being only slightly obstructed by 
the metal tube. Inside the tube, directly behind the aperture, is a 
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small secondary emitting element T which is made a few volts nega-
tive with respect to the tube itself. Electrons entering the aperture 
strike this element, producing secondary electrons which are collected 
by the walls of the metal tube. The net current resulting from the 
difference between the secondary-emission current and the entering 

Multiplying 
electrode (Ti) 

Collector (C) 

(Photo cathode 
— 500 volts +50 volts To amplifier 

0 volts 

Fig. 7.16. Simple Multiplier in Farnsworth Dissector Tube. 

electron stream is the signal current. With a good emitter for the 
target T, the current will be eight or more times the incoming photo-
current. Further secondary-emission multiplication was obtained in 
later tubes by incorporating a minute dynamic secondary-emission 
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Fig. 7.17. Diagram of Modern Farnsworth Dissector Tube. (Courtesy Farns-
worth Television, Inc.) 

athode 
terminal 

Photo electric 
cathode 

multiplier in the tube containing the aperture. Recent forms of this 
tube use a multi-stage static multiplier. A tube of this type is shown 
in Figs. 7.17 and 7.18. In practice, these tubes are found to give an 
excellent television image when the illumination is adequate. Because 
of the fairly high incident illumination needed, they are rather better 
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suited for film reproduction than direct pickup; however, they also still 
find employment in industrial television applications where illumina-
tion presents no problem. 

Electronic scanning in the viewing tube, as successfully demonstrated 
by Boris Rosing in 1907, and in the pickup tube as proposed by Camp-
bell Swinton in 1908, were the first two steps leading up to the modern 
electronic high-definition system. The third important step was the 
introduction of the storage principle.* 

Fig. 7.18. Photograph of Modern Farnsworth Dissector Tube. (Courtesy Farns-
worth Television, Inc.) 

7.8 Storage Principle—the Iconoscope. In the systems described 
heretofore, the photoemission from each picture element is used only 
during the very short interval of time it is actually covered by the 
scanning spot or aperture. In contradistinction, under the storage prin-
ciple, photoemission continues during the entire time, being accumu-
lated in the form of charge at each image point. The entire accumu-
lated charge is removed once each picture period, from each of the 
picture elements in sequence, as the scanning spot passes over them. 
The result is an increase in the effective photocurrent by a factor equal 
to the number of picture elements. 

This principle, together with that of scanning with a cathode-ray 
beam, forms the basis of the iconoscope. There are many possible 

* See Zworykin, reference 9. 
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modifications of this tube. Figure 7.19 illustrates one form whose 
operation is straightforward and therefore easily explained. This 
iconoscope consists of an electron gun G, a mosaic screen S, and two 
collecting elements /12 and C, all enclosed in a glass bulb which is thor-
oughly evacuated. The details of the mosaic are shown in the figure. 
A conducting mesh screen is coated with a thin dielectric layer, leaving 
the openings of the mesh free. These interstices are filled with plugs 
of a photoelectrical material. Silver plugs activated with cesium are 
often used. The mosaic is mounted in the tube in such a position that 

Collector (C) 
/Mosaic (S) 

To amp. 

Gun (G) 

Photo sensitive element 
Insulation 

Mesh 
Mosaic 

Fig. 7.19. Diagram of Iconoscope Employing a Two-Sided Mosaic. 

the photosensitized side of the plugs faces the collector C, and the 
opposite side faces the gun. 
The scanning beam, when it rests on any element, produces sec-

ondary electrons, and, if the emission is saturated, the yield exceeds 
the primary beam. Since the element is insulated, it tends to assume 
a positive equilibrium potential with respect to the collector A2 such 
that the current reaching the element just equals the current leaving. 
This equilibrium potential is independent of the initial potential of 
the element. 
When a portion of the mosaic is illuminated, elements in that area 

emit photoelectrons which go to the positive collector C. By virtue of 
this emission, the elements accumulate a positive charge. When the 
scanning beam in the course of sweeping out the pattern passes over a 
positively charged element, it is returned to its original equilibrium 
potential. Each illuminated element therefore goes through the cycle 
of accumulating a positive charge during the entire picture period and 
releasing it each time the scanning beam sweeps over it. Since each 
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element is coupled by capacity to the metallic screen which forms the 
foundation of the mosaic, any change in charge on the former induces 
a corresponding change in the latter. The change in charge produces 
a current in the lead connected to the coupling impedance and amplifier. 
The sensitivity of this system can be estimated in a manner similar 

to that used to determine the behavior of the preceding systems. If I 
is the average light intensity of the optical image, A the area of the 
mosaic, and n2/b the number of elements, the charge accumulated by 
an element during one picture period is 

lApb 
q   

701sI 

This charge is released in an interval equal to that required by the 
beam in traversing the charged element, namely, te = b/n2N. There-
fore, the instantaneous current is 

j8 = —q = lAp 
te 

Since each element behaves in this way, the average signal current is 
equal to this value. Assuming as before a 20,000-ohm coupling re-
sistance, the signal-to-noise ratio, for an incident illumination of 10,000 
foot-candles, and a mosaic whose area and photosensitivity are 20 
square inches and 20 microamperes per lumen, respectively, is 

IpAR 
 = 4.5 X 105 

(rms) 3.7 X 10-5 

In other words, an incident illumination of about 1 foot-candle would 
be needed to give the required signal-to-noise ratio. This estimate 
is, of course, based on an ideal tube, and does not take into account 
various inefficiencies occurring in an actual tube. 

7.9 Iconoscope; Single-Sided Mosaic Type. The iconoscope as used 
in practice operates on the same principle but has a somewhat different 
embodiment. The tube is diagrammed in Fig. 7.20. Instead of the 
two-sided mosaic built up on a mesh base, as in the preceding tube, 
the mosaic consists of a very thin mica sheet coated with conducting 
film on the side away from the gun, and with a myriad of tiny photo-
sensitized silver elements on the other. Each of these elements is 
insulated from the others, and as a result of incident light stores a 
charge due to the emitted photoelectrons. The scanning beam returns 
the elements to their equilibrium potential with respect to the collector 
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A2, just as in the tube using the two-sided mosaic. The actual cycle of 
operation which is described in detail in Chapter 9 is somewhat more 
complicated than that outlined above. This is because secondary 
electrons not only go to collector A2, but also return to other parts of 
the mosaic. 
The efficiency of this type of tube is fairly low, that is, only 5 or 10 

percent, as compared to an ideal tube. This is in a large measure due 
to the fact that the photoemission from the mosaic is unsaturated. 

Photo sensitive é elements 

(Signal plate Mica insulation 

Mosaic 

Gun 

Mosaic(S) 

Signal lead 

Fig. 7.20. Normal Iconoscope with a Single-Sided Mosaic. 

Such a condition is to be expected since the potential of the mosaic 
element can never be greatly different from that required for secondary-
emission equilibrium with respect to collector A2. However, the photo-
emission, particularly for small light intensities, is more efficient than 
might at first be expected because of the effect of the secondary-emis-
sion electrons which return to the mosaic and tend to drive elements 
not directly under the beam slightly negative. A detailed analysis must 
also take into account the short-circuiting effect of these same returning 
electrons. The reason for the use of this type of mosaic instead of the 
two-sided form which permits saturated photoemission is purely tech-
nological. The difficulties encountered in trying to construct a two-
sided mosaic suitable for the reproduction of a high-definition picture 
are enormous and present a serious obstacle to its practical production. 

In spite of its inefficiency, the advantage gained by the use of the 
storage principle is so great that a tube of the type illustrated in Fig. 
7.20 gives excellent performance, both for direct and film pickup. The 
experimentally determined sensitivity is sufficient so that a tube having 
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a mosaic area of 100 square centimeters and working with an f/2.7 lens 
will transmit a scene illuminated by 50 to 100 foot-candles with a 
signal-to-noise ratio of greater than 30, and will give a picture which 
is fully recognizable with less than 10 foot-candles illumination. 
With all its high sensitivity, the iconoscope is not without its faults. 

One of the most serious is a spurious signal which is the result of an 
unsaturated secondary emission required in its operation. This spuri-
ous signal takes the form of shading over the reproduced picture and 
must be compensated for by special circuit networks in the video am-
plifiers immediately following the pickup tube. 
A large share of more recent pickup tube development has been 

devoted to overcoming these faults of the iconoscope by changes in 
construction and operation. To mention only the steps which have 
resulted in tubes which have found, and are still finding, practical use 
in television broadcasting, there are: 

1. The image iconoscope and Multicon (in America), Superemitron 
(in England), and Eriscope (in France), in which enhanced sensitivity 
is obtained, by the use of a more efficient continuous photocathode 
and secondary-emission amplification at the mosaic, through the plac-
ing of an image tube section ahead of the mosaic. 

2. The orthicon (in America) and the Cathode-Potential-Stabilized 
(C.P.S.) Emitron (in England), where the elimination of spurious 
signals and the saturation of photoemission and secondary emission 
are attained by the employment of low-velocity scanning, though at 
the expense of instability at very high light levels. 

3. The image orthicon, which incorporates an image tube section, 
two-sided mosaic, low-velocity scanning, and an electron multiplier 
for the signal current and thus manages to combine a sensitivity closely 
approaching the theoretical optimum for a storage system with per-
fect stability at all light levels and relative freedom from spurious 
signals. 

The construction of all these tubes and details of their operating 
characteristics will be described in Chapter 10. They have so far out-
stripped in performance the mechanical pickup systems discussed in 
the earlier sections of this chapter that these systems retain only his-
torical and didactic interest. 

7.10 Photoconductive Pickup Tube. Effective pickup tubes, similar 
in construction to the iconoscope (Fig. 7.20) or the orthicon, may be 
obtained by replacing the photoemissive mosaic by a layer of photo-
conductive material. A tube of this type, or Vidicon, with low-velocity 
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scanning like the orthicon, is represented diagrammatically in Fig. 7.21. 
In darkness the resistivity of the photoconductive material is high 
enough (1012 ohm-centimeters or better) so that the low-velocity scan-
ning beam can maintain the surface exposed to it substantially at the 
potential of the gun cathode; the time constant of the target (product 
of resistance and capacitance) is materially greater than the time be-
tween successive scannings (Y30 second). When the target is illumi-
nated, on the other hand, the resultant photocurrent locally reduces 
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Fig. 7.21. The "Vidicon" Photoconductive Pickup Tube. 

the voltage drop across the photoconductive layer, making the surface 
exposed to the scanning beam more positive. At the instant at which 
an illuminated picture element is scanned, just enough electrons are 
deposited by the scanning beam to replace the charge removed in the 
preceding frame period by photoconduction. The corresponding pulse 
in the capacitatively coupled signal plate circuit constitutes the pic-
ture signal. 

It is clear from the foregoing description that the Vidicon operates 
as a true storage tube. As compared with the ordinary orthicon, it 
possesses the advantage of considerably greater photosensitivity: 
Selenium, as well as various sulfides, selenides, and oxides, which pos-
sess the requisite high resistivity, exhibit photocurrents which may 
amount to many electrons per incident light quantum; there exists 
thus, essentially, an internal signal multiplication which reduces the 
importance of additional secondary-emission multipliers and image 
tube stages. Also, the greater target sensitivity permits the use of 
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smaller targets. These factors combine to make the Vidicon ideally 
suited for equipment which is compact in size and simple in operation. 

7.11 Electronic Flying Spot Scanning. For film and slide reproduc-
tion the flying spot scanning process described in section 7.3 now uni-
versally employs an electronic flying spot tube instead of the cumber-
some combination of Nipkow disk and light source. This is simply a 
cathode-ray tube in which the scanning pattern is traced by an un-
modulated beam on a short-persistence screen. The scanning pattern 
is imaged on the film or slide, so that the light reaching the photo-
cathode of a multiplier phototube (Fig. 7.22) is just that transmitted 

Flying-spot tube 

Deflectior-\ . 
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Fig. 7.22. Flying-Spot Pickup System for the Transmission of Still Pictures. 
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by a single picture element of the transparency. This presupposes that 
the light emission of the screen drops to a negligible fraction within a 
picture element period after passage of the beam, a condition satisfied 
by certain phosphor screens (e.g., a zinc oxide screen). 

It can readily be seen that enough light is provided by the flying 
spot tube to yield picture signals adequately free from noise. A typical 
flying spot tube may operate at a voltage V = 20,000 volts with a beam 
current i = 150 microamperes and be provided with a 5-inch zinc oxide 
screen with a conversion efficiency 0. of the order of 1 candlepower per 
watt. If ni denotes the demagnification of the pattern, A the f-number 
of the imaging system, and p the sensitivity of the multiplier photo-
cathode in amperes per lumen, the photocathode signal current j8 be-
comes, for 100 percent transmission, 

= iVam2p 
 (2A)2  = 2.10-7 ampere 

for m = 3, p = 20.10 6 amperes per lumen, and A = 2. If, in the 
highlights, we Ffflume a total intensity reduction (by absorption and 
reflection) by a factor of 10, we still retain a signal current is = 2.10-8 
ampere. The corresponding noise current is 
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= V32 • 10-2° • 4.25 • 106. 2 • 10-8 = 1.6 • 10-1° 

The signal-to-noise ratio is thus better than 100, or quite sufficient to 
yield an excellent picture. 

Like the scanning disk and the dissector, the flying spot tube repre-
sents a nonstorage system. The transmission of standard motion-
picture film, with 24 frames per second, at the television frequency of 
30 frames and 60 field per second, demands, hence, either extremely 
rapid pull-down (in vertical return time, approximately equal to 1 
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Fig. 723. Film Pickup System with Optical Compensation. 
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millisecond), alternatingly Y20 ( %o) and 1/30 (%0) second apart, in 
an intermittent film projector, or an optical compensation system in 
conjunction with continuous film motion. 

In the second instance, exemplified by the arrangement shown in 
Fig. 7.23, the scanning pattern on the flying spot tube is compressed, so 
that its height is just three-fifths the height of the normal pattern; 
the film motion at 24 frames per second is then just sufficient to have 
a scanning pattern of normal proportions formed on the film. The 
mirror system serves to impart slight deflections to the light beam such 
that motion-picture frames are scanned alternately three and two times 
in succession. The large mirror in the center is a disk rotating in its 
own plane with frame frequency, divided into halves, one of which 
reflects, while the other transmits light freely. The other two mirrors 
are rocked through small angles during the alternating field periods 

WorldRadioHistory



Sec. 7.12] Velocity Modulation 261 

when light does not reach them from the tube. If we indicate the 
angular displacement of each mirror by the resulting displacement of 
the scanning pattern on the film in terms of the pattern height h, we 
find as successive stationary positions of the mirrors A and B, e.g.: 

A —2h/5; B 0; A 2h/5; B —h/5; A h/5; B —2h/5; 

A 0; B 2h/5; A —h/5; B h/5; A —2h/5; etc. 

The small rocking motions with a total repetition period of 3/6 second 
are imparted to the mirrors by an intermittent, cam-controlled drive 
coupled to the rotation of the mirror disk. 

7.12 Velocity Modulation. Before this survey of pickup devices is 
closed, another system based on fundamentally different television prin-
ciples from those considered heretofore must be described. This system 
utilizes "velocity modulation." All the systems discussed in the pre-
ceding two chapters employ a scanning pattern which is independent 
of the contents of the picture transmitted. Picture reconstruction is 
effected by varying the brightness of the spot moving over this pattern. 
With velocity modulation, the brightness of the reproducing spot re-
mains constant, and variation in light intensity over the picture is 
obtained by varying the velocity of the spot as it moves over the view-
ing screen. Over bright areas of the picture the velocity of the spot 
is low, while low light intensities are produced by an extremely rapid 
motion of the spot. It is quite obvious that, since there must be a 
geometrical correspondence in the positions of the exploring spots of 
the transmitter and receiver, both spots must vary in velocity in the 
same way, that is, the deflecting means of the pickup and reproducing 
devices must be tied together by the communication channel. The fact 
that the scanning velocity must be altered rapidly almost completely 
excludes all mechanical systems from this type of transmission. How-
ever, any of the cathode-ray devices can be made to serve. The advan-
tages of this system are twofold: first, theoretically at least, all prob-
lems of synchronizing are removed; and, second, the beam at the 
reproducer is seen at maximum intensity at all times, thus giving a 
high screen brightness. However, the contrast range is rather limited 
because it is not possible to move the scanning beam fast enough to 
reduce greatly the light on the viewing screen. Furthermore, the reso-
lution is not uniform over the picture but is greater in bright areas than 
in dark. There are also other practical drawbacks; for example, an 
amplitude distortion in the transmitting or reproducing units results 
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in a geometrical distortion of the image in addition to false brightness 
values. 
An iconoscope and associated circuits, arranged for pickup as a 

velocity modulator, are shown in Fig. 7.24. A video amplifier is con-
nected to the signal plate of the iconoscope in the usual way, and the 
output is supplied to the transmitting unit. In addition, the signal is 
also applied to the grid of the amplifier tube T1 in such polarity that 
the signal corresponding to a dark area makes the grid of this tube 
more positive, thus increasing the plate current. The horizontal de-

flecting plates of the iconoscope 
are connected across the con-
denser C1 so that the deflection 
of the beam is proportional to 
the charge in the capacitor. This 
condenser is charged by the plate 
current of T1; therefore, the rate 

To transmitter of deflection, i.e., velocity of the 
spot, is proportional to the signal, 
being great for the signal from 
a dark area and small for one 
corresponding to a bright area. 
The thyratron G1 is also placed 
across the condenser, and, when 

its voltage exceeds a predetermined value, this tube becomes conduc-
tive, discharging C1 and returning the beam to its initial horizontal 
position. The large discharge current flowing through the resistance R1 
drives the grid of T2 momentarily positive, allowing a current pulse of 
definite magnitude to flow into C2. The condenser C2 is connected to 
the vertical deflecting plates, and its value is so chosen that each cur-
rent pulse produces a vertical displacement of the beam equal to one 
line spacing. When the charge in C2 reaches a certain value, it is in 
turn discharged by the thyratron G2. It is interesting to note that, if 
the mosaic of the iconoscope is fluorescent under the beam, a luminous 
image of the picture being transmitted will be formed. 
The scanning spot at the receiver must merely follow the motion of 

the spot at the transmitter. By using deflecting circuits similar to 
those at the pickup, and supplying the control tube with the video 
signal, this motion can be obtained. Figure 7.25 shows the elements 
of the circuit for the receiver. The horizontal deflecting circuit differs 
from that of Fig. 7.24 only in that the discharge of the condenser C1 is 

Fig. 7.24. Velocity Modulation Pickup 
Using an Iconoscope. 
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triggered off by the signal from the transmitter. A special signal may 
also be required to generate the vertical return. 
The video signal generated by the transmitter differs from that pro-

duced by intensity modulation. However, the bandwidth required for 

To radio 
receiver 

Fig. 7.25. Reproducer of a Velocity Modulation Television System. 

a given average resolution is about the same for either system. The 
actual form of the signal and its spectrum can be determined by 
means of Fourier analysis, as was done in Chapter 5 for intensity modu-
lation. Figure 7.26 shows the signal for a few simple light-intensity 
distributions. 

Time 

Light distribution 

-1.111L1- —Un— 
\ Signai 

Fig. 7.26. Video Signal Obtained with Velocity Modulation. 

Velocity modulation is not a newcomer in the field. As early as 
1911, Rosing suggested it as a means of varying the light distribution 
on the screen of a cathode-ray viewing tube, although he failed to 
realize that the scanning at the transmitter has to be similar to that 
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at the receiver if geometrical distortion is to be avoided. Before the 
general use of cathode-ray pickup tubes, this type of transmission 
proved successful as a means of pickup from moving-picture film.* 
The arrangement by which this was accomplished is shown in Fig. 7.27. 
The spot from a Braun tube was imaged on the film to be transmitted. 
The light passing through the film was picked up by a phototube. The 
output of this tube was amplified and supplied to the control tube 
(equivalent to T1, Fig. 7.24) of the horizontal deflection. Therefore, 
the velocity of the light spot scanning the film is a function of density 
distribution of the film. The picture being transmitted is, of course, 

To transmitter 

Fig. 727. Flying-Spot Film Scanner for Velocity Modulation. 

reproduced on the screen of the cathode-ray tube which furnishes the 
scanning light spot, as well as on the screen of the viewing tube at the 
receiver. 
As has been pointed out, a high contrast ratio cannot be obtained 

by this system of transmission. To overcome this deficiency, experi-
mental pickup systems combining velocity and intensity modulation, 
using the latter to reduce the scanning beam current in the viewing 
tube in order to produce black areas, have been set up. This does not 
greatly reduce the gain in brightness characteristic of velocity modu-
lation, while permitting high values of contrast. 

In spite of its theoretical interest, velocity modulation has not been 
considered of much practical importance, the gain in brightness at the 
viewing tube being more than offset by the added complications in 
equipment, the nonuniformity of resolution, and the difficulty in avoid-
ing geometric distortions due to nonlinear channel characteristics or 
interference. 

This chapter is intended to outline a few of the more important 
pickup systems. Many pickup systems which, though different in 

*See Bedford and Puckle, reference 13. 

WorldRadioHistory



Sec. 7.12] References 265 

many important respects, are similar in basic principles were unavoid-
ably omitted. Some of these systems have given very good service 
in experimental television tests. 
Because of the very great theoretical and demonstrated practical 

advantage of the storage-type -pickup device, particularly in the field 
of direct pickup, its construction, theory, and performance must be 
examined in more detail. This further consideration will be reserved 
for Chapters 9 and 10. 
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8 Picture-Reproducing Systems 

8.1 Mechanical Scanning. The division of pickup devices into two 
classes has its counterpart in a similar subdivision of viewing devices, 
classifying them into mechanical and electronic systems. Because of 

its historical priority the class of me-
Viewing Modulated dIscharge chanical systems will be considered 
area lamp 

first. 
The principal components of a me-

Nipkow 
disk chanical reproducer are the scanning 

mechanism, the light source, and the 
means for controlling the light intensity. 
In the earliest systems the last two ele-
ments were combined, that is, the light 

Gas discharge lamp source was a gaseous glow discharge 
Luminous area 

and its brightness was varied by excit-
N ing it directly with the video signal. A 
ipkow Synchronized 

Motor disk Nipkow disk with a spiral row of aper-
tures equal in number to the number of 
lines making up the picture effected the 
scanning. The glow lamp was designed 
in such a way that the discharge was 
spread uniformly over an area equal to 

the picture area. This made possible the very simple arrangement 
shown in Fig. 8.1. Later the use of a crater lamp and suitable optical 
systems greatly increased the brightness of this type of reproducer. 
The frequency response of the glow-discharge type of light source is 

very much too limited to make this arrangement feasible for high-
'definition purposes. Furthermore, when a large number of lines are 
used the amount of light which can be obtained through a simple aper-
ture disk, even with a very intense arc source, is very small, as has 
already been pointed out. 

In order to meet the difficulty resulting from the limited light passed 
by the scanning disk, a number of optically more efficient scanners 

266 

Fig. 8.1. Simple Nipkow Disk 
Viewer. 
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have been devised. The lens disk and lens drum improve the optical 
efficiency, but they are both expensive to make and critical in adjust-
ment. Mirror and prism drums or screws have been found to meet the 
necessary optical requirements without the disadvantages of the lens 
disk and lens drum. Several alternative forms of the simple mirror 
drum are shown in Fig. 8.2. Each of the drums shown has segments 
equal in number to the number of lines in the picture and is driven at 

Viewing 
screen 

Mirror drum 

Modulated 
- light source 

Modulated 
light source 

Drum 

  Screen 

0,-Light source 

Fig. 82. Modifications of the Mirror Drum. 

frame frequency. Unless the drum is very large indeed, the mirror 
segments for high-definition work must be very narrow. Consequently, 
some increase in optical efficiency can be obtained by introducing com-
binations of cylindrical lenses instead of the simple spherical lens 
shown. This lens or combination of lenses images an aperture at the 
light source onto the viewing screen. 
An interesting variation on the mirror drum is shown in Fig. 8.3. 

The segmented drum is stationary and is made up of internally placed 

Stationary 
Screen mirror drum 1 Screen 

.---- Rotating 
-, mirror 

Drunà 

Light source Light source 

Fig. 8.3. Scanning System Employing a Stationary Mirror Drum. 

mirrors. A two-sided plane mirror in the center revolves at frame fre-
quency and produces the scanning action. The size of the mirror drum 
becomes very large for anything approaching high-definition work. 
To effect a reduction in size a polyhedral mirror can be substituted 
for the plane revolving mirror. 
The mirror screw is another mechanical scanner for picture repro-

duction. An array of striplike mirrors is arranged along a shaft in 
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such a way that their narrow dimension includes the axis of the shaft 
and their faces are each inclined at a small fixed angle with respect to 
the preceding mirror. In appearance the assemblage resembles a screw, 
thus giving the arrangement its name. Figure 8.4 shows diagram-
matically such a scanner. The number of mirrors is equal to the 
number of lines used, and the whole structure is rotated at frame fre-
quency. The picture is viewed directly on the screw, so that the ob-

Apparent 
image area 

— 

Mirror screw 

.e.. ¡Observer 
'N 

Modulated, 
light source 

Fig. 8.4. Mirror Screw. 

server sees the image in space, apparently located behind the scanner, 
since it is made up of the direct reflection of the modulated light source 
as seen in the spinning mirror screw. 
Another modification of the mirror-drum principle involves two 

drums, one rotating at high speed to give line scanning, the other at 
the much lower speed necessary to produce the displacement of the 

Viewing screen 

Low speed drum 
(frame) 

/ High speed drum 
(line scanning) 

eS Light source 
is. 

Fig. 8.5. Television Reproducer Using High- and Low-Speed Mirror Drums. 

line. When cylindrical lenses are employed this system can be made 
optically quite efficient. The two drums make it possible so to reduce 
the size of the equipment that it is no longer totally impractical for 
high-definition work. A schematic diagram of the arrangement is 
shown in Fig. 8.5. 

8.2 The Kerr Cell. One of the major problems in connection with 
mechanical viewing systems is the modulation of a light beam of suffi-
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cient intensity to give a usable picture. The direct modulation of a 
gas discharge or arc is immediately excluded, because no known source 
of this type can respond to variations of the frequency necessary for 
high-definition pictures. Mechanical light valves (excluding super-
sonic wave motion in elastic media), such as oscillating mirrors or 
shutters, suffer from the same limitation. Even the most nearly inertia-
free systems of strings or reflectors will not respond to frequencies 
much above 50 kilocycles, whereas high definition requires nearly 100 
times this frequency. 
There are several electro-optical effects which suggest themselves as 

a means of performing the function of light modulation. Upon investi-

Fig. 8.6. Ellipsoid of Refractive Index for a Uniaxial Birefringent Material. 

gation, only the Kerr effect has, in the past, been found to offer any-
thing resembling a practical solution. Therefore, the discussion of 
electro-optical light valves will be limited to those based on this 
phenomenon. 

Certain organic liquids, when subjected to an electric field, lose 
their isotropic optical properties and become birefringent. This is 
known as the Kerr effect. When a beam of polarized light passes 
through a birefringent material, the velocity with which it traverses 
the substance depends upon the direction of the electric vector of the 
incident light. In other words, the index of refraction of the material 
depends upon the direction of propagation and plane of polarization of 
the light. The index of refraction may be represented as an ellipsoid, 
as shown in Fig. 8.6. If this ellipsoid is one of revolution, there is one 
direction through the material for which the index is independent of 
the plane of polarization. This is known as the optic axis, and the 
material may be classified as uniaxial. Substances which exhibit the 
Kerr effect are uniaxially birefringent under the influence of the field, 
with the optic axis in the direction of the field. 
The mechanism of the effect may be pictured as follows: The mole-

cules of the material (a liquid usually) are polar, that is, each molecule 
contains an equal positive and negative charge which can be displaced 
relatively in some preferential direction. Along the direction in which 
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this displacement can take place, the effective "dielectric constant" 
is greater than in any other direction. In the absence of a strong con-
stant electric field, the molecules are randomly oriented and the 
medium is isotropic. An electric field causes a preferred orientation 
to be superimposed on the statistical randomness of the molecules. 
This makes the material anisotropic. 

If a polarized beam of light passes through an isotropic medium it 
remains unchanged, both in degree and plane of polarization. For a 
birefringent material this is not true. A beam of light, polarized in 
a plane at 45 degrees with respect to the optic axis and directed normal 

V (Signal) 

Polarizer Kerr cell 
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P2Pt 
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Fig. 8.7. Principle of the Kerr Cell Light Valve. 

to the axis, is divided into two components, each of which traverses 
the medium at slightly different velocity. Upon emerging the two 
components will, in general, differ in phase, and the light will no longer 
be plane polarized. If, however, the delay between the two components 
is half a wavelength, the emerging light will be polarized but in a plane 
normal to the original plane. The extent of the delay depends upon 
the medium, the applied voltage, and the length of path. This dif-
ference expressed as a phase shift is 

-= 271-B1E2 

where E is the field strength in the liquid, / the length of the light path, 
and B a constant, depending upon the medium, known as the Kerr 
constant. 
One way of using this effect in a light valve is shown in Fig. 8.7a. 

Light from the source S is polarized by the element P1, which may be 
a Nicol prism, a Polaroid sheet, or similar means, in a plane making 
an angle of 45 degrees to the electrodes NN' in the cell. The element 
P2 is the analyzer and is similar in construction to the polarizer P1. It 
passes light polarized in a plane at right angles to that of the light 
emerging from P1. The heart of the valve is the cell, which is filled 

772 L 2 
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with a liquid exhibiting the Kerr effect and contains two plane parallel 
electrodes NN' to which the modulating voltage V is applied. 
When no potential is applied to the electrodes, a negligible amount 

of light passes through the system since in effect it is one consisting 
of crossed polarizers. However, when a potential is applied between 
the plates, making the liquid anisotropic, light can pass through the 
analyzer. The amount of light increases with potential until, when 
the light is completely polarized in the plane of transmission of the 
analyzer P2, half the light entering will be transmitted (half being 
rejected by the polarizer P1). A further increase in potential again 
decreases the light. The light emerging from the cell is represented 
diagrammatically in Fig. 8.7b. Quantitatively, the amount of light 
emerging 1 is given by 

/0 4, 
1 = — sin2 — 

2 2 

where /0 is the light entering the system. This, in terms of the cell 
constants, is 

10 BlV2 
1 = — sin2ir  

2 d2 

1.0 BlV2\ 
= — (1 — cos 2r  
4 d2 

where V is the potential between plates and d the spacing between them. 
This expression has its maximum value when 

I 1 

Vmax = d Ni -2B1 

An idealized curve showing the variation in light with applied voltage 
is shown in Fig. 8.8. Unfortunately, the Kerr effect is independent of 
neither temperature nor wavelength 
of light. Therefore, not only must 
the cell be kept at constant tempera-
ture, but also some correction must 5„, 0.5 
be made for the dispersion of the cell. 
A mica half-wave plate can be made g 0.25 

to serve the latter purpose. 
The Kerr constant B for a number 

of liquids is given in Table 8.1. From 
the magnitude of the Kerr constant 

500 1000 1500 
Voltage between elates 

Fig. 8.8. Light Transmission Char-
acteristic of a Typical Kerr Cell. 
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TABLE 8.1. KERR CONSTANT OF LIQUIDS 

Substance 
Carbon disulphide 
Chloroform 
Acetone 
Nitrobenzene (purified) 

CS 
CHCl2 
C21160 
C6H6NO2 

B X 106 (esu) 
0.36 
0.32 
1.6 

41.0 

Resistivity 
13 X 10'6 
5 X 107 
8 X 106 
101° 

Dielectric 
Constant 

2.6 
5.0 

21.0 
36.0 

it is evident that, even with a nitrobenzene cell, the spacing between the 
plates must be very small or the voltage needed across the plates will 
be enormous. For example, a cell 5 centimeters long will have a max-
imum voltage required for the change from complete extinction to 
maximum transmission: 

It can be 
required. 

V = d \I 106  X 300 
2.40.5 

seen that, with d =-- 1.0 millimeters, about 1500 volts are 
If in operation the cell is biased to 1100 volts, the peak 

control voltage is some 400 or 500 volts. The 
narrow spacing and great length of the cell mean 
that the optical aperture of the system will 

— be very seriously limited. To overcome this, 
Karolus suggested a multiple cell. A cell of this 
type is illustrated in Fig. 8.9. The capacity, 
together with the high-control voltage, makes 
this cell rather impracticable because of the 
very great power required to drive it. Power at 

, video frequency is both difficult to obtain and 
expensive. In fact, this fault excludes the mul-
tiplate cell from practical high-definition work. 
The Wright cell is a somewhat more practical 

solution. Figure 8.10 illustrates this type of 
cell. If an image of the scanning aperture is 
focused on the center of the cell, the system may 
be made fairly efficient optically. 

As has been pointed out, half of the light is lost at the first polarizer. 
Several systems have been suggested to avoid this loss of light, only 
one of which will be discussed. The arrangement is shown in Fig. 8.11. 
Instead of the initial polarizer a calcite crystal divides the incoming 
light into two parts polarized at right angles and slightly displaced, 
owing to the two indices of refraction. A second calcite replaces the 
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J 
/ N 
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Fig. 8.9. Karolus Mul-
tiple Plate Kerr Cell. 
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analyzer. This still further separates the two beams, so that they fall 
onto the mask on either side of the slit. If the Kerr cell between the 
plates causes a shift of 90 degrees in the plane of polarization of each 
ray, the two rays will be bent in the second crystal in such a way that 
they meet upon emerging and pass through the slit. At lower control 

V (Signal) 

N 

N' 

[ V (Signal) 

Fig. 8.10. Wright Wedge Kerr Cell. 

voltages, when the cell only elliptically polarizes the light, only a frac-
tion will pass through the slit. 

If there were no alternatives, the Kerr cell would offer a possible 
means of obtaining a high-definition picture. However, the power 
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> 
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li 
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Fig. 8.11. Modified Kerr Cell Light Valve Utilizing Nearly All Incident Light. 

required from the video system, the limitations it imposes upon the 
optical arrangement, together with other less important objections such 
as nonlinearity of control, render the system less suited to the present 
requirements than other arrangements, in particular, electronic view-
ing devices. 
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8.3 Supersonic Light Valve. Another, radically different, light 
valve has also been used in television reproduction. The action of this 
valve is based upon the diffraction of light by supersonic waves in a 
transparent medium. The method of exciting supersonic waves in 
liquids by a piezoelectric crystal was developed by Langevin about 
1917, and, furthermore, Brillouin at an early date had considered 
mathematically the scattering of light by thermal motion treated as 
superimposed elastic waves. It was not until 1932, however, that the 
diffraction of light by supersonic waves was observed experimentally. 

2nd Order / 
1st-aide 

Source 
Direci ray 

1st Order 

Crustal 
  ----___KI Order 

N. 
----___KI Order 
N. 

Fig. 8.12. Diffraction of Light by Supersonic Waves. 

The phenomenon was shown independently by Debye and Sears in this 
country and by Lucas and Biquard in France. Their observations 
indicated that, if plane waves were excited in a trough containing a 
liquid such as carbon tetrachloride, benzene, kerosene, or glycerin, a 
light beam parallel to the wave fronts would be efficiently diffracted. 
The experimental arrangement is shown in Fig. 8.12. The waves in the 
liquid are made up of alternately compressed and rarefied regions, and 
consequently the index of refraction of the liquid varies sinusoidally in 
correspondence with these compression waves. If the velocity of pro-
pagation of the elastic wave is y, and the excitation frequency f, the 
separation between successive high-index regions (i.e., wavelength) is 
y/f =- d. The light which passes through the regions of high index is 
delayed slightly more than that through the lower-index portions, so 
that the emerging light has a phase varying periodically normal to its 
direction of propagation, or, considering surfaces of constant phase, 
these surfaces are corrugated. On the basis of this picture of the action 

of the cell it is possible, with the aid of Huygens' principle, to calcu-
late the intensity and position of the diffracted beams and the intensity 

WorldRadioHistory



Sec. 8.3] Supersonic Light Valve 275 

of the direct or central beam. The positions of the diffracted beams 
are found to be given by the relation 

nX = d sin O 

where n is the order of the diffracted ray, à the wavelength, and O the 
angle measured from the direction of the central beam. The intensity 
of the light going into the diffracted rays depends upon the amplitude 
of the supersonic waves, and, with sufficient amplitude, practically all 
the light can be thrown from the central ray into the scattered beams. 
It is interesting to note that the position of the orders of diffracted 
light is unchanged by any change in amplitude of the elastic waves. 

Crystal 
G 

N Nt 

Fig. 8.13. Optics of the Supersonic Light Valve; Method of Arresting the Motion 
of the Image of a Picture Element. 

A very ingenious application of this effect to the problem of tele-
vision reproduction was made by Jeffree in 1936. A supersonic light 
valve based on this principle forms the nucleus of the Scophony sys-
tem.* The cell consists of a fairly long trough filled with a suitable 
liquid and having a quartz piezoelectric crystal at one end. At the 
other end there is a layer of absorbing material such as glass wool so 
that the compression waves are not reflected back. When the crystal 
is made to oscillate, traveling waves move down the trough at a 
velocity y which depends upon the density and elastic constants of the 
liquid. In practice a liquid giving a velocity of about 1000 meters per 
second is used, while the normal frequency of the crystal is in the neigh-
borhood of 10 megacycles, resulting in a wavelength of 105/107 = 0.01 
centimeter. A cell of this type is shown in Fig. 8.13. 

If the crystal is driven for a few cycles, a wave group will move 
through the trough at the propagation velocity v. In the figure, G and 
G' indicate two positions of such a group as it moves up the trough. 

* See Lee, reference 8. 
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The trough is illuminated from the source S, which in conjunction with 
the lens L1 produces a parallel beam of light through the cell. Lens L2 
images the cell into the plane MM', but the mirror R intercepts the 
light from this lens and forms the actual image on the screen NN'. By 
an optical arrangement which will be explained below, only the light 
diffracted by a disturbed region is permitted to pass through the system. 
Therefore, if the mirror is held stationary the image of the wave group 
G will appear as a bright area moving across the screen NN' in the 
direction indicated by the arrow A. However, if the mirror rotates in 
such a direction that the image of a stationary point on the cell moves 

2nd Order 
Crystal. 1st Order 

N' N 

Fig. 8.14. Optics of the Supersonic Light Valve; Method of Controlling Light 
Transmission. 

with equal velocity in the opposite direction across the screen, as in-
dicated by the arrow B, the bright image of the wave group will appear 
stationary. 

In order to remove the direct beam and use only the diffracted light 
produced by periodic variations in the index of refraction of the liquid. 
the optical arrangement may be as shown in Fig. 8.14. The combina-
tion of lenses L1 L2 L3 images the source S onto the shield O. Undis-
turbed rays 1 indicate this image formation. If the fluid is undisturbed, 
all the light entering the system is stopped by this shield, so that the 
screen is entirely in darkness. A disturbed region in the cell, such as 
G, causes some of the light to be thrown into diffracted rays. These 
rays (represented by rays 2 in the diagram) are not stopped by the 
shield, but instead are brought together by lenses L3 and L2 on the 
screen NN' described above. 
Used in a television system, an oscillator drives the crystal at reso-

nance, usually, as has already been mentioned, at a frequency around 
10 megacycles. The amplitude of this oscillation is modulated with 
the video signal in such a way that the signal corresponding to a black 
area leads to zero amplitude, whereas a bright area gives large ampli-
tudes. If the instantaneous distribution of amplitudes in the cell is 
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considered, it will be seen that they record the video signal for a period 
of time equal to //y, where / is the length of the cell. By making the 
length of the cell within the optical system equal to the product of the 
velocity of propagation and the line period, the distribution corre-
sponding to a complete line will be included. Therefore, the optical 
system images a light distribution corresponding to an entire picture 
line on the screen. As the distribution moves through the cell, the 
light image is held stationary by the motion of the mirror. In an 
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Fig. 8.15. Schematic Diagram of a Scophony Television Receiver Employing a 
Supersonic Light Valve. 

actual television reproducer the moving mirror takes the form of a 
small mirror drum, so that as one face carries the image off the screen 
an adjoining face brings another image onto the screen. A second 
mirror drum provides scanning motion at right angles to the direction 
of the lines. 
The complete optical system of a reproducer using this system is 

shown in Fig. 8.15. In this arrangement the shield has been moved up 
to the light source and a slit is located at the position previously oc-
cupied by the shield. However, it will be seen that the action is the 
same as described above. The small line scanning mirror drum must 
run at a very high speed. For example, if this drum has 20 faces it 
must be driven at more than 47,000 revolutions per minute for a 525-
line picture. Therefore, it must be very accurately balanced and have 
the minimum practical moment of inertia. It will be noticed that 
cylindrical lenses rather than the usual spherical lenses are used 
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throughout the optical system. Such elements greatly reduce the size 
of the equipment necessary to obtain a given optical aperture. 
The supersonic light valve gives in one sense a storage of the infor-

mation of the picture elements over a period of a line. However, it 
does not lead to the full light gain that would be expected from an 
unrestricted storage system. The limitation is due to the fact that 
light must pass through the cell in an essentially parallel beam. As 
a consequence of this limitation, it is evident that a light valve which 
has the same area as the supersonic cell, but which controls the trans-
mission simultaneously over its entire area, can be made to produce 

Light valve 

Li V L 2 

N 

Fig. 8.16. Large Area Light Valve. 

the same illumination on the viewing screen. Such a system is illus-
trated diagrammatically in Fig. 8.16. Only one mirror drum is shown, 
although two are actually required. For the sake of economy of size 
in the moving parts, cylindrical lenses would be used. Similarly, a 
much smaller cell which would control light entering from all direc-
tions could be made to produce the same results. 
However, in the absence of these ideal valves, the supersonic cell, in 

spite of its complications, has shown itself to be by far the most 
efficient arrangement to be used in connection with the mechanical 
scanner for the reproduction of television pictures. The amount of 
light that can be obtained is sufficient, when a high-intensity moving-
picture type of arc serves as a light source, so that the image formed 
on a 5 by 6 foot screen can be viewed without discomfort. 

8.4 Light-Valve Cathode-Ray Tubes. In present-day television the 
reproduced image is almost exclusively presented on a phosphor screen 
cathode-ray tube. Before discussing this type of reproducing device 
another application of the cathode-ray tube for picture presentation 
will be treated, namely the cathode-ray-operated light valve. This 
type of device is attractive because the light intensity is not directly 
limited by the power capabilities of the scanning electron beam. Here 
the light is modulated with a two-dimensional light valve in which the 
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transmission of each picture element is controlled with a cathode-ray 
beam. 

Several methods suggest themselves for this purpose. Of the four 
which will be described briefly below, only two have progressed to the 
point of practical utilization and only one of these in the field of tele-
vision proper. 
An obvious technique, which has not been realized in practice, con-

sists of the employment of the longitudinal analogue of the Kerr effect. 
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Fig. 8.17. Principle of Television Projector Employing Crystalline Light-Valve 
Plate. 

If certain uniaxial crystals, such as ammonium dihydrogen phosphate 
(NH4H2PO4 or ADP), are subjected to an electric field parallel to their 
optic axis, the velocities of propagation of the ordinary and extraordi-
nary rays, which are identical in the unexcited state, become unequal. 
The retardation produced is proportional to the applied voltage and 
independent of the thickness of the crystal. For green light (5460 A) 
a retardation of 180 degrees requires a voltage of 9400 volts. 
A crystal plate of ADP might be employed as light valve in a tele-

vision projector as indicated in Fig. 8.17. Light from a mercury arc 
provided with a filter for the green line is plane polarized and directed 
on the crystal plate mounted in a cathode-ray tube. The back of the 
plate is provided with a transparent conductive coating which is biased 
by 4700 volts with respect to the anode coating (here indicated as 
grounded) of the tube. The front of the crystal plate is scanned by 
a high-velocity beam modulated with the picture signal. The beam 
tends to drive the surface of the crystal negative by an amount pro-
portional to the modulating signal. Between scannings a low-velocity 
spray beam returns the surface to anode potential ("shuts the light 
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valve"). Beyond the tube is placed a quarter-wave plate so oriented 
as to compensate the retardation produced by the crystal plate for 
zero modulation. The analyzer, crossed with respect to the polarizer, 
the projection lens, and the viewing screen complete the optical 
assembly. 
The arrangement shown is by no means unique. The d-c bias on 

the crystal plate and the compensating quarter-wave plate serve pri-
marily to shift the operating point of the system into the range of 
maximum sensitivity. Some of the inherent weaknesses are obvious. 
Thus, for a high light efficiency, the signal power must be very great 
and the voltage variations over the plate so high that they may be 
difficult to maintain and will distort the scanning pattern. Further-
more, as with the supersonic light valve, only small apertures may be 
employed, since the retardations depend on the direction of passage 
through the crystal. Finally, since the magnitude of the retardation 
depends also on wavelength, a monochromatic source must be employed. 
A second system, which is free from many of the complications of 

the crystal light valve, but possesses others in their stead, uses a sus-
pension of opaque flakes suspended in a liquid to control the passage 
of light. Graphite flakes suspended in oil may serve as example. The 
flakes, which are randomly oriented in the absence of a field, tend to 
line up with their flat surfaces parallel to the field direction when a 
field is applied. Their projected area on a plane normal to the field, 
which determines the effective absorption of a light beam parallel to 
the field by the suspension, is accordingly reduced. Quantitatively, 
the change in transmission is proportional to the square of the applied 
field. As the field is removed, the randomness of the particle orienta-
tion is rapidly restored by thermal agitation. 
An experimental arrangement for utilizing the suspension as tele-

vision light valve is shown schematically in Fig. 8.18. The scanning 
surface here is a mica plate, 0.010 to 0.020 inch thick, which forms one 
of the cell electrodes and also a part of the cathode-ray tube envelope. 
The back electrode of the cell is a second mica plate with a transparent 
conducting coating. The thickness of the suspension itself is 0.020 to 
0.050 inch. 
The sequence of charge and discharge is similar to that in the pre-

ceding example. The charge is accomplished by a high-velocity scan-
ning beam modulated with the video signal, which charges the scanned 
mica surface to a negative potential. A low-velocity beam returns the 
surface again to anode potential. Either a separate spray beam or 
the scanning beam, reduced in velocity, defocused, and unmodulated, 

WorldRadioHistory



Sec. 8.4] Light-Valve Cathode-Ray Tubes 281 

may be used for this purpose. The reduction in velocity is most simply 
accomplished by lowering the potential of the anode and back elec-
trode (and hence also that of the scanned surface). More specifically, 
if the initial anode potential is Vo > Vb, Vb being the upper unity yield 
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8.18. Suspension Light-Valve Projector. (Donal, reference 19; courtesy of 
Proceedings of the Institute of Radio Engineers.) 

point on the secondary"-emission yield curve of the scanned surface, 
the voltage of anode and back electrode may be shifted to Vo (Fig. 
8.19). Here Va < Vo < Vb, where Vd is the lower unity yield point of 
the scanned surface, and, preferably, also Vo — Va > Vo — Vb. Under 
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Fig. 8.19. Secondary Emission of Target at Operating Points of Light-Valve 
Projector. (Donal, reference 19; courtesy of Proceedings of the Institute of Radio 

Engineers.) 

these conditions the low-velocity beam returns the surface to anode 
potential regardless of the magnitude of the charging signal. 

It might be inferred from the above that, if the image is scanned, 
after each high-velocity scanning, with a low-velocity beam of ade-
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quate strength, the image is completely wiped out after every frame. 
This is true, however, only if the suspension is a perfect insulator. In 
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Fig. 820. Potential Variation in Target Plate and Suspension at Various Stages 
of the Scanning Process. (a) Before charging. (b) Immediately after charging. 
(c) After polarization following charging. (d) Immediately after discharging. 
(e) After polarization following discharging. (Donal, reference 19; courtesy of 

Proceedings of the Institute of Radio Engineers.) 

practice, the cell is polarized by conduction and hence becomes opaque 
approximately 0.01 second after charging. As shown in Fig. 8.20, dis-
charge actually produces a reverse field across the cell of lesser strength, 
resulting in a second flash of light of reduced intensity. The original 
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Fig. 8.21. Principle of the Eidophor Projector. (Thiemann, reference 22; cour-
tesy of Bulletin de l'association suisse électriciens.) 
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image is thus completely wiped off only after a number of cycles. 
Actually the decay is rapid, however, since the transmission of the cell 
varies as the square of the field within it. 
Although the possibility of forming television images with the sus-

pension valve has been demonstrated, it has not found practical ap-
plication in television so far. On the other hand, the Eidophor system 
developed by Fischer and Thiemann at the Technische Hochschule in 
Zurich has been found capable of projecting large-screen theatre tele-
vision pictures. Only a brief description can be given here of this 
system whose realization involved the overcoming of formidable tech-
nical difficulties. 
The essential elements of the Eidophor system are shown in Fig. 

8.21. Its characteristic feature is the imaging of a brightly illuminated 
field containing a series of parallel bars through the light valve onto a 
second plane containing a set of complementary bars. The light valve 
itself is imaged, through the second mask, on the viewing screen. It 
consists of a glass disk coated with a layer of viscous liquid, the 
Eidophor ( = image bearer), which is scanned by the modulated beam. 
If the surface of the liquid is flat, as it is if the charge deposited by 
the beam does not vary from point to point, no light whatsoever is 
transmitted. On the other hand, if the beam is modulated, the varia-
tion of charge over the surface gives rise to electrostatic forces which 
give it a wavy contour. This distorted surface thus acts as a grating 
which diffracts a portion of the incident light so that it may pass 
through the openings in the second mask (Fig. 8.22). The intensity of 
the transmitted light depends on the amplitude of the surface distor-
tion, the control characteristic, on the relative dimensions of the lattice 
constant (i.e., the frequency of modulation) and the grid spacings in 
the masks. 
The mechanical and electrical characteristics of the Eidophor liquid 

must be chosen so that the distortions imparted to the surface decay 
in approximately one frame period. A more rapid decay results in low 
optical efficiency, since the valve is opened by the beam for only a small 
fraction of the total time; and a slower decay, in picture lag and an 
inadequate reproduction of moving objects. Furthermore, gross charge 
variations over the picture area are to be avoided, since they would 
result in slowly decaying low-frequency deformations. Accordingly, a 
scanning beam of uniform intensity is employed and the signal, modu-
lating a carrier frequency which considerably exceeds the maximum 
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Direct light, 
stopped by mask 

Transmitted light, 
diffracted by Eidophor) 

undulations 

Lens imaging 
mask 1 on mask 2 

Fig. 8.22. Mechanism of Light Transmission by Eidophor Light Valve. 

frequency of the signal, is applied to horizontal beam deflecting plates. 
The horizontal deflection is thus of the form 

d = vht -I- A sin cot 

where v is the normal scanning velocity along a horizontal line and A 
is proportional to the video signal. With this type of scanning the 

WorldRadioHistory



286 Picture-Reproducing Systems [Chap. 8 

charge depositions and consequent distortions of the surface vary in 
amplitude with the video signal but have a uniform fundamental 
wavelength vilw; the average charge density in an area of the order of 
a picture element or larger is uniform throughout. 
The layer of liquid is maintained in an unaltered condition, and 

distortions at the edge of the scanning pattern are minimized by ro-
tating the supporting glass disk, which is provided with a transparent 
metal deposit as conducting coating, at a very slow rate as compared 
to the frame frequency. After leaving the scanning area the liquid 
comes into contact with thermostated metal cooling plates and, before 
re-entering the scanning area, is flattened by a smoothing bar. The 
motion is so slow that it does not noticeably reduce the sharpness of 
the reproduced image. 

It is evident that special demands are placed on the scanning beam 
by this system: The spot must be materially narrower than the funda-
mental wavelength of the Eidophor distortions in the line direction, 
i.e., at most one-fourth of a picture element width. It is defined by a 
slit, 0.013 X 0.1 square millimeters in size, which is placed in the cross-
over plane of the gun. The slit cheeks are of tungsten since they are 
exposed to very intense bombardment. The rectangular spot shape, 
with the long side perpendicular to the line, yields the maximum total 
intensity consistent with the high resolution required in the line direc-
tion. The cathode itself is novel in design. It is formed by the flat-
tened end of a tungsten rod aligned on the gun axis. The rod is heated 
partly by radiation from a coaxial tungsten helix and partly by elec-
tron bombardment from the same helix. The helix is heated and 
rendered negative with respect to the cathode rod by pulses restricted 
to the horizontal return time, so that the electron-optical imaging 
system is not disturbed by the magnetic field of the heating currents. 
A few remarks are in place regarding the general performance of the 

Eidophor system. With a beam voltage of 20 kilovolts and a beam 
current of about 20 microamperes the system shown in Fig. 8.21 was 
able to achieve the required spot size of about 0.02 x 0.1 square milli-
meters and to attain the necessary modulation of the Eidophor surface. 
The required deflecting signal amplitude, applied to a special pair of 
deflecting plates, was only of the order of 1 volt. The maximum light 
transmission of the light valve was 20 percent, not counting reflection 
losses: the application of nonreflecting films on all glass surfaces be-, 
tween the light valve masks is not only desirable from the point of view 
of efficiency, but also essential to achieve adequate contrast; light scat-
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Fig. 8.23. Diagram of Folded Eidophor System. (Cout tesy of Twentieth Century-Fox Film Corporation.) 
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tered within the system limits the darkness of the shadows which can 
be achieved in the picture. 
More recently a great gain in compactness has been achieved by 

"folding" the optical system as indicated in Fig. 8.23. The reflecting 
bar mask, inclined by 45 degrees to the axis of the illuminating system, 
is placed at the center of curvature of a spherical mirror coated with 
the Eidophor liquid. In the absence of beam modulation the light ici-

Fig. 8.24. Eidophor Large-Screen Color Television Projection Equipment. (1) 
Eidophor projector. (2) Projection light beam hood. (3) Color wheel. (4) 
Auxiliary services (vacuum pump, thermostat, and system for Eidophor cooling). 
(5) Projection lamp (Ventarc type). (6) Television receiver circuits. (Courtesy 

of Twentieth Century-Fox Film Corporation.) 

dent on the spherical mirror is reflected onto the mirror bars and re-
turned by them to the illuminating system. On the other hand, light 
which is deflected by Eidophor corrugations passes through the slots 
between the mirror bars and is utilized for forming the picture on the 
viewing screen. The color wheel shown in the diagram would, of 
course, be omitted in an Eidophor projector designed for black and 
white pictures. However, with the beam current raised to 70 micro-
amperes (and a beam voltage of 17 kilovolts) even color pictures of 
acceptable brightness have been obtained on a screen 15 X 11.5 square 
feet in size. The external appearance of the complete projection equip-
ment is shown in Fig. 8.24. The Eidophor system has been shown 
capable of producing excellent projected pictures, though obviously 
only at considerable cost in equipment and operating skill. 
A quite different type of cathode-ray light valve tube which has 

found some application in radar technique, where the required storage 
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times are generally longer than television, is the dark-trace screen 
tube or Skiatron (Fig. 8.25). The light-valve action here rests on 
the fact that certain crystalline materials, such as potassium chloride 
(KCl), are darkened by electron bombardment. The scanning beam 
traces a negative image on the screen which, illuminated by an auxiliary 
source, is projected on the viewing screen. Obviously, a picture signal 
of reversed polarity is required to yield a positive reproduction of the 
image. 

Light 
(source 

Condenser 

Evaporated 
KC1 layer 

Scree 

—10 kv 
Modulated 
scanning 
beam 

Fig. 8.25. The Skiatron (Dark-Trace Cathode-Ray Tube) as Television Projector. 

The darkening of the crystalline screen by the incident electrons is 
interpreted as the production of color centers, i.e., the transfer of elec-
trons from the negative chlorine ions of the potassium chloride lattice 
to chlorine ion vacancies. Electrons in such vacancies are capable of 
excitation by, and hence of the absorption of, visible light. Even in 
the absence of light, they are eventually thermally excited and return 
to neutral chlorine atoms to reform the original lattice ions and restore 
the transparency of the crystal. This process may be accelerated by 
raising the temperature of the crystalline layer or applying an electric 
field which tends to "sweep out" the electrons in the color centers. 
Thus Rosenthal * mentions that in a single crystal of potassium chloride 
a voltage of 600 volts applied across a 1-millimeter layer will clear the 
opacity produced by an electron beam in the course of %o second, i.e., 
a television frame period. Actually thin evaporated films of potassium 
chloride, giving a mauve coloration, or of 75 percent potassium chloride 
and 25 percent potassium bromide, giving a neutral gray, were em-
ployed. The persistence of the thinner screens proved to be, at room 
temperature, %o to Y15 second, without the application of an external 

* See Rosenthal, reference 9. 
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field. High beam potentials (e.g., 10 kilovolts) proved advantageous 
for high contrast and absorption. Figure 8.26 shows the control char-
acteristics of two potassium chloride layers employed in conjunction 
with a Wratten No. 59a filter, whose transmission is approximately 
complementary to that of the potassium chloride color centers. The 
maximum beam current corresponded here to 400 microamperes. 
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Fig. 826. Control Characteristics of KC1 Targets in Combination with Wratten 
59a Filter. (Rosenthal, reference 9; courtesy of Proceedings of the Institute of 

Radio Engineers.) 

8.5 Phosphor-Screen Cathode-Ray Tubes. In the field of image 
reproduction the purely electronic viewing device has had outstanding 
success. By its use all mechanical moving parts are eliminated and 
the problem of producing and controlling light of the required intensity 
is greatly simplified. Consequently, the cathode-ray viewing tube is 
used almost exclusively today in practical television receivers. The 
history of the developments leading up to the modem cathode-ray 
tube is one with that of electronics itself, and as such would require 
many pages to present even in outline form. Therefore, it must be 
omitted from this necessarily brief account. 
The first proposal to use a cathode-ray tube as a means of repro-

ducing television images appears to have been made by Boris Rosing, 
a year or two before Campbell Swinton's suggestion of applying cathode 
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rays to the problem of pickup. Before the end of the first decade of 
the twentieth century, Rosing was able to demonstrate the synthesis of 
simple images by means of a Braun tube. The Braun tube is a modi-
fication of the Crookes discharge tube, arranged as shown in Fig. 8.27 
to produce a narrow pencil of cathode rays which can be deflected by 
means of electrostatic plates or electromagnetic coils to any point on 
the fluorescent screen forming the front wall of the tube. The electrons 
forming the beam in this tube are produced by the ionization of gas in 
the vicinity of the cathode. An aperture defines the beam while an-
other aperture, in conjunction with the deflection plates, serves to 
control the current reaching the screen. The scanning pattern is gen-

Defining aperture 
Control aperture 

çe  ',1'I Deflecting coils  
for scanning 

Fluorescent 
Cathode I \ Control screen 

deflecting plates 

Fig. 827. Rosing's Electronic Viewing Tube. 

erated by supplying sawtooth current waves of suitable periodicity to 
the two mutually perpendicular deflecting coils. This relatively primi-
tive cathode-ray tube would not, of course, fulfill present-day require-
ments. The fine spot needed for 525 lines could not be obtained, con-
trol of the beam is inadequate, and high deflection frequencies are im-
possible with this type of gas discharge. However, it served to demon-
strate the principle. 
As the technique of picture transmission advanced and the standards 

of requirements were raised, greater demands were put upon the view-
ing tube. However, the improvement of the cathode-ray tube more 
than kept pace with these developments. Today it provides, in black 
and white, 525-line pictures suitable either for direct viewing or for 
projection on a large screen. Furthermore, it has been found capable 
of meeting even more stringent demands when and where needed. 
The essential elements of the phosphor-screen cathode-ray tube as 

used for television reproduction are a means for producing a fine pencil 
of electrons, usually known as the electron gun; an arrangement for 
deflecting the electron beam in two mutually perpendicular directions; 
and a screen coated with luminescent material. These elements are 
assembled in a glass bulb which is evacuated to as low a pressure as 
is practicable. A typical example of a tube of this class is shown in 
Fig. 8.28. When the tube is operated the synthesized picture appears 
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on the large screen forming the front of the bulb, either to be viewed 
directly or else projected onto a suitable large viewing surface. This 
picture has the line structure characteristic of the scanning process used 
in television. The lines are produced by the motion of the bright spot 
which results from the cathode-ray beam striking the fluorescent ma-
terials of the screen. The motion is obtained by bending the electron 
stream close to the end of the gun. Either an electrostatic or magnetic 
field is suitable for producing the deflection. Two fields at right angles 
to the axis of the gun are employed in either case. These fields may be 
superimposed or may be sequential. The field strength of one is made 

Gun 

2nd Anode 

1,-**. 
Viewing 
screen 

Fig. 8.28. Schematic Diagram of Direct-Viewing Kinescope. 

to vary periodically at line frequency, whereas the other has a periodi-
city corresponding to frame (or field) frequency. The variation is 
such as to deflect the beam at a uniform rate across the screen and 
return it rapidly to its original position. The superposition of the two 
displacements results in a parallel line scanning pattern of the type 
described in Chapter 5. 
The brightness of the reproducing spot is varied by controlling the 

current in the scanning beam. This control must be effected without 
altering either position or size of the spot, and for practical reasons 
should not require large amounts of video power. 
The importance of the electron gun is evident. It is responsible for 

supplying to the screen all the power which is needed to produce the 
light. In order to obtain this power not only must the electrons be 
accelerated to a high velocity in the gun, but the beam current also 
must be quite large. Tubes employed in direct-viewing receivers re-
quire 6000 to 16,000 volts, home projection receivers demand 20,000 to 
30,000 volts, and theatre projection tubes may be operated with as 
much as 80,000 volts or more. The beam currents in all types are of 
the order of several hundred microamperes, attaining peak values of 
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one or two milliamperes in high-power projection tubes. This power 
must be delivered into a very small spot if the resolution of the image 
reproduced on the screen is not to be limited by the cathode-ray tube. 
For a 525-line picture the current must be concentrated into a spot 
which is about a Y500 part of the vertical height of the picture in 
diameter—in other words, for a 12-inch direct-viewing tube, about 
0.015 inch, whereas in a projection tube it may be as small as one-fifth 
of this value. 
The gun consists of an electron source and an electron-optical ar-

rangement for concentrating the cathode rays into a fine beam. The 
electron-optical system includes an element for controlling the current 
in the beam. The many forms of electron guns may be divided, 
broadly, into two classes: namely, those having purely electrostatic 
lenses, and those in which magnetic and electrostatic lenses are com-
bined. Choice of the class of gun for a given cathode-ray tube de-
pends upon the particular use intended and upon the operating 
conditions. 
Most guns have a two-lens electron-optical system. The first lens 

is very close to the cathode and acts in such a way as to force the 
emitted electrons into a narrow bundle, usually called the "crossover." 
The control grid, which usually is part of the first lens, governs the 
flow of electrons into the crossover by regulating the field in the im-
mediate vicinity of the cathode. The crossover, which is the narrowest 
region of the beam within the gun, is imaged on the fluorescent screen 
by the second lens. This second lens may be either magnetic or electro-
static, depending upon the class of gun. The theory and design of an 
efficient electron gun are far from simple, and their importance war-
rants a more complete discussion, which will be given in Chapter 12. 
The luminescent screen on which the picture is reproduced is made 

by coating the inside face of the tube with a fluorescent material in 
powder form. The nature and synthesis of the fluorescent material 
itself have been discussed in Chapter 2; the special problems involved 
in applying these materials to the glass wall will be dealt with in 
Chapter 11. Needless to say, the layer of fluorescent material must be 
uniform, free from contamination, and of the correct thickness. The 
deposition of a thin, continuous aluminum film over the phosphor layer 
is of particular value in projection tubes, where it improves the ef-
ficiency of energy conversion into light as well as the contrast of the 
picture. 
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F'g. 8.29. Table Model Television Receiver (RCA Victor Division). 

Fig. 8.30. Console Television Receiver (RCA Victor Division). 
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Present-day screens universally provide a black-and-white picture. 
Early television workers had to content themselves with the green and 
black reproduction characteristics of natural willemite. Fortunately 
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Fig. 8.31. Optical System of RCA Home Projection Receiver. 

for the development of the art, this naturally occurring material has a 
fairly high efficiency in converting electrical power into light; other-
wise the acceptance of the electronic system would have been greatly 
delayed. 
Tubes employed in home receivers generally have screens ranging 

from 5 to 30 inches in diameter. On a 16-inch screen the picture is 
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approximately 11 by 14% inches. In practically all direct-viewing 
receivers the tube is mounted horizontally; Fig. 8.29 shows a typical 
table model receiver. Console receivers, such as that shown in Fig. 
8.30, commonly provide space in addition for broadcast and short-wave 
radio receivers, phonograph turntables, etc. The brightness of the 
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Fig. 832. Optical System of Philco Home Projection Receiver. (Bradley and 
Traub, reference 14; courtesy of Electronics.) 

image reproduced on the screen of the viewing tube ranges from 10 to 
25 foot-lamberts and can be comfortably viewed in a normally lighted 
room. 
The physical size of the picture which can be obtained directly on 

the cathode-ray tube is limited by practical considerations of tube 
size. Even for a 16- or 20-inch tube the forces which the tube en-
velope must withstand are enormous. Before the engineering problems 
involved in the manufacture of very large tubes were overcome, pro-
jection tubes, with 4- to 5-inch tube faces, were widely employed, in 
conjunction with high-efficiency optical systems, to produce the largest 
home-receiver television pictures. Figures 8.31 and 8.32 show, schemat-
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ically, two home projection receivers providing 15- by 20-inch pictures. 
Both employ a spherical mirror and an aspheric correcting plate, as 
well as an intermediate plane mirror, to project the image on the view-
ing screen. In the first example this screen is a beaded directional 
transmission screen; in the second, a metallic reflecting screen, which 

Fig. 8.33. Home Television Projection Receiver (RCA Victor Div sion). 

achieves the desired directional characteristics by curving and groov-
ing. The external appearance of a home projection receiver is shown 
in Fig. 8.33. 
A reflective projection system of similar character, which exceeds an 

f/2 projection lens by a factor of 10 in efficiency, has been employed 
with great success in theatre television. To comply with the brightness 
standards of motion-picture practice (7 to 14 foot-lamberts) for a pic-
ture 15 by 20 feet in dimension, it becomes necessary to scale up all the 
parameters of the projection system. The television projector shown 
in Fig. 8.34 employs a 25-inch mirror and a. 7-inch projection kinescope 
operated at 80 kilovolts to achieve the desired result. 
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Fig. 8.34. Theatre Projection Receiver (RCA PT-100 Ultraspeed Projection 
System). 

8.6 Viewing Tube with Electronic Storage. A system which com-
bines features of the light valve tubes with image reproduction on a 
phosphor screen has been proposed by Schriiter * (Fig. 8.35). The 
essential feature of the method is the creation, by the scanning beam, 
of a potential pattern on an insulating surface which controls the photo-
emission from the photocathode of an image tube; the television picture 
is reproduced, in this manner, on the phosphor screen of the image tube. 

In greater detail, a beam of uniform intensity scans a highly in-
sulating target after passing through a closely spaced modulated 
grid. The modulated grid itself consists of an array of very fine wires, 
approximately 0.0004 inch in diameter. The beam energy is chosen so 

*See Schreeter, reference 26. 
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that the secondary emission ratio of the insulator is greater than 1. As 
a result the scanned point of the insulating surface is brought, by the 
beam, to a potential slightly positive with respect to the momentary 
potential of the control grid. If the surface is initially more negative, 
it is charged positively by secondary emission until just as many elec-
trons leave the insulator as arrive from the beam; on the other hand, 
if it is originally more positive, all the secondary electrons are returned 
to the insulating surface until the latter has been made so negative that 
the same balance between incident and emitted electrons is achieved. 
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Fig. 8.35. Sehriiter Storage Viewing Tube. 

The other side of the insulated target is coated with an electrically 
connected photoemissive grid which is illuminated by a constant light 
flux. The uncoated portions of the target act here as a coplanar grid, 
suppressing photoemission to the extent in which they are negative 
relative to the photocathode. Actually, a negative target potential of 
about 7 volts is found adequate to completely suppress the photoemis-
sion for the surface gradient, at the photocathode, of about 1000 volts 
per centimeter. The image-tube phosphor itself may be maintained, by 
an electron-permeable aluminum film, at a potential of the order of 20 
kilovolts. 
One of the obvious advantages of a tube of the type described is the 

complete absence of flicker. The potential pattern laid out by the beam 
in one frame scan remains unaltered, and hence also the image in-
tensity on the viewing screen unchanged, until the next scan. This 
might permit a reduction in the frame period and a consequent econ-
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omy is required bandwidth. A second advantage is that the ultimate 
limit in the light obtainable from a phosphor screen is increased in this 
method since, for equal total electron current incident on the screen, 
the current density at any point is very greatly reduced. It is too early 
to judge to what extent these advantages may be realized in practice. 
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9 The Iconoscope 

The iconoscope, as has been noted in Chapter 7, was the first pickup 
device to utilize the storage principle. Because of the effective utiliza-
tion of this principle and in spite of its photoelectric inefficiency and 
other losses of signal which will be discussed below, it was the first 
television pickup device with sufficient sensitivity for a practical sys-
tem. During the early years of commercial television, it was essentially 
the only camera tube available and carried the entire burden of pro-
gram transmission from television studios, outdoor scenes, and motion-
picture film. Because of the historical position of this tube and because 
it is a good example of the application of the storage principle, this 
chapter has been taken over from the earlier edition of this book. A 
section has been added, however, bringing the description of the icono-
scope and its construction up to date. 
Within the last few years the newer tubes, such as the orthicon and 

image orthicon, have made the iconoscope nearly obsolete for most live 
pickup, both of outdoor scenes and in the studio. At the time of writ-
ing, the iconoscope is still used for film reproduction. There is reason 
to believe that it will soon be obsolete even for this application and that 
the Vidicon will assume this role. The next chapter describes in detail " 
the newer pickup tubes which have now almost completely taken over 
the function of producing a video signal from the scene before the 
camera. 

In Chapter 7 a brief description was given of the iconoscope. It was 
described as consisting of a photosensitive mosaic and an electron gun 
assembled in a highly evacuated glass envelope. The gun is an elec-
tron-optical system serving to produce a fine pencil of cathode rays 
which is made to scan the sensitized side of the mosaic by means of 
a suitable magnetic, or electrostatic, deflecting system. The mosaic 
in the normal iconoscope is a very thin mica sheet covered on one 
side with a vast number of minute silver globules, photosensitized, and 

insulated from one another, and coated on the other with a metal film 
known as the signal plate. This metal film is coupled, on the one hand, 
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to the silver elements by capacity through the mica and, on the other, 
to the video amplifier through a signal lead sealed into the bulb. 
The optical image is projected onto the silver-coated side of the 

mosaic. Each silver element, being photoemissive, accumulates charge 
by emitting photoelectrons. Thus, information contained in the optical 
image is stored on the mosaic in the form of a charge image. The 
scanning beam sweeping across the mosaic in a series of parallel lines 
releases the charge from each element in turn and brings it to equili-
brium, ready to start charging again. The change in charge in each 
element induces a similar change in charge in the signal plate and, 
consequently, a current pulse in the signal lead. The train of electri-
cal impulses so generated constitutes the picture signal. 

9.1 Construction of the Iconoscope. The appearance of a typical 
iconoscope can be seen from Fig. 9.1. The shape and size of the blank 
containing the iconoscope elements are matters of expediency, and, 
though the design illustrated appears to have certain advantages, many 
alternative forms have been successfully used. 
The main body of the tube must be large enough to house a mosaic 

of suitable size. It will become apparent as the discussion proceeds 
that the magnitude of the picture signal is a function of the mosaic 
area. Therefore, the mosaic should be as large as is permitted by 
practical considerations of the associated optical system. Both the 
scanning beam and the optical images must have unobstructed access 
to the entire surface of the mosaic. Optical considerations require that 
the axis of the lens system which projects the picture coincide with the 
central normal from the mosaic surface. Hence, directly over the face 
of the mosaic there is an optical window free from imperfections that 
might distort the picture. The gun is placed at an angle to the normal 
through the center of the mosaic instead of coinciding with it as it 
would there interfere with the optical system. In the tube illustrated, 
the gun is mounted in the tubular arm forming the handle of the dipper-
shaped blank. The optical window is the curved shell capping the blank 

on the gun side. 
Two side tubes are required in the processing of the iconoscope, one 

for the admission of cesium, the other for the purposes of exhaust. The 
second tube is often located in the press at the end of the gun arm, for 
reasons which will be given later. The cesium tube may enter the blank 
at any convenient point, although to insure a uniform distribution of 
the alkali over the photosensitive surface a location behind the mosaic 

is advisable. 
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Several leads must be provided, of course, to carry the required po-
tentials to the tube elements. Besides the wires in the gun press, two 
other leads are sealed into the walls of the tube, one to carry the picture 
signal, the other connecting the second anode. Additional leads may 
be necessary when special activation schedules, such as silver sensitiza-
tion, are to be used. 

Apertures 

Insulating 
spacer 

Cathode 

Fig. 92. Iconoscope Gun. 

.1 Second anode 

First anode 

Support bead 

Grid 

Ring press 

The mosaic should be fastened rigidly in the blank in such a way 
that it will not warp or become misaligned during the processing. The 
mounting is purely a structural problem which admits of a number of 
solutions. In the tube shown in Fig. 9.1 the mosaic is supported on the 
metal cross member that can be seen in the illustration. 
The gun structure shown in Fig. 9.2 is a characteristic example of 

the type used in the iconoscope. It consists of a thermionic cathode, 
a control grid, and an insulating spacer, all mounted on a six-wire ring 
press together with the first and second anode cylinders. The general 
method of assembly and the approximate dimensions of this gun can 
be seen from the figure. A small, closed, nickel cylinder serves as 
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thermionic cathode and is indirectly heated by an internal tungsten 
heater. The cathode material is the usual barium and strontium oxide 
and coats the closed end of the cathode cylinder. The gun elements, all 
of which are cylindrical and mounted coaxially, can be assembled on 
an appropriate jig and spot-welded in place. 

Essentially, the gun is a two-lens electron-optical system, one lens 
being located close to the cathode, the other between the first and 
second anode. The first lens is a multi-element system consisting of 
the cathode, control grid, and first anode. As is evident from its name, 
the control grid serves to govern the current in the scanning beam. 
An accelerating grid, when employed, minimizes the effect of changes 
in the first-anode voltage on the beam current so that the focus of the 
gun may be varied without altering the current to the mosaic. Be-
tween the first and second anode a second lens is formed which serves 
to image the narrow section of the beam near the cathode, known as 
the crossover, onto the mosaic. Three apertures are mounted in the 
first anode cylinder in such a way as to form the aperture stop for the 
second lens and to mask off the secondary electrons emitted by the first 
anode itself. The second anode is divided into two parts. The first is 
a cupped washer attached to the main gun assembly at the end of the 
first anode; the rest is in the form of a metallized coating on the inside 
of the gun arm and extending into the main body of the tube. Since, 
as will be described later, the second anode also serves to collect elec-
trons emitted by the mosaic, it also surrounds the mosaic, usually in the 
form of a narrow ring. A more detailed account of the electron gun 
will be found in Chapter 12. 

9.2 The Mosaic. The mosaic, as has been explained, consists of a 
dielectric sheet coated with a surface having high photosensitivity and 
low transverse conductance on one side and with a conducting film on 
the other. There are a great many ways of making such a mosaic, both 
as to the choice of dielectric and method of forming the sensitive layer. 
The natural properties of mica make it a very suitable dielectric for 

the purpose. As a base for the mosaic of a normal iconoscope the mica 
should be cleaved into a thin sheet, the thickness being between 1 and 
3 mils, depending upon the characteristics desired for the tube. In the 
subsequent theoretical considerations, a mosaic area of 100 square 
centimeters has been assumed. This requires a rectangle of approxi-
mately 3% by 4% inches. The sheet must be clean, preferably freshly 
cleaved, devoid of foreign inclusions, and free from steps due to frac-
tured cleavage planes. 
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Since the cleavage operation is an important one, it is worth out-
lining an experimental technique for obtaining suitable sheets. A 
clear sheet of mica slightly larger than is required for the finished 
mosaic is selected. Separation of the sheets is started by gently tap-
ping one corner. A strip of stiff paper is then inserted in the sepa-
ration and worked around the edges of the mica, gradually moving 
toward the center. This process may sometimes be facilitated by im-
mersing the mica in water (using a thin, celluloid spatula instead of 

Sensitized 
'silver elements 

Metallic 
signal plate 

Dielectric 

Cross section of mosaic 

Fig. 9.3. Structure of Iconoscope Mosaic. 

the paper strip). Freshly cleaved mica, of course, requires no cleaning, 
and is ready for the next step in the preparation of the mosaic, namely, 
the formation of the silver globules. 
The silver elements may be formed in a number of different ways. 

For example, a silver film may be evaporated onto the mica in the 
form of a continuous film and then, by heating, broken up into minute 
droplets; a film only a few atoms thick, so thin that it is not conduct-
ing, may be deposited on the mosaic after the tube has been evacuated; 
or silver oxide in the form of a powder may be spread over the mica 
and reduced to silver globules. Since the last-mentioned method lends 
itself well to experimental technique, it will be described in greater 
detail. 

Silver oxide which has been ground in a ball mill until it is reduced 
to a fine flour is used to form the elements. A thin layer of the oxide 
is spread over the sheet by allowing the powder to settle through air. 
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Without disturbing the coating the mica is heated rapidly to a tem-
perature above the reduction point of the silver oxide. The rapid 
heating effects a reduction of the oxide without the individual droplets 
coalescing into a conducting film. It is often advantageous to lay 
down the mosaic surface in several thin layers formed in succession, 
rather than completing it in one operation. 

After the silver surface has been formed the back of the mosaic is 
metallized to make the signal plate. This order of building the mosaic 
is usually preferable, particularly for experimental tubes, because it 
permits the use of transmission measurements to determine the cover-
age of the silver layer. The metallizing can be done by evaporation, 
sputtering, or with one of the many available chemical metallizing 
preparations. 

In order to prevent the mosaic from buckling or warping, it is backed 
by a heavy sheet of mica to which it can be attached by means of a 
suitable strip metal frame. The backing sheet also facilitates making 
electrical contact to the signal plate. 

Since the iconoscope is essentially a high-impedance device, the fric-
tion contact between the signal plate and a metal strip threaded through 
slits in the backing sheet will be ample. 

Before taking up the exhaust and activation procedure, other types 
of mosaic insulation should be considered. Various dielectrics such as 
enamels, ceramics, metal oxide films, and thin powder layers may be 
substituted for cleavage sheets of mica. 
An enamel to be used as dielectric must have a high specific re-

sistance and be free from inhomogeneities. It is usually applied to a 
metal sheet, e.g., nickel, which serves as the signal plate. The co-
efficient of thermal expansion of the coating must match that of the 
underlying metal. 
Metal oxide films can be formed by chemically oxidizing the metal 

of the signal plate. Aluminum oxide on an aluminum signal plate can 
easily be thus prepared. Other oxide dielectrics, such as barium borate, 
magnesium oxide, or silica, may be evaporated onto the signal plate. 
Powder insulated mosaics have been found to be very satisfactory, 

even surpassing mica in some respects. Flowing, or spraying, a liquid 
suspension of the powder over the signal plate is fairly satisfactory, but 
other and more complicated techniques give much better results. Mag-
nesium oxide, kaolin, barium titanate, and colloidal quartz are all suit-
able as dielectrics for powder mosaics. 

9.3 Exhaust and Activation Schedule. The assembled iconoscope 
is sealed to the vacuum system by the exhaust tube in the gun press. 
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It should be noted that, though this location of the exhaust vent is not 
essential, it reduces the possibility of the mosaic's being contaminated 
by gases given off by the gun during activation. Cesium required for 
activation is admitted through the side tube already mentioned. 
The exhaust requirements for the iconoscope are severe. Although 

the final pressure may be as high as 10-5 millimeter of mercury in an 
operative tube, the slightest trace of certain impurities is found to be 
absolutely fatal. The evacuation schedule for the most part follows 
standard practice. The tube is pumped to a low pressure at room 
temperature, and then heated to as high a temperature as the blank 
can safely withstand. During the initial exhaust and the first fifteen 
to thirty minutes of bake, a freezing-out trap normally is not used. 
This avoids collecting at the mouth of the trap large amounts of con-
densable vapors given off by the glass and metal parts. For the rest 
of the exhaust, the trap is used. The bake is continued until the 
pressure in the tube has dropped to 4 or 5 X 10 -5 millimeter of mer-
cury, after which the iconoscope is allowed to cool slowly to room 
temperature. In order to drive out gases occluded in the metal parts 
of the gun, these parts are brought to a dull red heat by high-frequency 
heating. 
The activation of the mosaic follows closely that used for the hard 

cesium phototube, with this difference: in the phototube the only con-
sideration determining the amount of cesium is the sensitivity, whereas 
in the mosaic both sensitivity and conductivity across the surface are 
dependent upon the amount of cesium. The process of sensitization 
consists of oxidizing the silver surface, admitting cesium, and baking 
to promote a reaction between the silver oxide and the alkali. 

Oxidation of the silver elements on the mosaic can easily be effected 
by the procedure given in Chapter 1. Oxygen is admitted into the 
system to a pressure of about one millimeter, and a glow discharge is 
formed over the surface of the mosaic. The glow discharge can be pro-
duced with the aid of a high-voltage, high-frequency oscillator grounded 
on one side, the other side being connected to a movable electrode placed 
outside the walls of the tube. A very uniform oxidation can be ob-
tained by moving the electrode judiciously over the bulb. The thick-
ness of the oxide layer can be gauged by the interference colors pro-
duced by the film on the metal. The colors appear in the usual order 
for subtractive interference colors as the thickness is increased, namely: 
yellow, red, blue, blue-green, second yellow, second red, second green, 
etc. As in phototube practice, the first blue will produce a very satis-
factory photosensitive mosaic. 
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Care should be taken to avoid a violent discharge during oxidation 
as this will cause silver from the globules to be sputtered over the mica, 
resulting in loss of both signal and resolution due to leakage between 
the elements. After the oxidation the excess oxygen is pumped out of 
the system. A short bake at 200°C will expedite the complete removal 
of the oxygen, but is not essential. 
The thermionic cathode in the electron gun employs an emitting 

surface of barium and strontium oxide. The preparation and activa-
tion of this type of cathode were described in Chapter 1. In activating 
a cathode prepared in this way, a large amount of gas is released during 
the conversion of the carbonate to the oxide. As this gas may con-
taminate a sensitized mosaic, it is advisable to activate the cathode 
before proceeding with the cesiation. During the activation of the 
cathode the grid structure should be kept at a dull red heat to avoid 
the formation of an oxide-bearing film. 
The final step in processing the iconoscope is the cesiation of the 

mosaic. A quantity of cesium, slightly less than that required for 
complete activation, is driven into the iconoscope. In order to pro-
mote a reaction between the silver oxide and the cesium, the tube is 
baked at 200°C for a few minutes. After it has again become cool 
the sensitivity is measured ballistically, by methods described in the 
next section. The final sensitivity should lie between 7 and 10 micro-
amperes per lumen. By comparing the first sensitivity reading with 
this figure, the additional cesium necessary can be estimated. After 
this amount has been admitted the tube is again baked. Care should 
be taken to avoid an excess of cesium, as this will result not only in 
poor photosensitivity but also in loss of both resolution and storage 
due to leakage. If an excess has accidentally been admitted, its harm-
ful effects can sometimes be reduced by a prolonged bake at 200°C. 
The presence of a tin oxide or lead oxide cesium getter in the tube will 
also reduce the harmful effect of too much cesium. 
The simple sensitization schedule described is well suited to meet 

experimental laboratory needs. In the commercial production of icono-
scopes a much more exacting procedure is employed. Various rather 
complicated techniques, such as sensitization with silver and argon or 
hydrogen glow discharges, have been developed which not only increase 
the sensitivity of the tube but also improve the color response. These 
methods lead to more than double the sensitivity resulting from the 
simple procedure outlined. 

9.4 Performance Tests. The ultimate test of the merit of an icono-
scope is, of course, its performance in the television system. There are, 

WorldRadioHistory



314 The Iconoscope [Chap. 9 

however, a series of measurements which can be made during its con-
struction and activation, before it is actually used, which will give an 
indication of quality and thus greatly facilitate producing a good tube. 
The iconoscope must be tested for its behavior with regard to the 

following factors: (a) photosensitivity, (b) leakage over mosaic, 
(c) characteristics of gun, (d) perfection of mosaic, (e) resolution, 
(f) sensitivity, (g) color response, (h) spurious signal, (i) secondary 
emission from gun, (j) miscellaneous defects. Of these tests, the first 
three are made during the activation of the iconoscope, the remaining 
ones after its completion. 

Test a, for photosensitivity, is extremely important and should be 
made at regular intervals during the final stages of the cesiation of 

the tube, so that it can serve as a guide 
Shutter  

Mosaic Lamp to the treatment required. 
Since the mosaic is an insulator, 

transient measurements are necessary 
to determine the photoemissivity of 

400 V. its surface. The ballistic method de-
+111111— scribed below is found convenient and 

is often used. The method consists of 
applying a potential between the sig-

Fig. 9.4. Ballistic Sensitivity Test. 
nal plate and second anode, and then 

allowing a flash of ight of known intensity and duration to fall on the 
mosaic. The charge released as a result of the light impulse is meas-
ured with a ballistic galvanometer. The set-up for this measurement 
is shown in Fig. 9.4. The light source projects a spot of light about 
2 inches in diameter onto the mosaic. The duration of the light im-
pulse is controlled by the shutter B; an ordinary camera shutter will 
serve the purpose admirably. The quantity of light found convenient 
is of the order of %oo lumen-second, that is, for example, Y2 lumen for 
%o second. 
Since the emission from an average mosaic lies between 7 and 15 

microamperes per lumen, the charge released will be between 0.07 and 
0.15 mierocoulomb. Furthermore, since the capacity of the mosaic to 
its signal plate is of the order of 100 micro-microfarads per square 
centimeter, the rise in potential will be of the order of 60 volts. The 
voltage, V, applied to the second anode must be well in excess of this 
value to insure that the photoemission is at all times saturated. In 
practice, a potential of 200 to 400 volts is used. 
When the test is started, the galvanometer G is short-circuited 

through switch S2 and the second anode grounded by means of Si. The 

Second anode 

Galeanomete7 
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whole iconoscope is then illuminated with an intense light so that photo-
emission from the second anode and other metal parts will bring the 
mosaic to approximately ground potential. Next, the bulb is covered 
so that no light can reach the mosaic except through the shutter from 
the lamp. Switch Si is moved to the other contact, while S2 still shunts 
the galvanometer to prevent the capacity surge from affecting the in-
strument. The galvanometer switch 82 is then opened and the light 
flashed. From the charge indicated by the galvanometer deflection 
and the quantity of light the photosensitivity can be calculated. 

To signal lead 0.1 mfd. 

To 2nd anode 
-o--a 

0.1 mfd. 0.5 mfd. 

300v. 

Val 17/3 
+100 +300 

Fig. 9.5. Vacuum-Tube Meter for Sensitivity Test. 

An alternative, very similar to the above method, is to illuminate 
the mosaic continuously, and to apply the second anode potential for 
a short known period of time. In general, this is found to be less satis-
factory than the former procedure. 
The ballistic galvanometer for these tests may be replaced by a 

vacuum-tube meter. A circuit suitable for the purpose is shown in 
Fig. 9.5. 
Next in importance is the measurement of leakage over , the mosaic. 

This can be made as follows. With the test equipment just described, 
and the potential applied to the second anode, sufficient light from the 
source is allowed to fall on the mosaic to cause the illuminated portion 
of the mosaic to reach second anode potential. The light required for 
this will be of the order of %o lumen-second. The mosaic is then 
left in darkness for 5 seconds. The deflection produced by the % 
lumen-second impulse of light then applied to the mosaic will indicate 
the amount of charge which has leaked away from the charged area 
into uncharged regions. With 200 volts applied to the second anode 
the deflection thus observed should be small compared with that ob-
tained in the normal sensitivity test. It should be noted that the time 
of exposure required to saturate the area of the mosaic illuminated will 
depend upon the sensitivity. If leakage tests are made during the 
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early stages of activation, when the sensitivity is low, the exposure 
time must be lengthened accordingly. However, the exposure time 
should be no longer than necessary as stray light and leakage may 
cause the unexposed portions of the mosaic to become saturated, thus 
vitiating the leakage measurement. Because the requirements of 
low leakage and high photosensitivity must both be fulfilled in a sat-
isfactory iconoscope, the importance of these tests cannot be over-
emphasized. 
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Fig. 9.6. Current Characteristic Fig. 9.7. Block Digram of an 
of a Typical Iconoscope Gun. Iconoscope Test Set. 

Test c, of the gun performance, can be simply performed by applying 
the normal voltages to the gun and measuring the current to the second 
anode as a function of grid bias. In carrying out this test the beam 
should be deflected off the mosaic with a small permanent magnet to 
avoid burning a spot on the sensitized surface. A typical characteristic 
curve of the gun is shown in Fig. 9.6. 
The remaining tests are performed after the iconoscope has been 

completed and sealed off from the vacuum system. These tests require 
equipment consisting of a video amplifier with an available gain of at 
least 8000, voltage supplies suitable for providing the potentials needed 
by the iconoscope, horizontal and vertical sawtooth generators, and a 
kinescope for viewing the reproduced picture. Descriptions of these 
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various units will be found in the succeeding chapters of this book. A 
simplified diagram of the complete test outfit is shown in Fig. 9.7; Fig. 
9.8 is a photograph of a typical iconoscope test outfit. 

Fig. 9.8. View of a Typical Iconoscope Test Set. 

The completed iconoscope is connected into the test set and the 
voltages adjusted to the values required for correct operation. With 
the tube in darkons the beam is allowed to scan the mosaic. The 
resulting picture on the kinescope should show the mosaic as a uni-
form clean surface. Small bright or dark spots are usually due to dust 
or dirt particles on the mosaic, or to pinholes in the signal plate. Large, 
irregular patches may be due to dirt, to nonuniform distribution of 
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cesium, or to lack of uniformity in oxidation. Sharp, straight-edged 
areas are due either to splits across cleavage planes of the mica or to 
scratches on the signal plate. 
A uniform light is then projected over the surface of the mosaic to 

determine the uniformity of photoemission. 
To test the definition of the tube, a resolution pattern, such as is 

reproduced in Fig. 9.9, is projected onto the mosaic. A good experi-
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Fig. 9.9. Resolution Pattern 

mental iconoscope should resolve the pattern down to at least 600 to 
800 lines. Since often the video amplifier response is limited to 3 or 
4 megacycles, the resolution of the picture seen on the kinescope under 
normal conditions may be limited by the system. However, if the 
horizontal scanning is reduced to cover only a small fraction of the 
mosaic while keeping the kinescope deflection normal, an enlarged 
image of the pattern can be seen on the screen. The resolution of this 
enlarged section will be limited by the iconoscope only. 

It is important that the spot produced by the gun be round, as any 
ellipticity due to misalignment will cause unequal resolution in various 
directions. The iconoscope deflection being contracted both vertically 
and horizontally, the resolution obtained along different axes will be a 
measure of the regularity of the spot. 
For a routine estimate of the sensitivity, a picture of known quality, 

such as the resolution pattern just illustrated, is projected onto the 
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mosaic and the image is observed as the light in the projected picture 
is reduced. The amount of light required to produce a picture just 
visible over the amplifier noise is a measure of the sensitivity. This 
illumination can be compared with that required to produce a similar 
picture in an iconoscope of known performance. 
A quantitative measurement of the sensitivity is much more difficult. 

It is usually made by measuring the signal output, when a.small area 
of the mosaic—for example, a square covering an area equal to one-
hundredth the total area of the mosaic—is illuminated with a known 
light intensity. A plot is then made of signal output against light 
intensity. Typical curves will be found in section 9.11. 
The relative color response can be determined by projecting a spec-

trum of known light distribution onto the mosaic and in' easuring the 
signal output for the various wavelengths. A color chart of the type 
used for photographic measurements imaged on the mosaic affords a 
very convenient way of estimating the color response. 
When the mosaic is scanned, even in darkness, a spurious signal in 

the form of shading will be observed on the viewing screen. This is 
variously known as "black spot," "tilt and bend," "shading," etc., and 
its cause will be discussed in a succeeding section. The magnitude of 
the signal increases rapidly with beam current. In a good tube the 
spurious signal should be small and fairly regular. Electrical com-
pensation of this signal will be taken up in a later chapter. 

Appreciable secondary emission from the electron gun is rather rare 
and is always due to some fault in the gun construction. The symp-
toms are a haze which resembles a partially transparent curtain over 
the picture. If the amplitude of the deflection is greatly -reduced, this 
haze will be seen to take the form of a very blurred image of the 
mosaic. When this defect is present it can be overcome by operating 
the gun under conditions of inverse focus. This is done by applying 
a higher potential to the first anode than to the second anode. For 
example, a three-element gun which focuses at a ratio of 1 to 4 between 
first and second anode will be found to focus also with a ratio around 
3 to 1. However, this mode of operation is not very satisfactory, from 
the standpoint either of the resolution obtainable or of the life of the 
tube. 
The final test consists of examining the performance of the tube 

under as wide a variety of operating conditions as possible. This test 
should reveal whether the tube oscillates under high beam current, 
whether the scanning beam strikes the neck of the gun, and any other 
defects which might lessen its usefulness. 
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9.5 Theory of Operation—Characteristics of the Mosaic. In pre-
ceding chapters a very much simplified picture of the operation of the 
iconoscope was given. The actual details of operation are extremely 
complicated, and as interesting as they are complex. Quantitative 
measurements of the various factors involved in the operation are dif-
ficult, and in general require the introduction of measuring electrodes 
and probes, which alter to some degree the conditions existing in the 
normal tube. The extent of these changes cannot be estimated readily. 
However, it is possible to derive a working theory yielding quantita-
tive results which are in fair agreement with the measured performance 
of the iconoscope. 
The surface of the mosaic, as has been pointed out, consists of a vast 

array of minute photosensitive elements. The size of these elements 
depends upon the way in which the mosaic was formed and sensitized, 
and may range from droplets 0.0005 centimeter in diameter down to 
submicroscopic particles. In any case, these elements are very small 
compared to the diameter of the scanning spot, so that a large number 
of these particles are under the beam at any one time. Thus it is 
evident that, from the standpoint of the mosaic, the concept of a pic-
ture element has no real significance, but is only a convenient fiction 
for simplifying the description of the operation of the iconoscope. In 
what follows, the mosaic will be treated as a two-dimensional con-
tinuum capable of photoelectric and secondary emission but with zero 
transverse conductance. 

The capacity of the sensitized surface to the signal plate depends 
upon the thickness of the insulating layer and upon the dielectric 
material. In general, it may be said to range between 50 and 300 
micro-microfarads per square centimeter. The operation of the ordi-
nary iconoscope is not very critical to the value used. For convenience, 
a value of 100 micro-microfarads per square centimeter will be assumed. 
The secondary-emission ratio of the mosaic surface also may vary 

over a wide range. It has been measured to be as low as 2 for certain 
types of mosaics, to 8 or 9 for others. A fair average value to take as 
a basis for discussing the behavior of the tube is 4. The photoelectric 
sensitivity of a good silver-sensitized mosaic is in the neighborhood 
of 15 microamperes per lumen. 
The electron scanning beam at the mosaic has a diameter of 0.01 to 

0.02 centimeter and a current of 0.1 to 0.25 microampere. The current 
distribution in this beam is shown in Fig. 9.10. 
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For purposes of discussion, the spot will be considered to be a square 
0.02 centimeter on a side and having a uniform current density 
5 X 10—i ampere per square centimeter. As it moves across the mosaic 
it has a linear velocity of 2.1 >< 108 centimeters per second. This as-
sumes a picture period of %o second and a 525-line picture. For sim-
plicity it will be further assumed that the 
scanning is not interlaced. The effect of in-
terlaced scanning will be discussed somewhat 
later. The dimensions of the mosaic com-
monly used are 3% by 4% inches, or ap-
proximately 9 by 12 centimeters—an area of 
slightly more than 100 square centimeters. 
On the basis of the average capacity per unit 
area given above, the total capacity of the Fig. 9.10. Current Distri-

bution in Scanning Spot. 
sensitized surface of the mosaic to the signal 
plate is about 10,000 micro-microfarads. In this connection it may be 
mentioned that the capacity between signal plate and second anode is 
in the neighborhood of 6 micro-microfarads. 

9.6 Potential Distribution on the Mosaic. Contrary to what might 
be expected, the surface of the mosaic when scanned in darkness does 
not assume a uniform potential. Measurements made both on a cesiated 
silver element set into the surface of a mosaic and connected by a lead 
through the wall of the tube, and on tubes having a divided signal 
plate, show that directly under the scanning beam the mosaic assumes 
its most positive potential, and that it is at its most negative potential 
directly in front of the scanning beam. Between these two points there 
is a continuous transition of potential. At the point of bombardment 
the surface assumes a voltage between +2 and +3 volts with respect 
to the second anode. This potential is, to some extent, dependent upon 
the physical state of the surface of the mosaic and upon the velocity 
of the bombarding electrons, but it is to the first approximation inde-
pendent of the current in the scanning beam. On the other hand, the 
lower limit of the potential is primarily a function of the beam current 
and secondary-emission characteristics. At very high currents, that 
is, between 0.5 and 1.0 microampere, the lower potential will be about 
— 1% volts. As the current is decreased, the lower limit gradually 
approaches the potential under the beam. Figure 9.11 is a map of the 
potential distribution over the mosaic for various beam currents. 
The rather complicated potential distribution arises from the fact 

that two different types of potential equilibria are possible simultane-
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ously at different points on the mosaic. These are, first, that of an 
insulated secondary-emissive area under electron bombardment and, 
second, the retarding potential necessary to prevent electrons scattered 
from the point under the bombarding beam from reaching the mosaic. 

In order to account for the potential of the point directly under the 
bombarding beam, it is necessary to consider the secondary-emission 

Potential 

High beam 
current 

Low beam 
/ current 

Fig. 9.11. Distribution of Potential on Mosaic. 

phenomenon taking place at this area. Since the mosaic is surfaced 
with cesiated silver which has been activated according to the schedule 
used for the iconoscope, a saturated secondary-emission ratio of 4 can 
be assumed. When an insulated surface of this type is bombarded, 
more electrons will leave than arrive, causing it to become positive 
with respect to the electrodes which collect the secondary electrons. 
As the potential becomes increasingly positive it more and more pre-

 )11  
l Velocity in volts Beam voltage 

Fig. 9.12. Velocity Distribution of Secondary Electrons from a Mosaic. 

vents secondary electrons having small initial velocities from reaching 
the collecting electrode or other parts of the mosaic. When the poten-
tial reaches such a value that the escaping current just equals the bom-
barding current, equilibrium is established and there is no further 
change in potential. To clarify this mechanism further, Fig. 9.12 is 
presented. The curve represents the velocity distribution of secondary 
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electrons from a surface of the type under discussion. The abscissa 
of the curve gives the initial velocity in volts; the ordinate, n, multi-
plied by the velocity range dV, gives the number of electrons having 
velocities lying between any value V and V + dV for each primary 
electron. The integral of this curve, 

fo n dV = R 
gives the secondary-emission ratio R. Again, if the emitting surface 
has a potential Vi the ratio of secondary to primary current will be: 

R' = f n dV 
vi 

Equilibrium will be established when R' is equal to unity. The equi-
librium potential for a surface of the type found in the mosaic lies, as 
has been stated, between 2 and 3 volts. 
Owing to the positive potential of the point just considered, and to 

free electrons between the mosaic and second anode, which is the col-
lecting electrode in this case, a certain fraction of the electrons is re-
turned to points on the mosaic not under the scanning beam. This 
current, which reaches the mosaic in the form of a more or less uniform 
rain of redistribution electrons, causes the rest of the surface to become 
increasingly negative. When a region of surface has reached —1% 
volts, the retarding potential is sufficient to prevent all or nearly all 
redistribution electrons from reaching this area. Thus, the limits of 
the potential variation over the surface are +3 volts and —1% volts. 
If the beam current is small, the redistribution current will not be 
sufficiently great to cause any point on the mosaic to reach the lower 
equilibrium point in a frame period. 

Thus, to summarize the cycle which occurs when the mosaic is 
scanned in darkness, it is found that an element of area under bom-
bardment assumes a potential of +3 volts. As the scanning beam 
moves on, the element receives a small current in the form of redis-
tributed electrons. This causes the area to become increasingly nega-
tive as the beam moves farther away. The decrease in potential con-
tinues until either the scanning beam returns to the element in question 
or until it reaches about —1% volts. 

9.7 The Mosaic under the Influence of a Light Image. The mech-
anism of the generation of the picture signal can be described on the 
basis of the phenomenon just discussed. Fundamentally, it is due to 
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the fact that the potential of an illuminated element of area, just before 
being reached by the scanning beam, is more positive than that of one 
which has not been illuminated. Since the mosaic is driven to the same 
positive equilibrium regardless of its initial potential, charge will be 
released at a different rate when the beam is traversing the lighted 
region from that when scanning an unlighted area. The change in 
current reaching the second anode constitutes the picture signal. 
The difference in potential due to light is, of course, caused by the 

storing up of the charge resulting from the photoemission of the 
illuminated areas. Under actual operating conditions this photoemis-
sion is less than the redistribution current so that, relative to the second 
anode, every element of area becomes increasingly less positive with 
respect to the second anode. Those which are illuminated decrease in 
potential less rapidly than the remainder. 
The photoemission from the mosaic is, in general, unsaturated, as 

will be evident when it is remembered that the potential of the mosaic 
is, for the most part, positive with respect to the second anode. This 
makes the calculation of the signal to be expected from a given amount 
of illumination very difficult because it means that the emission is a 
function of the potential of the area under consideration as well as of 
the incident light. A further complication results from the fact that 
it is entirely unnecessary for the photoelectrons to leave the mosaic 
in order that a picture signal be generated. In fact, under normal 
operating conditions, the fraction of photoelectrons from an illumi-
nated area which permanently leave the mosaic is insignificant com-
pared to that which is returned to the mosaic in the form of redistri-
bution electrons. Experimentally, this can be easily shown by inter-
rupting the image projected onto the mosaic at a frequency which is 
some multiple of the frame frequency. If care is taken to insure that 
the second anode and signal plate are not photoemissive, almost no 
signal will be observed corresponding to the interruption frequency. 
This indicates that no photoelectric current is traversing the circuit 
consisting of mosaic, second anode, amplifier coupling impedance, and 
signal plate. 

In view of the complicated nature of the unsaturated photoemission 
responsible for the picture signal, it will not be amiss to discuss it in 
greater detail. Considering first the extreme case of a mosaic in the 
absence of a scanning beam, if a small area of the mosaic is illumi-
nated with an intensity LI, this area will emit electrons which in part 
go to the second anode and in part return to the mosaic. Eventually 
this area becomes sufficiently positive to prevent the escape of further 
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electrons. It is obvious that under these conditions the positive po-
tential assumed by the area is dependent upon the initial velocities of 
the photoelectrons rather than upon the intensity of illumination. 
Therefore, if an intensity L2—half that of Li—had been used, the 
potential would have been approximately the same. If, however, two 
areas are illuminated at the same time, one with an intensity LI, the 
other with L2, these areas will not come to the same potential. This 
will be clear if the photoelectric saturation curve shown in Fig. 9.13 
is examined and the behavior of the electrons considered. The photo-
emission curves are represented as straight lines, for convenience of 
discussion, rather than in their true 
form. The ordinate represents the 
actual number of electrons emitted by 
an elementary area of the mosaic at 
any potential, and not the net current, 
which is the algebraic sum of the cur-
rent leaving and the redistribution 
current arriving from other portions 
of the mosaic. When the two areas 
emit simultaneously the return cur-
rent to each illuminated element of 
area will be approximately equal,* 
represented by the line ab. In order that the net current to each 
elementary area be zero, the two illuminated regions must take on the 
potentials E1 and E2, respectively. Similarly, if an entire image is 
projected onto an unscanned mosaic, a corresponding potential image 
will be established as an equilibrium condition. 
Under operating conditions, when a relatively weak beam is used 

and an intense image is projected onto the mosaic, the mechanism of 
the formation of the charge image will be essentially that outlined 
above, except that the current represented by ab will include not only 
the returning photoelectrons but also the redistribution electrons from 
the beam. In this case the charge image is fully established in less 
than a picture period, and further exposure produces only a slight in-
crease in picture signal. (This increase is due to line sensitivity, which 
will be discussed in succeeding pages.) To avoid possible misunder-
standing, it should be pointed out that this saturated mode of opera-
tion does not imply that the tube is operating as a nonstorage system, 
since, even if the picture is fully established in a time corresponding to, 

* Strictly speaking, the magnitude of the return current is a complex function 
of tube geometry, mosaic activation, distribution of illumination, etc. 
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Fig. 9.13. Current-Density Char-
acteristics of Differently Illumi-

nated Mosaic Elements. 
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say, 10 lines, the storage factor is still some 5000 times. As the illumi-
nation is decreased, eventually a point is reached where the charge 
image is no longer fully established in a frame time. Under these 
circumstances the illuminated area is receiving redistributed photo-
electrons and beam secondary electrons, and during the cycle becomes 
increasingly negative with respect to the second anode; however, its 

Illuminated 

Potential relative 
to 2nd anode 

Time 

1.1 
Time 

(b) Potential of illuminated 
area relative to 

unilluminated area 

Fig. 9.14. Variation of Potential with Time for Unilluminated Elements. 

potential is continuously rising with respect to an unilluminated area. 
Figure 9.14a shows the time variation of the potential of an illuminated 
area and an unilluminated area with respect to the second anode, 
whereas b shows the potential of the same illuminated area referred to 
that of the unilluminated region. 

pp Emitted photoelectrons 

Fig. 9.15. Current Components for an Element Not under the Beam. 

From a more quantitative point of view, if an element of area not 
under the beam ds. (Fig. 9.15) is considered it is found to receive the 
following current components: pp the current density due to photo-
electrons leaving the area, pri redistribution electrons from the beam, 
and pr2 returned photoelectrons. The rate at which its potential is 
changing with respect to the second anode will be 
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dV a (Pp — Prl Pi-2)  

dt Co dsci 

where Co is the capacity per unit area. The corresponding rate for an 
element dsb, in darkness, will be 

d Vb — (Pri Pi-2)  , 
asb 

dt Co dSb 

The three current-density components in the foregoing differential 
equations are functions of the potential with respect to the second anode 
and of the difference in potential between various portions of the 
mosaic. Actually, however, the variation of pri and prz with local 
variations in potential is relatively small. Assumptions could be made 
as to the functions involved, and the differential equations could be 
solved. However, since little is known of the nature of these func-
tions, very little would be gained by doing this. It must suffice to say 
that, under conditions of low light levels, the average photoelectric 
current leaving a small, illuminated region, with the rest of the mosaic 
in darkness, is approximately 20 percent of the saturated photo-
emission. 
To summarize the portion of the cycle discussed above: directly 

under the beam the mosaic assumes a potential V2; examined farther 
and farther from the point under bombardment, the potential is found 
to decrease to some potential V1 (x, y), which is not constant over the 
mosaic but is a function of the light distribution in the image and, 
therefore, a function of the coordinates, x, y, on the mosaic. 

9.8 The Formation of the Video Signal. The final step in the cycle 
is the transition under the beam of the potential of an element from 

(x, y) to the positive equilibrium potential V2. It is of fundamental 
importance, for, in this step, the picture signal is generated. 
The beam in sweeping over the mosaic acts like a resistive com-

mutator in series with a source of positive potentials of 2 or 3 volts. 
The resistance in this case is determined by the current-voltage rela-
tion of the secondary electrons from the bombarded area, and will, of 
course, be nonohmic. By means of small, cesiated silver electrodes 
inserted into the mosaic, it is possible to learn a little about the nature 
of this relation. Figure 9.16 shows typical curves of the current to or 
from such an element as a function of voltage. It is found that the 
curve may be approximated over a large part of its range by an ohmic 
impedance whose value is z = Z0/b, where ib is the beam current and 
zo the coefficient of beam impedance having a value between 1 and 2 
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ohm-amperes. Although this relation is useful for certain purposes, 
where an averaging over a picture cycle is involved, it is not a suffi-
ciently good approximation for the determination of the instantaneous 
condition of a bombarded element. It is probable that the emission 
from an element is actually very nearly saturated (that is, most of the 
electrons leaving it return to other points of the mosaic rather than to 
the element under bombardment) until it is very close to the equi-
librium potential, V2. 

Elemeñt potential 
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Fig. 9.16. Current-Voltage Characteristics for an Element of the Mosaic. 

For purposes of determining the change during bombardment in 
potential àV of an element of area which is small compared with the 
size of the scanning spot, yet includes a large number of silver particles, 
let the saturated secondary-emission current density be pa and the 
capacity 

C = Co ds 

If it is assumed that the secondary emission is saturated for the dura-
tion of the time, Te, the beam is on the element, the change in potential 
will be 

(Pa — Pb) ds 
AV = 

Co ds 
(9.1) 

For a beam current of 0.20 microampere, pb has a value 5 x 10 -4 
ampere per square centimeter, and, assuming a secondary emission 
ratio of 4, p8 — pb = 1.5 x 10-3. The element time, T8, can be found 
by dividing the linear scanning velocity, y, into the width of the spot, 
h, which gives 1.0 X 10-7 second for the time the element is being 
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bombarded. Introducing these values into Eq. 9.1, the maximum value 
for the change in voltage is around 1.5 volts. 

Experimentally, it is found that, under the beam conditions described, 
the change in voltage àV = V2 - V1 lies between 1 and 2 volts, which 
is consistent with the above. 

Po(Beam current)ee p (To second 

e e 8 ‘ anode I 

e 

Fig. 9.17. Current Components for an Element under the Beam. 

The net current leaving the elementary area (see Fig. 9.17), under 
the conditions just described, will be 

dV 
die = — 1 C0 —) ds 

dt 

Since the beam current reaching the area is Pb ds, the total current from 
the element is 

dV 
dit = — (pb + Co --) ds 

dl 

This entire current will not reach the second anode because, on the 
average, as much current must reach the mosaic as leaves. Let f (x, y, V) 
be the fraction of this current reaching the second anode; then the cur-
rent to the second anode can be written as 

dV 
die = f(x, y, V) (Pb -I- Co  

dt 
(9.2) 

The instantaneous current reaching the second anode is given by the 
integral of the above expression over the area of the scanning spot. 
Since the current it, carries the picture signal, the solution of Eq. 9.2 
would be highly desirable. This integration, however, cannot be per-
formed since the function f (x, y, V) is unknown. 

It is possible to make certain approximations which will permit the 
calculation of an average value for the redistribution function. The 
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mosaic is an insulator and returns a current to the second anode equal 
to the beam current. Hence the average value of this function must 
be given by 

_ ib ib 

f — —   
ii ib+ ie 

(9.3) 

The average value of the element current, ie, must be equal to the 
charge released by the beam divided by the time required for its re-
lease. On this basis, ie is given by 

ie 
Lot area 77 6 

(V2 — Vi)Coh2 
.-_-   

hit; 

= I (V2 — Vi)Cods 

= (V2 — Vt)Cohv 

Substituting this equation into Eq. 9.3, the average value for the redis-
tribution function will be 

1 

1 + 
hvCo(V2 — Vi) 

ib 

(9.4) 

For quantities representing ordinary operating conditions, the value 
of the function is found to be about 0.25. This may be interpreted 
to mean that approximately a quarter of the total charge which leaves 
the mosaic reaches the second anode, the rest being returned to the 
mosaic in the form of redistribution current. Since the variation in 
V1 over the mosaic under conditions of low light levels is small, it is 
legitimate to treat f as independent of the charge image. Therefore, 
only about 25 percent of the stored charge is available for producing 
the picture signal. 
The redistribution signal, which constitutes about three-fourths of 

the net stored charge, can very easily be shown experimentally. The 
iconoscope required has a mosaic whose sensitized surface is made in 
the ordinary way, but whose signal plate is divided into two halves, 
each of which is brought out on a separate lead. The video amplifier 
is connected to one half of the signal plate, whereas the other half is 
grounded. If a light image is projected onto the grounded side of the 
mosaic, a negative of this image will be seen on the screen of the view-
ing tube. This image is due, of course, to the redistribution electrons 
returning to the mosaic and carrying some of the signal back in the 
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form of a negative picture. With normal connections, this negative 
signal tends to oppose the positive picture, so that the net output of the 
tube is only about 25 percent of what might be expected if this redis-
tribution phenomenon did not exist. 

9.9 Line Sensitivity. Going back for a moment to the question of 
the photoemission of the mosaic, an examination of the potential dis-
tribution over the mosaic reveals that there is an abrupt potential rise 
at the line being scanned, and that the line just in front of it is sub-
jected to a strong positive field which tends to saturate the photo-
emission. This means that the line in question is much more sensitive 
than any other part of the mosaic, and, furthermore, even if "satura-
tion" light levels are used so that an equilibrium potential image has 
been established, further photoemission can take place at this line. 
This phenomenon, known as line sensitivity, is the reason for the state-
ment that the picture signal keeps on increasing even when the light 
level is increased above that required to form an equilibrium potential 
image. 
The phenomenon of line sensitivity can be demonstrated very strik-

ingly by the following simple experiment. The image from a continu-
ously run moving-picture film (i.e., that obtained by removing the 
intermittent and shutter from a moving-picture projector) is projected 
onto the mosaic of an iconoscope. The film is run at such a rate that 
its frame speed is equal to the field frequency and in a direction such 
that the image moves opposite to the vertical direction of scanning. 
Under these conditions the iconoscope transmits a clear image of two 
frames of the moving-picture film, although to the eye there appears 
to be only a blur of light on the mosaic. 

Thus, it is evident that there are two sources of signal, one the 
stored charge on the entire mosaic surface, the second the sensitive 
line ahead of the scanning beam. At low light levels the surface sensi-
tivity contributes the major portion of the signal, but at high illumi-
nation intensities, line sensitivity can contribute a large fraction. 

9.10 Black Spot. Up to this point it has been assumed that the two 
terminal potentials, V1 and V2, had the same value at every point on 
an unilluminated mosaic. Actually, because both potentials are sensi-
tive to the field conditions in their neighborhood, they are functions of 
the coordinates of the mosaic. Furthermore, the redistribution factor, 
f, is also dependent upon the location of the point under bombardment. 
As a consequence, there is a variation in the current reaching the second 
anode as the mosaic is scanned. This variation gives rise to spurious 
signal which, if not compensated, produces an irregular shading over 
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the picture. It is evident from the factors upon which this shading 
depends that it may be considered as divided into two parts. The first 
is a stored signal which depends upon V1(x, y) ; the second is an in-
stantaneous effect depending upon the variation of V2 (XI y) and f (x, y) 
over the mosaic. 
The instantaneous component of the spurious signal can be demon-

strated experimentally if a metal plate is substituted in place of the 
usual mosaic. When such a plate is scanned in the ordinary way, 
being maintained at a potential close to that of the second anode, a 
spurious signal is generated which is very similar to that produced by 
the iconoscope. The mechanism of the generation of this signal, though 
not identical with that involved in the case of the mosaic, is quite simi-
lar. If the potential of the plate is made strongly positive or negative 
with respect to the second anode, so that the secondary-emission cur-
rent reaching the second anode is either saturated or suppressed, the 
signal will disappear. 

In the normal iconoscope the magnitude of the spurious signal de-
pends upon: (1) the nonuniformity of scanning, (2) the shape of the 
glass envelope and extent of exposed glass, (3) the beam current, and 
(4) the activation of the mosaic. It can be reduced by attention to 
items 1, 2, and 4, but it cannot be completely eliminated. With respect 
to its dependence upon beam current, it is found to increase more 
rapidly than the picture signal as the beam current is increased. For 
this reason, it is common practice to operate the iconoscope with small 
beam currents (i.e., from 0.1 to 0.2 microampere) at the expense of 
some efficiency in signal generation. 

In television transmission the spurious signal from the iconoscope is 
compensated by means of an electrical correcting network, which intro-
duces a signal similar in shape to the shading signal but opposite in 
polarity into the video amplifier. 
No mention has been made of space charge between the mosaic and 

second anode. Between these elements there necessarily exists an 
electron cloud, but under ordinary operating conditions its density does 
not become sufficient to create a potential minimum or a virtual cathode. 
Although the space cloud of electrons is incidental only, as far as the 
operation of the iconoscope is concerned, nevertheless it has an effect 
on the paths of the redistribution electrons, and can introduce transit 
time effects observable under certain unusual operating conditions. 
Very close to the element under bombardment, when it is near its 
equilibrium potential, a virtual cathode is undoubtedly formed. 
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9.11 Performance of the Iconoscope. From the theory of opera-
tion just presented, the signal output iron' a standard iconoscope falls 
below that expected from an ideal storage tube owing to lack of satura-
tion of the photoemission and to redistribution losses. Assuming the 
signal to be reduced by a factor of 5 by the former and by a factor of 
4 by the latter, the overall efficiency is expected to be in the neighbor-
hood of 5 percent. In spite of this inefficiency, the very great advan-
tage resulting from the application of the storage principle makes the 
iconoscope a very effective pickup tube. 
On the basis of the mechanism predicated and the estimated ef-

ficiency, the output expected can be calculated. Let it be assumed 
that a small area of the mosaic is illuminated with an intensity of L 
lumens per square centimeter. Also the following additional data 
taken from the characteristics of the standard iconoscope are necessary: 

Area of mosaic A -= 100 square centimeters 
Photosensitivity p = 15 microamperes per lumen 
Overall efficiency k = 0.05 
Coupling resistor R =- 10,000 ohms 

The increase in current reaching the second anode as the beam 
reaches the illuminated area will be given by the additional charge 
accumulated per unit area by the mosaic multiplied by the rate at 
which the beam traverses this area and the redistribution efficiency. 
In other words, 

= (kpLT)h•v 

H n 
= k•p•L•T•—•1•17•— 

n T 

= kpLA (9.5) 

In this derivation, H and W are the height and width of the mosaic, 
n the number of lines, and T the picture period. The remaining sym-
bols have already been defined. 
The voltage appearing across the coupling resistor will be 

= Ris = kpLAR 

Substituting the values given above, the signal voltage is found to be 

= 0.75L 
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where V. is in volts and L in lumens per square centimeter, or, as is 
generally found more convenient, V. is in millivolts and L in milli-
lumens per square centimeter. 
Actual response curves taken of good iconoscopes have been found 

to have an initial slope of more than 1 millivolt per millilumen per 
square centimeter. However, the agreement between the measured 
signal output curves and the response predicted is within the accuracy 
of the assumptions that were made. 
The two sets of curves reproduced in Fig. 9.18 are typical of the 

response of the iconoscope. Those shown on the left represent the 
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Fig. 9.18. Response of Iconoscope under Various Conditions of Illumination. 

signal output as a function of the intensity of illumination for three 
different sizes of area illuminated. The family of curves on the right 
was obtained by measuring the signal voltage generated across a 
10,000-ohm coupling resistance when a spot of light occupying 1 per-
cent of the area of the mosaic was projected on the mosaic. In ad-
dition to the spot of light, a uniform background as indicated covered 
the entire mosaic. The highest curve a is the result of the measure-
ment when the background illumination was zero. For this curve the 
initial slope corresponds to a sensitivity of 0.95 millivolt per milli-
lumen. As the light intensity is increased, the slope of the curve 
becomes less. The shape of the response curve over a large part of 
its range is logarithmic, but departs from this at the two extremes of 
illumination. The curves b1 and b2 illustrate the effect of a background 
illumination. It is evident that, as the background illumination in-
creases, the initial slope D is related to the background illumination 
LB as follows: 

D — 
Do 

1+ mLB 
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where Do is the slope for zero background and m is an empirical con-
stant. It should be noted that this relation is derivable from the 
logarithmic form of the response curve. However, the magnitudes of 
the constants are functions of the areas illuminated by the spot and 
the background. 
The color response of the iconoscope depends upon the activation of 

the mosaic. By properly selecting the activation schedule, the re-
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Fig. 9.19. Spectral Response of an Iconoscope. 

sponse can be shifted to meet the operating requirements over a wide 
range. Figure 9.19 shows the color response of a typical normal 
iconoscope. 

Since the mosaic of the iconoscope is surfaced with silver particles 
which are very small compared with the beam size, the resolution 
which can be obtained is limited by the beam. The resolution of the 
tube is usually measured, as has been explained, by projecting onto 
the mosaic a test pattern consisting of groups of converging lines (see 
Fig. 9.9). With such a pattern it can be shown that the horizontal 
resolution of the normal iconoscope is in the neighborhood of 700 or 
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800 lines. Since the video amplifier response extends to about 4 mega-
cycles, a picture of this definition cannot be transmitted over the 
system. However, the high limiting resolution insures a small aper-
ture defect over the working region. 

9.12 Limiting Sensitivity. The question of the statistical fluctua-
tion and its relation to the minimum light that can be used to produce 
a picture is of fundamental importance. Broadly speaking, these fluc-
tuations arise from the granular nature of electricity and are present 
in every electronic device and every circuit element having a resistive 
component. As has been shown, the iconoscope generates a certain 
signal voltage across the coupling impedance. At the same time, there 
appears across this impedance a random fluctuating voltage due to the 
thermal agitation of the electrons in the coupling resistance. The 
video amplifier amplifies not only the picture signal but also the voltage 
fluctuations of the coupling resistance, or, to adopt the terminology of 
amplifier practice, the "noise." If the voltage generated by the picture 
signal becomes of the same order as the noise, the picture becomes lost 
in noise and is no longer intelligible. This sets a definite lower limit 
to the light which can be used to produce a picture from a given tube. 

Before making any calculations on the sensitivity of the iconoscope, 
it is necessary to assign quantitative values to the psychological effect 
of the picture-to-noise ratio. Tests have been made to determine the 
effect on the observer of various ratios of peak picture signal in an 
average picture to the root-mean-square noise. It has been found 
that, if the root-mean-square noise is equal to 30 percent of the picture 
signal, the picture is still recognizable, but the definition is decreased 
and the picture tiring to watch. In addition, it was observed that, if 
the ratio remains constant but the picture amplitude is decreased, the 
noise becomes less objectionable; however, the effective resolution is 
not increased. 

If the ratio of signal-to-noise is 10 to 1, a good picture can be ob-
tained, but the noise is still very noticeable. Such a picture is usable 
and has fair entertainment value. 
When the noise is reduced to less than 3 percent of the picture signal 

it becomes practically unnoticeable, and the picture may be considered 
excellent.* 
Most of the calculations of sensitivity which follow will be based 

on an allowable signal-to-noise ratio of 10. Although this amount of 

*These tests were made with noise evenly distributed over the frequency band. 
If high-frequency noise predominates the percentage rms noise permissible is 
greater. 
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noise would be greater than should be tolerated if conditions made it 
possible to avoid it, such a picture would, nevertheless, have reasonably 
good entertainment value and could be broadcast where program con-
tinuity made its transmission necessary. 
The noise which must be considered in sensitivity calculations arises 

primarily from two sources: first, the coupling resistance, or impedance, 
between the iconoscope and the video amplifier; and, second, the first 
tube of the amplifier. 
The thermal noise generated by a resistance is found to have the 

following characteristics. It appears as a voltage generated across the 
ends of the resistance, and is entirely independent of any currents flow-
ing through it. The fluctuations are completely random, so that their 
energy is distributed uniformly over the frequency spectrum. Further-
more, the mean square voltage is proportional to the temperature of 
the resistance and to its magnitude or, to be more general, the magni-
tude of the resistive component of any impedance. All this can be 
formulated in the following equation: 

en2 = 4kTRF 

where k is the Boltzmann constant and T the absolute temperature, the 
product 4k T having a value of 1.6 >< 10-2° joule at room temperature. 
R is the resistive component of the impedance, F the frequency band 
under consideration, and e 2 the mean square noise voltage. 

In addition to the noise generated by the coupling impedance, noise 
is generated by the amplifier itself. This noise is primarily due to the 
first tube of the amplifier, but the coupling impedance between the first 
and second stage may also contribute an appreciable amount. The 
noise produced by the amplifier depends, of course, upon the tubes 
used. A noise characteristic corresponding to a 500- or 1000-ohm re-
sistor in the grid circuit of the first tube will represent a typical, well-
built amplifier. 

Heretofore a 10,000-ohm coupling resistance between the iconoscope 
and the picture amplifier has been assumed in discussing the per-
formance of the tube. In actual television practice the coupling cannot 
be as simple as this, because the capacity of the iconosope and amplifier 
input circuit causes an attenuation of the high-frequency components 
of the picture signal. However, in order to estimate the sensitivity of 
the pickup tube, the simple coupling circuit consisting of a 10,000-ohm 
resistance will be retained and the attenuation of the upper frequencies 
neglected. Details of the more complicated circuits needed to main-
tain a uniform frequency response will be given in Chapter 13. There 
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it will be seen that the limiting sensitivity that can be obtained with 
the corrected circuit networks actually used does not differ greatly 
from that given under the present simplification. 

Signal lead 

Fig. 9.20. Simple Iconoscope Coupling Circuit. 

The mean square noise voltage generated by the 10,000-ohm resistor 
over a 4-megacycle frequency band is 

VAT' = 1.6 X 10-2° X 104 X 4 X 106 

= 6.4 X 10'° 

The iconoscope, being a high-impedance current generator (actually its 
zero-frequency impedance is about 5 megohms when a 0.2-microampere 
beam is used), produces a signal voltage across the coupling resistor 
which is given by 

V, = pkALR volts 

or, if the values from page 333 are used, by 

V, = 0.75L volts 

The ratio S of signal to root-mean-square noise is therefore 

V. 
s = VT3-72- — 3 x io4L 

Assuming that the signal-to-noise ratio cannot be less than 10, the 
lower limit of light which will give a usable picture signal is 

L = 3 X 10-4 lumen per square centimeter 

Similarly, to obtain a picture with a signal-to-noise ratio such that the 
noise is less than 3 percent of the picture signal, the illumination on 
the mosaic must be at least a millilumen per square centimeter. 
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The order of magnitude of the measured sensitivity agrees fairly well 
with these calculations. Tests on a good iconoscope have been made 
indicating that a satisfactory image can be obtained of scenes having 
a brightness of 15 candles per square foot, using a lens with an //4.5 
aperture. The illumination on the mosaic, taking account of reflec-
tion losses in the lens, will then be about 0.4 millilumen per square 
centimeter. 

Usually the illumination for actual television transmission is made, 
if possible, at least three times this amount, to insure that the picture 
signal will be well above all spurious signals. This means that a sur-
face brightness of 50 candles per square foot is desirable. A reflection 
coefficient of 25 percent being assumed, the incident illumination of 
the scene should be 50/r/0.25 = 600 foot-candles. Of course, a trans-
mittable picture can be had with less than 20 percent of this illumina-
tion, but the figure given above can be regarded as desirable. 

TABLE 9.1. SURFACE BRILLIANCE OF OUTDOOR SCENES 

Scene Location 
Time 
.  (E ST) Date Weather 

Surface 
Brilliance 

(candles/ft2) 

Sixth Avenue New York, N. Y. 9:30 A.M. 4-25-35 Clear 6;¡ 
Sixth Avenue New York, N. Y. 1:15 P.M. 4-25-35 Overcast 40 
Times Square New York, N. Y. 1:30 P.M. 11- 6-34 Light rain 40 
Parade East Orange, N. J. 10:30 A.M. 11-29-34 Light rain 40 to 60 
Street Rockland, Me. 1:15 P.M. 7- 5-36 Overcast 100 
Street Warrenton, N. C. 3:15 P.M. 6-30-35 Clear 130 
Street Harrison, N. J. 3:30 P.M. 8-15-34 Hazy 130 
Street Harrison, N. J. 9:30 A.M. 8-15-34 Rain 16 
River New York, N. Y. 2:30 P.M. 10-24-35 Hazy 50 
River Pennsville, Del. 1:30 P.M. 6-29-35 Hazy 350 
Bay Cape Charles, Va. 10:00 A.M. 6-30-35 Clear 250 
Beach Atlantic City, N. J. 2:00 P.M. 8-18-34 Hazy 500 
Football game New York, N. Y. 1st quarter 11-17-34 Clear 55 

2nd quarter Hazy 50 
3rd quarter Hazy 27 
4th quarter 16 
End 2 

Baseball game New York, N. Y. 100 to 3:40 9- 8-35 Clear 70 to 100 
Snow bank Harrison, N. J. 10:00 A.M. 1-24-35 Bright sunshine 700 
Open field Bethel, N. C. 3:45 P.M. 7- 1-35 Severe thunderstorm 2 

In order to give an idea of the brightness encountered in typical out-
door scenes, Table 9.1 is reproduced from a paper by Jams, Janes, and 
Hickok.* Since it can be assumed that the iconoscope has sufficient 

*See lams, Janes, and Hickok, reference 7. 
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sensitivity to transmit a usable picture at a brightness as low as 10 
candles per square foot, the versatility of the tube will be evident. 

If the walls of a normal iconoscope are photosensitive and illumi-
nated with a small amount of light, the photoemission from the bulb 
so alters the conditions in the vicinity of the mosaic that the working 
sensitivity is about doubled and the shading improved. This expedient, 
which is of considerable practical importance, was first introduced by 
the Electrical and Musical Industries of England, and has since been 
widely adopted.* 

9.13 Depth of Focus. The depth of focus of the objective used 
with an iconoscope is an important consideration. In fact, if it were 
not for this limitation, the iconoscope with very large-aperature objec-
tives would be sufficiently sensitive to transmit a picture under all 
practical conditions, both indoors and out. However, the aperture can 
be increased only at the expense of depth of focus. In the photo-
graphic camera, depth of focus with short exposure times is obtained 
by means of high-aperture, short-focal-length lenses. This procedure 
permits decreasing the diameter of the lens without decreasing the 
intensity of illumination on the photographic plate. Since depth of 
focus in the object field is dependent only upon the diameter of the 
lens and not upon the numerical aperture, it can be increased without 
loss in sensitivity. 

It has been shown above that in the iconoscope the response is pro-
portional not only to the intensity of illumination but also to the 
mosaic area. Stated in another way, the response is proportional to 
the total light falling on the mosaic. This light is in turn proportional 
to the absolute free area of the lens rather than to its numerical aper-
ture. Therefore, it is not possible to follow photographic practice and 
increase the depth of focus by using a miniature iconoscope and a short-
focal-length lens. The conclusion is that, for a given sensitivity of 
the iconoscope and a given illumination of the scene transmitted, the 
signal obtained is inversely proportional to the square of the depth of 
focus in the object field. 
The relation between depth of focus and the lens diameter can be 

shown as follows. Figure 9.21 shows that the object and image dis-
tances are x and y, respectively, and the focal length of the fens is f. 
These quantities are related by the equation 

fx 

x — f 

* See Janes and Hickok, reference 10. 
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Position of 
mosaic 

Fig. 9.21. Determination of Depth of Focus. 

Object plane 
image on mosaic 

Displaced 
object point 

4ix 

By differentiation, a change àx in the object distance, x, is found to 
produce a change in the image distance 

y2 
ày = — — àx 

x2 

This will produce a circle of diffusion of diameter Sin an image at y, with 

D y Ax 
= — ày = D — — 

x x 

where D is the diameter of the lens. For a given object, the effective 
resolution will be equal to the diameter of the circle of diffusion divided 
by the magnification. Since the magnification, m, is given by y/x, the 
quantity to be determined, that is, (5/m, can be expressed as follows: 

àx 
— = D— 
m 

Therefore, the depth of focus in the object field àx/x is dependent only 
upon the diameter of the lens, D. 

9.14 Pickups for Motion-Picture Film. So far, no mention has been 
made of the transmission from moving-picture films. Two methods of 
reproduction will be discussed. The first makes use of a continuous 
motion projector. Such a projector is arranged so that the light on 
the screen remains constant and the consecutive frames fade smoothly 
into one another. The operation of the iconoscope with such a pro-
jector is exactly the same as in studio or outdoor pickup. Furthermore, 
the frame frequency of the film need bear no relation to the scanning 
frequency of the tube. 
A second method, somewhat more complicated but nevertheless found 

in practice to be quite satisfactory, is to project the picture onto the 
mosaic during the return time of the beam. An ordinary moving-
picture projector, using a standard film which is run at 24 frames per 
second, is equipped with a shutter, usually in the form of a rotating, 
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apertured disk, which allows the light image to pass sixty times a 
second for a period of about Y800 second. With this arrangement it 
will be obvious that images from consecutive frames will pass through 
the shutter alternately two and three times. The scanning beam is 
synchronized with the shutter in such a way that the image is flashed 
on the mosaic only during the time between the end of one scanning 
pattern and the start of the next, while the beam current is biased to 
cutoff. The light image flashed on the mosaic causes a potential image 
to be formed in the manner described in the section discussing the 
theory of the iconoscope. This potential image gives rise to the pic-
ture signal when the unilluminated mosaic is then scanned. A repro-
duced picture thus formed differs in no way from the ordinary picture 
in appearance. Because of the short duration of the light image on 
the mosaic, the instantaneous illumination must be high, but this pre-
sents no particular difficulty since the light produced by an ordinary 
projector is ample. 

9.15 The Type RCA1850-A Iconoscope. Although the essential fea-
tures of the design, construction, and activation of the iconoscope are 
at present essentially the same as those of the iconoscope described in 
the first writing of this chapter in 1940, certain changes have been 
made which have considerably improved the operating characteristics 
of the tube. Figure 9.22 shows schematically the present form of the 
iconoscope. The dipper-shaped envelope shown in Fig. 9.1 is still used. 
However, it will be noted that there is a considerable change in the 
support of the mosaic and of the wall coating on the inside of the 
glass envelope. 
The mosaic is formed on a carefully selected piece of mica 0.001 to 

0.002 inch thick. The mosaic of silver is formed by allowing a fine 
dust of silver oxide to settle on the mica surface. Before the silver 
dust is deposited, this surface is, however, sand-blasted to give it a 
fine mat texture. The silver oxide dusting procedure is carried out in 
a specially designed double-chamber dust-settling unit which mini-
mizes aggregations and nonuniform deposition of the fine silver oxide 
powder. The layer is not deposited all at once; instead, a thin coating 
is allowed to settle on the mosaic and it is then baked in air at 950°C 
(for approximately 30 seconds) to reduce the silver oxide to silver. 
More silver oxide is then deposited, and the bake is repeated. This is 
done three or four times until the desired amount of silver has formed 
on the mica. The correct amount of silver is measured by shining 
light through the mosaic and determining the reduction in light trans-
mitted. A well-formed mosaic will transmit 60 to 70 percent. 
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After the silver mosaic has been formed, the signal plate is coated 
on the back of the mica. Graphite in the form of Aquadag is used for 
this purpose. The mosaic is mounted on a circular mica disk which 
just matches the inside diameter of the iconoscope envelope. It is held 
on this disk by four mica strips which are riveted to the disk. These 
mica strips are coated with a film of platinum on the beam side. The 

Mosaic 

Signal 
plate 

Cesium 
pinch-off 

Signal 
electrode 

Silver evaporator 

Collector 

Electron gun 

Fig. 9.22. Diagram of an 1850-A Iconoscope. 

coating helps to reduce the spurious signal generated by the mosaic. 
A nichrome ribbon which passes through slots in the mica supporting 
disk and makes contact with the Aquadag signal plate of the mosaic 
serves as signal lead. 
The mosaic supporting disk is held in place in the glass envelope by 

four glass rods which are sealed into the cylindrical walls of the tube. 
In order to avoid distortion and loss of contrast in the projected image, 
the front window of the envelope must be as optically perfect as pos-
sible. The glass is thin enough, however, so that it can be curved 
rather than flat. The rear closure of the envelope is also left clear to 
admit back lighting, a means of reducing spurious signals already men-
tioned in section 9.12 and one which will be discussed a little further in 
connection with the operation of the tube. A broad band is sand-
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blasted around the inside cylindrical wall of the iconoscope to reduce 
internal reflections falling on the mosaic. This sand-blasted band is 
coated with evaporated aluminum which extends down into the gun 
neck. The aluminized coating serves as part of the high-voltage anode 
of the gun and also as the secondary electron collector of the beam 
electrons. 
Two small silver evaporators are mounted on the cylindrical wall 

very close to the front window. The gun itself is similar to that used 
in earlier iconoscopes but has been modified considerably in detail. 
This gun will be described more extensively in Chapter 12. 

After the tube has been evacuated and given an outgassing bake, 
it is activated in much the same way as the earlier iconoscopes. The 
silver is oxidized by a high-frequency glow discharge in oxygen at a 
few hundred microns pressure. The oxidation is carried to the first 
blue or blue-green. About 6 milligrams of cesium is then driven into 
the tube, and the tube is given a 10-minute bake at 180 to 200°C. It 
is then sealed off the system and placed in performance-testing equip-
ment. A very small amount of silver is evaporated from the two side 
evaporators. Upon evaporation of this silver, the sensitivity is seen 
first to rise and then to fall. The deposition of silver is continued until 
the response drops to about 50 percent of its maximum value. The 
tube is then removed and given a short bake. If the activation schedule 
has been properly carried out, the sensitivity will rise and will finally 
become several times the maximum observed before the deposition of 
silver. The tube is tested not only for its sensitivity but also for image 
quality, shading, etc. 

In operation, it is found that the performance of these tubes is 
markedly improved both with respect to the spurious signal and to 
some extent in effective sensitivity by the use of back lighting. This 
is a small amount of light which is allowed to enter the tube through 
the back window so as to fall on the aluminum layer on the side wall 
of the envelope surrounding the target. There is enough photoemission 
from this aluminum coating to improve very markedly the uniformity 
of the charge pattern on the mosaic and to keep the average potential 
of the mosaic from becoming positive with respect to the secondary 
electron collector band. 

This description, while it covers the more important features of the 
present-day iconoscope, must of necessity omit a number of details 
both of construction and of activation which are involved in the actual 
manufacture of these tubes. 
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It will be noted that mica is still preferred as dielectric for the 
mosaic, in view of the great uniformity in thickness which is obtainable 
with it. However, the study of substitute materials, which are of 
particularly great value when good-quality mica is not readily avail-
able, has continued. Relatively good results have been obtained with 
barium titanate, whose very high dielectric constant permits the use 
of relatively thick layers to attain a prescribed capacity. 

9.16 Summary. For a good many years, the iconoscope was the 
only pickup tube used for television broadcasting. Its sensitivity, 
while considerably below that of the pickup tubes used at present, 
was, nevertheless, sufficient for reproducing all studio scenes and a 
great many of the outdoor scenes encountered in practice. Where the 
illumination was as high as 1000 to 2000 foot-candles, the tube imposed 
essentially no limitation on the performance of the system. However, 
even under these conditions, great care had to be exercised in shading 
compensation if the picture was to come up to the standards required 
by broadcasting. As the illumination decreased below 1000 foot-
candles, it was necessary to sacrifice picture quality, first by using 
larger-aperture, small-depth-of-focus lenses, and then by tolerating 
a large amount of noise in the picture. Below about 50 foot-candles, 
picture transmission became impractical. 
At present, the iconoscope has been superseded by the image orthi-

con and Vidicon for most studio and outdoor pickup requirements. It 
is, however, used extensively for motion-picture film transmissions. 
The high definition and good storage properties make the tube very 
effective in this application. However, unless the iconoscope is operated 
with great skill, shading can be very objectionable, particularly in 
scenes where the light level and contrast are low. 
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10 Television Pickup Tubes 

In the preceding chapter, the theory and performance of the icono-
scope, the first type of pickup tube to find general employment, were 
discussed in some detail. The methods used in improving the sensi-
tivity of pickup tubes, particularly in respect to sensitivity, will be 
the subject of this chapter. 
Even though the iconoscope, under the exacting test of a number of 

years of television broadcasting service, proved itself to be a fairly 
satisfactory pickup device, there was a very real need of an increase 
in sensitivity in order to improve the television picture. Increased 
sensitivity would permit the use of lenses having greater depth of focus, 
would extend the possibilities of obtaining an optimum picture in out-
door transmission, and would improve studio working conditions. 
The problem of increasing the sensitivity of the pickup tube may be 

approached in at least three different ways. First, the overall efficiency 
of the mosaic or target can be increased by improving its capability of 
storage or the recoverability of the stored charge. Second, the noise 
generated may be reduced while keeping the signal output the same. 
Finally, the quantity of charge acquired by the target per unit light 
flux may be increased. This list does not, of course, exhaust all possi-
bilities but it will at least indicate some lines of investigation which 
have been pursued. 
The remaining sections relating to pickup tubes will first consider 

some of the basic factors which set the limit of sensitivity of any pickup 
device. Then these approaches will be taken up, and some of the solu-
tions which have been found for the problem will be described. It 
should be remembered that most of the developments described repre-
sent work that has been carried out in various research and develop-
ment laboratories and has only been possible through the coordinated 
work of many scientists and engineers. Furthermore, the evolution 
of the pickup tube has not ended, and continued research will lead to 
more sensitive and better pickup devices. 

347 
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10.1 Limiting Sensitivity of Pickup Devices. Before taking up 
methods of improving the sensitivity of television pickup tubes, an 
estimate must be made of the sensitivity that could be achieved by a 
perfect pickup device. The ideal device will be assumed to be a light-
sensitive storage target combined with scanning beams for recovery of 
the stored information. It is further postulated that the information 
will be removed and amplified in such a way that the noise or random 
error in the information will not be increased over that which is con-
tained in the initial stored information. In other words, the amplifier 
does not itself add more noise to the signal, although it does, of course, 
amplify the noise already existing in the information from the target. 

Ordinarily, light is thought of as a continuous flux, and illumination 
is measured in lumens per square centimeters or watts per unit area. 
It is necessary here, since a statistical approach is to be adopted, to 
consider light in its more basic aspect, namely, as photons. Each 
photon has, as has been noted in earlier chapters, associated with it 
an energy hc/À, where À is the wavelength of the light, so that illumi-
nation may be expressed in terms of the number of photons per second 
incident on a unit area. 

If a small radiation detector in the form of a square with sides of 
length h has an illumination L falling on it, this important question 
might be asked: Can a fundamental lower limit to a change of illumi-
nation AL be found below which it is impossible to detect the light 
change irrespective of the sensitivity of the device? Until the granu-
larity of light is recognized, no such limit can be established. How-
ever, the essentially random arrival of light photons as postulated by 
quantum mechanics introduces an uncertainty which sets the lower 
limit of detectability. To determine the ultimate sensitivity which 
can be achieved with the detector, it is assumed that every incident 
photon produces a recoverable element of information and that the 
detector has a storage or retention time T over which the information 
is accumulated. The number of photons N arriving on the sensitive 
area during a period is, on the average, 

N = pLh2T (10.1) 

where p is the number of photons per second per lumen. (p = 1.4 X 1016 
photons per second per lumen for "white" light.) 

However, since the photon arrival is random there is a statistical 
deviation in the number in any period which has a root-mean-square 
value 8 =If If the change in number of photons AN, due to the 
change AL in illumination, is so small that it is comparable with .5, the 
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change cannot be distinguished from a statistical fluctuation. In other 
words, if the detector records a change in any one period of 

AL = V L/ (An') (10.2a) 

the probability of its being a change in the average illumination (and 
not a random fluctuation) is of the order of 1/2. As AL becomes 
greater, the probability that the observed change is not accidental in-
creases rapidly. This may be formulated by replacing Eq. 10.2a by 
the expression 

AL = k 1/ L/ (ph2T) (10.2b) 

where k is the "coefficient of certainty." If k is given the value 5 in 
the expression for the limiting sensitivity, the probability that AL 
represents a change in illumination rather than random fluctuation 
exceeds 99 percent. 

Exactly the same type of reasoning applies in the determination of 
the limiting contrast which can be discerned with any type of image-
forming pickup device. If the scene contains an object of brightness 
B ± AB against a background of brightness B, the object therefore has 
a contrast C = AB/B. The corresponding area imaged on the sensi-
tive target of the pickup device will receive an illumination 

L ± AL = (B ± AB)/(4A2) 

against a background illumination of 

L = B/(4A2) 

where A is the f-number of the lens of the camera. The contrast of 
the image relative to the background is C = AL/L. 

Since the detectability of the difference in illumination depends upon 
the number of photons arriving in the area under consideration during 
the integration interval of the pickup device rather than the surf aie 
density of photons, the size of the area must be considered. It does 
not detract from the generality of the argument to assume that the 
object is a square area with sides of length h on the sensitive image 
target. The criterion of Eq. 10.2b can now be used to determine the 
illumination of the target at which an object of given size and con-
trast becomes detectable over the statistical fluctuation in the number 
of photons in a similar area of the background: 
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L ph2LT 

k2 
Lm m   

pC2h2T 

(10.3) 

The illumination Lmin on the sensitive target is the fundamental 
lower limit of illumination which will permit the detection or seeing 
of an object of area h2 and contrast C. No form of optical transducer, 
be it a photographic film, a television pickup device, or the eye, can 
exceed this performance. Actually, all these devices fall considerably 
short of this sensitivity. It is possible now, with the aid of Eq. 10.3, 
to formulate a criterion of merit for any pickup device. Thus, a figure 
of merit M may be defined as 

M - = Lmin/LE (10.4) 

where LE is the experimental limiting illumination for the detection 
of a test object of contrast C and area h2. 
By employing the same type of reasoning used above, it is possible 

to derive an ideal figure of merit which will apply to a wide variety 
of pickup devices irrespective of their exact mechanism of operation. 
This derivation involves taking into account factors describing the 
efficiency of gathering and utilizing information from the light image 
and considering additional statistical fluctuations or noise which may 
be introduced by the device. In general, a photoelectric surface will 
not respond to every incident photon. A factor y indicating the quan-
tum efficiency of the sensitive surface must, therefore, be applied. This 
factor is the ratio of primary photoelectric events, e.g., emitted photo-
electrons, in the case of a photoemitter, to the number of photons. A 
second factor s will also be required to describe the efficiency of utiliza-
tion of the photoelectric effects. This factor relates the number of 
elements of information with the number of photoelectric events re-
quired to produce them. If, for example, a photoemission pickup 
device has a photosensitivity of 40 microamperes per lumen and re-
quires two electrons for a useful element of information, y will have 
the value 0.02 and E the value 0.5. 

All real pickup devices introduce additional fluctuations so that the 
limit of contrast discrimination is not solely due to the statistical fluc-
tuations from the granularity of the photoelectric phenomenon. These 
additional fluctuations may be amplifier noise, thermal effects, etc., in 
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the case of television devices; fogging in a photographic emulsion; and 
random nerve pulses in the eye. This may be taken into account by 
including a term nD to express the mean-square deviation of these addi-
tional fluctuations. Then the root-mean-square deviation of the optical 

detector becomes 8 = 17N -I- ND (where ND = nD T). Consequently, 
Eq. 10.2b becomes 

= k 
\l(ph2L nD)  

AL (10.5) 
P2h4 T 

Including all the factors introduced in the preceding paragraph, an 
equation corresponding to Eq. 10.3 can be derived as follows: 

//min 
with M = 

AL \I(e-y ph2 L nD)  
E2 p2h4 T 

k2 nD 
C2 —   

ph2 TL(1  ± ryph2L 

k2 

LpC2h2 T 
In pickup devices where nD is very small, the term involving it can 

be neglected, and the expression for the limiting contrast becomes 

k2 
C2 —  

ryph2 TL 

This leads to an ideal figure of merit of 

M = ey (10.7a) 

If, on the other hand, the additional fluctuations are large enough to 
be dominant, so that 

(10.6) 

nD  
>> 1 

e-y ph2 L 

the expression for contrast becomes 

C2 — 
E2 p2h4 L2 T 

nDk2 

leading to a figure of merit: 

M — 
2'Y 2 L2T 

nD 
(10. 7b) 
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The iconoscope, which was described in the preceding chapter, falls 
in the category of devices to which Eq. 10.7b applies. The eye, on the 
other hand, together with certain types of pickup devices which will be 
discussed below, follows Eq. 10.7a over the range of useful vision. 

In discussing possible ways of improving pickup devices, methods of 
improving the operation of the mosaic or target which increase y and 
s will be treated first. Next, ways of increasing the stored charge on 
the target, by the use of electron imaging, will be considered. This 
will be followed by a discussion of methods of reducing nD by means of 
secondary emission multiplication. Finally, pickup devices not em-
ploying external photoemission, together with a number of special tubes, 
will be described. 

METHODS OF INCREASING TARGET EFFICIENCY 

The most immediately apparent way of increasing the effectiveness 
of a mosaic or target of a pickup device (i.e., increasing y in Eqs. 10.7a 
and 7b) is by improving the photosensitivity of its surface. A great 
deal of work has been done along this line, with the result that in 
present-day iconoscopes the saturated photosensitivity is 15 to 20 
microamperes per lumen as compared with one-third this value a 
decade and a half ago. Still further increase has been obtained by 
the employment of photocathodes which are separate from the storage 
target, as will be described in sections dealing with the image icono-
scope and the image orthicon. 
The second improvement that must be considered is the reduction of 

the losses which have been discussed in Chapter 9, describing the 
operation of the iconoscope. The two principal losses associated with 
the mosaic are the lack of saturation of photoemission of the mosaic 
and the lowering of efficiency due to electron redistribution. Two 
general methods have been explored for solving this second problem, 
namely, the use of a two-sided target and scanning with a low velocity 
beam. 

10.2 The Two-Sided Target. The generation of the picture signal 
from the scanned mosaic of an iconoscope is possible only when the 
elements can be driven to an equilibrium potential such that the ef-
fective secondary emission ratio is unity. Therefore, the potential of 
the elements must necessarily be close to that of the electrode collect-
ing electrons emitted from it, and the field collecting photoelectrons is 
consequently small. However, by constructing a target in such a way 

WorldRadioHistory



Sec. 10.2] The Two-Sided Target 353 

that the elements extend through it, so that one side is scanned and 
emits secondary electrons while the other emits photoelectrons, the 
photoemission can be field-saturated. 
The most straightforward form of two-sided target is one consisting 

of conducting elements which extend through an insulated metallic 
mesh. The target is mounted in its envelope so that its surface is 
normal to the axis of the electron gun. The ends of the elements on 
the side of the target away from the gun are photosensitized. A ring 
electrode is provided to collect photoelectrons. A second electrode is 
located on the beam side of the target to collect secondary electrons. 
Figure 10.1 illustrates the general arrangement of this type of tube. 

a Two sided mosaic 

'ffle 
Metahvire screen 

Insulation 

6 

Silver pl gs 

Collector 
Two sided mosaic 

Electron gun , 
nglt 

Second anode 

Fig. 10.1. Pickup Tube with Two-Sided Target. 

The construction of this form of target is technically very difficult 
because of the extraordinarily high degree of perfection needed to gen-
erate a picture having the degree of excellence required by commercial 
television. Experimental two-sided targets have been made by the 
following procedure. A uniform mesh either in the form of a woven 
wire screen or an electrodeposited net is used as a base. In order to 
avoid a grainy appearance in the picture the mesh must be extremely 
fine, with, for example, 500 wires to the inch for a 3-inch target. The 
screen wires are coated with an insulating layer of vitreous enamel, 
lacquer, or ceramic. Great care must be taken to avoid cracks or pin-
holes as such imperfections will generate strong spurious signals. 
The metal plugs which serve as elements can be made in a variety 

of ways. One method is to fill the interstices of the mesh with a paste 
of silver oxide suspended in a binder which can later be driven off by 
heating. It should be noted that the net area covered by the plugs 
should be as large as possible in order to insure efficient utilization of 
incident light. 

This type of target permits the use of a sufficiently strong photo-
electron-collecting field so that the emission is saturated. It does not, 
however, overcome the redistribution losses which occur with an icono-
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scope mosaic. Also, the same spurious signal and shading consequent 
on redistribution will exist. 
A so-called barrier grid will, in a large measure, overcome both these 

difficulties. The barrier grid is a conducting grid which surrounds each 
element on the beam side of the target. The general arrangement of a 
barrier-grid target is illustrated in Fig. 10.2a. 
The target is mounted in the tube in the same way as the simple 

two-sided target, with the barrier shield maintained at about 45 volts 
negative with respect to the electrode, which is normally the secondary 

a 
.6 —Barrier film C—  

Silver plugs 
Metal wire screen 

Collector 

'Silver 
plugs 

Barrier grid mosaic 
Second anode 

0 —150 —45 

Gun 

Fig. 10.2. Barrier-Grid Target and Pickup Tube. 

electron collector. A circuit diagram for the tube is shown in Fig. 
10.2b. 
When the tube is in operation the equilibrium potential of the ele-

ments under the beam is slightly positive with respect to the barrier 
grid. Under these conditions electrons escaping from an element must 
either be collected by the barrier grid immediately surrounding it or 
by the secondary electron collector. Because of the field existing be-
tween the barrier and the collector there is no possibility of electrons 
going from one element to the next. 

Experimental tubes of this type have been built which have six to 
ten times the sensitivity of a normal iconoscope, with no shading due 
to redistribution. The saturated signal, instead of being a few micro-
amperes, as in the case of an iconoscope, may be several hundred times 
this amount. 
The technical difficulties associated with the making of these targets 

with the high degree of perfection required are very great. Because 
of this, and the fact that simpler methods exist for attaining the same 
ends, as will be described in the next and succeeding sections, barrier 
grid pickup tubes are not used for general television work. 
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10.3 Low-Velocity Scanning; The Orthicon. Another method of 
obtaining photoelectric saturation and freedom from redistribution is 
through the use of a scanning beam which strikes the target with so low 
a velocity that its secondary emission ratio is below unity. The target 
for a tube operating in this way may, like that of the normal icono-
scope, consist of an insulating layer coated on one side with a signal 
plate and on the other with photoemissive elements (real or virtual) 
which have very high transverse resistance between each other. When 
the target elements are in darkness and the beam falls on them they 
accumulate negative charge, and their potential falls until it reaches 

Focusing coil 
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T.  
Focusing electrode /5 

Deflection coils 

Return beam 
Scan -- — — ning beam — 

 Signal 
output 

A 

V 

Decelerating electrode 

Fig. 10.3. Orthicon-Type Pickup Tube. 

cathode potential. When the elements attain this potential, the beam 
can no longer reach them, and is turned back to be collected by more 
positive electrodes. Thus, the element equilibrium is established rela-
tive to the cathode potential of the gun. This form of tube is illus-
trated schematically in Fig. 10.3. 
With this type of operation, since the secondary-emission ratio is 

less than unity because of the low bombarding velocity of the elec-
trons, the element equilibrium is not affected by a positive field be-
tween the elements and other collector electrodes. Since the collector 
element surrounding the target is maintained positive with respect to 
the elements, the photoemission is saturated. Furthermore, secondary 
electrons emitted by the target cannot fall back on the target but are 
drawn to the collector. Thus, the principal causes of inefficiency and 
spurious signal that exist in the iconoscope are eliminated. 
Although in principle the action of the low-velocity or orthicon 

pickup tube is quite simple, certain details of its operation require 
further explanation. In particular, this includes questions of the focus-
ing and deflection of the beam, the conditions of the landing or turning 
back of the bombarding electrons, and certain aspects of the target. 
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As has been previously mentioned, the target may take the form of 
an iconoscope target. However, stability of the landing electrons re-
quires that the beam strike the target nearly normal to its surface. 
This introduces serious optical problems if an opaque target is em-
ployed. Because of this, the target generally takes the form of a 
nearly transparent evaporated layer of silver, thin enough so that when 
it is oxidized and activated its transverse resistance is extremely high. 
A target thus formed permits the image to be focused on it from the 
rear, while electrons are emitted from its face. This type of target 
can be made to have an intrinsic photosensitivity as high as, or even 
higher than, that of the targets described in Chapter 9. 
The success or failure of this form of pickup tube operation depends, 

for one thing, upon the possibility of maintaining in sharp focus an 
electron beam which reaches the target with essentially zero velocity. 
It has been found possible to use either electrostatic or magnetic focus-
ing to form beams satisfying this condition. The electrostatic gun is 
similar to that used in a normal iconoscope. The electrons are first 
accelerated to a fairly high velocity, i.e., one or two hundred volts, and 
then decelerated in a short distance in front of the target. Adequate 
definition can be obtained with such a gun, but some difficulty is en-
countered in regard to beam stability. Unless the beam at all times 
approaches the target normal to its surface, a potential gradient is 
developed. This gradient, in turn, produces a lateral oscillation of 
the beam which gives rise to a moving shading in the reproduced image. 
Because of this, it is necessary to use a target which is curved in such 
a way that its center of curvature lies at the effective center of de-
flection of the beam when electrostatic focusing is employed. 
A long, approximately uniform magnetic field is used for magnetic 

focusing. The gun could, in principle, be simply a very small point 
cathode. Actually, for purposes of better control, etc., it is somewhat 
more complicated than this, as will be explained in Chapter 12. Where 
magnetic focusing is used, the deflection becomes a difficult problem. 
The simplest solution consists of superimposing, upon the axial focusing 
field, fields at right angles in the x and y directions, which are made to 
vary in such a way as to give the required horizontal and vertical 
deflection. When the target is small this is a practical solution, and 
it is the method by which deflection is obtained in all low-velocity 
pickup tubes in current use. 
However, if the target is large, as for certain earlier orthicons, the 

volume occupied by the varying magnetic fields is large, and an in-
ordinately great amount of power is required to obtain the horizontal 
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deflection. In this case, magnetic deflection may be used for the ver-
tical deflection, whereas horizontal deflection may be obtained by em-
ploying an electric field at right angles to the direction in which it is 
desired to deflect the beam. It will be recalled that an electron in a 
crossed electric and magnetic field follows a cycloidal path in a direc-
tion at right angles to the field, and that the time of completing the 
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(b) 

Fig. 10.4. Cycloidal Scanning in an Orthicon. (a) Schematic diagram of de-
flection. (b) Cross-section of actual deflection plates. 

cycle depends only upon the magnetic field. Figure 10.4a illustrates 
schematically the arrangement of this deflecting system. 

If the length of the deflecting plate, the velocity of the beam, and 
the value of the magnetic field are correctly chosen, the electrons will 
complete an integral number of cycles while under the deflecting plates. 
They will consequently emerge with zero lateral velocity, and no 
vertical (y) displacement, but with a horizontal displacement given by 
x = const E/H. Thus, by varying the deflecting plate voltage and, 
consequently, E, the beam is horizontally deflected in proportion to 
the deflecting voltage. Furthermore, by properly shaping the deflecting 
plates, the vertical displacement of the cycloid can be reduced (in prin-
ciple it can be made zero), thus minimizing the space between the 
deflecting plates and reducing the voltage required to obtain the neces-

WorldRadioHistory



358 Television Pickup Tubes [Chap. 10 

sary electric field. Figure 10.4b gives the form of the deflecting plate 
actually employed. 

It has been pointed out that the electrons in the beam are turned 
back from the target when the tube is in darkness. Actually, because 
there is inevitably a certain amount of leakage, a small fraction of 
the beam, made up of electrons having the highest axial velocity, will 
reach the target. With light causing the elements to become more and 
more positive, a larger fraction of the beam is absorbed, the higher-
velocity electrons being able to reach the elements first. Eventually, 
the elements may become sufficiently positive to be reached by all the 
beam electrons. In order to minimize the voltage change of an ele-
ment required before this point is attained, the axial velocity spread of 
electrons in the beam should be as small as possible. This reduces the 
beam current required for complete charge erasure, which, in turn, 
makes possible a smaller beam diameter at the point of incidence. 
The question of beam velocity distribution will be discussed in greater 
detail in a later section. However, as the elements become more posi-
tive, the faster electrons, which reach the target with a not incon-
siderable bombarding velocity, produce a greater number of secondary 
electrons. Eventually, a point is reached where the secondary-emission 
ratio is no longer below unity, and the elements are not returned to 
equilibrium. When this occurs, cutting off the light is no longer suf-
ficient to return the elements to cathode potential. In addition, the 
electrode which collects secondary and photoelectrons from the target 
must be made negative. This instability with bright light is one of 
the objectionable features of the orthicon type of pickup tube. How-
ever, its high sensitivity and freedom from shading more than offset 
this relatively minor inconvenience. 

INCREASING THE CHARGE STORED ON THE TARGET 

As long as the target elements themselves are the source of the stored 
photoelectric charge, the only way of increasing this charge is by im-
proving their photoemissivity. However, it is possible to multiply the 
charge when the photoelectrons come from a separate cathode and thus 
increase the charge stored on the target. 

10.4 The Image Iconoscope. The method which has been found 
the most practical to obtain enhancement of the stored charge is 
through secondary-emission multiplication of the photoelectrons. For 
this, the optical image is projected onto a semi-transparent extended 
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photocathode. Electrons are emitted from this cathode with a density 
distribution identical with the intensity distribution of the light image. 
Thus, close to the cathode surface there is an electron image which is 
an exact reproduction of the optical image. 
An electron-optical lens system accelerates the electrons away from 

the cathode and focuses them onto the target elements. These target 
elements are treated to have a secondary emission greater than unity. 
Hence, for each image electron which strikes the target several elec-
trons leave. If the secondary emission ratio of the target is the 
charge stored in the elements will be 
— 1 times as great as it would have 

been had the target elements only 
stored the emitted photoelectrons. 
The problem of storing the image 

charge and removing the information 
with a scanning beam is essentially 
the same as for targets with photo-
emissive elements. A schematic dia-
gram of an image iconoscope is given 
in Fig. 10.5. 
The photocathode employed with 

image multiplier pickup tubes is al-
most always of the semi-transparent type, which is illuminated on one 
side while the electrons leave from the other. The precise sensitization 
of this cathode depends upon the spectral response most suitable for the 
application at hand. 
Where the radiation employed is largely in the red and infrared, a 

cesium-cesium oxide-silver photocathode is best. It is formed by pro-
viding silver evaporators in the tube which are arranged so that a thin 
film of silver can be deposited on the inner face of the cathode. This 
silver film is oxidized completely by a glow discharge in oxygen at 
low pressure. (Note. This same discharge can also be used to oxidize 
the target surface as required.) Cesium is then added, and the tube 
is baked for a short period. The evaporation of a very small amount 
of additional silver and a final bake will complete the sensitization. 
The spectral response is given in curve a of Fig. 10.6. 
At the other extreme of the visible-light high-sensitivity photo-

cathodes is the cesium-antimony surface. This is formed by depositing 
a thin layer of antimony on the cathode face by evaporators located in 
positions similar to those used for the silver evaporations in the pre-
viously described activation. Cesium is next added, and the tube is 
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Fig. 10.5. Image Iconoscope. 
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given a suitable thermal treatment. This type of photocathode has the 
highest quantum efficiency of any (visible light) photocathode known. 
Unfortunately, it has no red response and cannot be used where color 
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Fig. 10.6. Spectral Response of Representative Semitransparent Photocathodes. 
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tone fidelity is important. The spectral response is shown by curve b 
of Fig. 10.6. 
Other cathodes, consisting of a bismuth-silver-cesium combina-

tion, can be formed which will have responses quite close to the 
visual response. Curve c in 
Fig. 10.6 is given to illustrate 
such a cathode. Photocathodes 

  of cesium-cesium oxide-silver 
with the red response sup-
pressed and antimony-bismuth-
cesium may also serve in these 
tubes. 
Both electrostatic and mag-

netic electron optical systems 
have been used in image icono-

scopes. The electrostatic systems are similar to those described for 
image tubes in Chapter 4. 
The simplest electrostatic lens system is that formed by two coaxial 

cylinders, as illustrated in Fig. 10.7. This has been discussed in some 
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detail in Chapter 4. When a potential is applied between the cathode 
and anode cylinder, the latter being positive, electrons from any point 
on the cathode will be converged onto a point on the image side of the 
system. A target located at the locus of these points will receive an 
inverted electron image of the light pattern falling on the cathode. 

In order to permit electrical focusing and to reduce aberrations, a 
somewhat more complicated lens structure is used in practice, just as 
is done in the image tube. A series of short coaxial cylinders, main-
tained at potentials which can be varied, but are fairly close to the 
cathode voltage, are located between the cathode and the main lens. 
These form adjustable correcting and focusing lenses. In order to 
reduce further the two main lens defects, namely, curvature of the 
image field and pincushion distortion, it is necessary to curve the photo-
cathode. Because of the optical difficulties introduced by the curved 
cathode and the requirement of a high voltage to obtain good image 
quality, electrostatic lenses have not been widely used in image multi-
plier pickup tubes. 
A uniform magnetic field is the simplest form of magnetic imaging 

system. Such a system produces an erect, distortion-free image with 
unit magnification whose principal aberration is due to the initial 
velocities of the photoelectrons. There is a continuous transition be-
tween this type of system and the short-coil lens. The short-coil lens 
is formed by a magnetic field which occupies only a small fraction of 
the space between the object and image planes, and produces an in-
verted image whose magnification is the ratio of the lens-image dis-
tance to the object-lens distance. 

In practice the lens used is intermediate to the uniform field system 
and the short lens. Usually, the magnetic field is fairly uniform in 
the vicinity of the cathode and then decreases towards the target. The 
image from this electron optical system will be magnified and rotated 
by 30 to 40 degrees. The image plane is flat for a flat cathode, and 
the principal distortion is rotational, so that a straight line through the 
center of the object plane is imaged as an S-shaped line. This dis-
tortion can, however, be almost completely overcome by properly shap-
ing the magnetic field to compensate the nonuniformity of the electro-
static accelerating field. 
The electronic magnification of a magnetic image iconoscope may be 

of the order of 4. This magnification permits the use of conveniently 
small short-focus optics even when the image on the target is of the 
same size as in the iconoscope. In one recent version * of the image 

*See Franeken and Bruining, reference 6. 
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iconoscope the magnetic field coils are encased in a soft-iron shield and 
subdivided into three sections. Simultaneous variation of the three 
coil currents in a prescribed relationship permits the continuous varia-
tion of the picture magnification by a factor of 2.5, maintaining sharp 
focus and freedom from distortion throughout. The employment of a 
fine-mesh high-transparency anode screen spaced 0.4 inch from the 
photocathode both simplifies the focusing problem and prevents the 
concentration of ions on the target which may lead to its relatively 
rapid deterioration. 

a 

Fig. 10.8. Electrostatic and Magnetic Image Iconoscopes. 

The image multiplier principle has been used with a variety of types 
of targets. It was first employed with a more or less normal iconoscope 
mosaic. Figure 10.8 illustrates electrostatic (a) and magnetic (b) 
image iconoscopes. The higher photosensitivity and better efficiency 
of the cathodes of these tubes, together with a small secondary-emission 
gain at the target, give these tubes an improvement of four to six 
times over the normal iconoscope. Of course, the same problems of 
spurious signal exist in the image iconoscope. 
Although this tube can give very satisfactory performance, it has 

not, until recently, been used in commercial television in this country, 
because of the development and adoption of the orthicon. It has, 
however, been used extensively abroad. Such tubes as the Super Emi-
tron, the Eriscope, and the Multicon come under this tube class. 
A pickup tube utilizing low velocity beam scanning lends itself very 

well to image multiplication. The image orthicon, which is now very 
widely used in commercial television, combines orthicon scanning with 
image multiplication. A discussion of this tube will be deferred until 
after the signal multiplication principle has been described in sec-
tion 10.6. 
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10.5 Multi-Stage Image-Multiplier Pickup Tubes. Up to this point 
the discussion has been limited to image multiplier pickup devices 
which have only a single stage of image intensification. In principle, 
it is possible to focus the electron image from a photocathode onto a 
secondary emitting target, then to refocus the secondary electron image 
onto a second dynode surface, and so on until the image is intensified 
to the desired level, whereupon it is imaged onto a pickup tube target. 
In fact, operating pickup tubes involving more than one secondary 
emissive target electrode have been built. Practical problems of 
maintaining high definition in view of the high initial velocity of sec-
ondary electrons, however, constitute a serious stumbling block. 
An alternative way to obtain additional intensification is to form 

the first electron image on a fluorescent screen which is closely coupled 
optically to a second photocathode. The electron image from this may 
be focused onto a target or onto a second fluorescent-screen-photo-
cathode combination. This form of intensification will yield a current 
gain of ten or more per stage. Practical tubes with extremely high 
sensitivity have been built and used employing this principle. It might 
be noted in passing that this method has been used successfully in 
pickup tubes for the intensification of x-ray images. 

In terms of the figure of merit for the tube, the effect of image multi-
plication is to increase the utilization factor s. At the same time, since 
the signal from the target is correspondingly high, the noise factor is 
reduced relative to unity. In the limit, the figure of merit is not, how-
ever, identically M = y because the multiplication factor at each stage 
of image multiplication shows some random variation and introduces 
additional noise. It can be readily proved that the limiting form of M 
becomes approximately 

M = y .\10. — 1 

where u is the gain of each stage of a large number of stages. For 
example, if cr is 10, the sensitivity is 95 percent of the theoretical maxi-
mum for the given quantum efficiency y of the initial photocathode. 

THE SUPPRESSION OF NOISE 

The third general method of improving pickup tubes is to reduce all 
nonfundamental noise. 

In all the pickup tubes described in the preceding sections, the video 
signal was taken directly from a capacity-coupled signal plate asso-
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ciated with the target. This signal is then amplified by a wide-band 
video amplifier. The constant noise factor appearing in the expression 
giving the figure of merit of the device is primarily due to the input 
noise (coupling resistor and first tube) of the video amplifier. 

10.6 Signal Multiplication. A secondary-emission multiplier offers 
the possibility of obtaining the initial signal amplification almost with-
out the introduction of noise. It has been pointed out earlier that there 
is a signal component of the electron current leaving the target which 
exactly equals the video signal in the signal lead. In the case of the 
normal iconoscope, this current is made up of secondary electrons from 
the target, whereas in orthicon-type tubes this signal is carried by the 
returned beam electrons. By a suitable electrode arrangement, it is 
possible to direct these electrons into a secondary-emission multiplier 
incorporated in the tube. In this way the video signal can be raised to 
a level well above amplifier noise. 
The problem of directing the secondary electrons from an iconoscope 

mosaic is very difficult because the electric fields in the vicinity of the 
target must be small by the principle of its operation. Experimental 
tubes have, however, been built with secondary-emission signal multi-
pliers. If the mosaic capacity is made small, very marked increase in 
low light sensitivity has been obtained, but all the tubes investigated 
have shown a considerable degree of shading due to nonuniform elec-
tron collection by the secondary-emission multipliers. 
With an orthicon-type target, the problem is much simpler. Where 

magnetic focusing and deflection are employed the electrons from the 
target return along a path which is almost the same as that of the 
beam electrons. Usually there is a small amount of electrostatic lens 
action in such a tube so that the returning electrons have a small 
amount of scanning motion when they reach the gun. Also, the field 
can be adjusted so that the return beam is not sharply in focus at the 
gun. A secondary emitting disk at the final aperture of the electron 
gun can serve as the first dynode for the signal multiplier. Because 
of the scanning action of the returning electrons, the secondary-emis-
sion ratio of the surface of the disk must be very uniform if shading in 
the reproduced picture is to be avoided. There must be a small hole 
at the center of the disk to allow passage of the beam electrons, but 
this can be made very small so that it does not contribute a serious 
spurious signal. Secondary electrons from the disk are then drawn 
into the remaining dynodes which surround the gun. The arrangement 
of this type of multiplier is shown in Fig. 10.9. 
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The effect of the signal multiplier on the ultimate sensitivity of the 
pickup tube, or upon its figure of merit, can be estimated as follows. 
A moment's consideration will make it clear that when the target is in 
darkness, or from black areas in the image, a current equal to the 
beam current must enter the multiplier. This current will necessarily 

Fig. 10.9. Signal Multiplier for an Image Orthicon Pickup Tube. 

generate noise at the output, which is equal to an uncertainty in the 
number of unit charges of 

cr 
ring = 

- 1 

electrons 

where o is the stage gain of the multiplier and NB is the number of elec-
trons entering the multiplier from the target area considered in a frame 
time. If the beam current is iB and an area h2 is considered in a target 
of area A, then 

11,2 
NB =  

1.6 X 10-19 A 

where T is, as before, storage or frame time. In like manner, if ip is 
the photocurrent from an illuminated target, the number of photoelec-
trons from the area h2 is 
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h2 
Np =   

1.6 X 10-19 A 

It is evident that, if the beam is to be able to restore the target 
equilibrium, the minimum value that the beam can take is such that 
Ng > Np; in other words, iB > ip. This is not the only consideration 
which sets a lower limit to the beam current. The second is that the 
time constant of the virtual circuit consisting of the element capacity 
and the "beam resistance" must be small compared with the time the 
beam is on an element. In the iconoscope the resistance depends upon 
the beam current and the variation of effective secondary-emission ratio 
with element potential. For an orthicon target, it depends upon beam 
current and the velocity distribution of electrons in the beam. Clearly, 
with either type of target, the capacity (per unit area or per picture ele-
ment) must be small to achieve greatest sensitivity. However, if the 
capacity is too small, the element potential may saturate before enough 
charge can accumulate on it to give a good signal-to-noise ratio under 
favorable conditions of illumination. 

Because of the many degrees of freedom in designing a signal multi-
plier pickup device, it is not possible to assign a single figure of merit 
to the device. In the limit the minimum detectable illumination (ad-
justing the beam current to equal the photocurrent in the illuminated 
areas) differs by a factor of two or less from that for the multi-stage 
image multiplier discussed in section 10.5. This condition is never 
actually realized in practice. More realistically, we should consider the 
figure of merit as given by Eq. 10.7b with s determined by the target 
and the noise determined by the minimum practical beam current. 
The noise introduced is lower by two orders of magnitude than that 
introduced by a conventional video amplifier. 

10.7 Image Orthicon. The image orthicon combines the principles 
of image multiplication and signal multiplication. In sensitivity, it is 
superior to any other pickup tube used for commercial television, being 
about one hundred times more sensitive than a normal iconoscope. 
When this tube was initially introduced, it was primarily used only 

for pickups where the lighting might be unfavorable. As the tube was 
further developed, it became more widely used. Today it is by far the 
most widely used camera tube in this country for all types of pickup 
(except that from moving-picture film), including studio, sports, out-
door and indoor spot programs. 
A schematic drawing of the construction of an image orthicon is 

given in Fig. 10.10. It will be noted that it combines the features of 
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image-multiplication, a two-sided target, orthicon operation, and signal 
multiplication. 

In the figure the photocathode is on the extreme right. It takes the 
form of a sensitized semitransparent film on the inner end of the blank, 
so that when light is projected through the front end of the tube, elec-
trons are released toward the target structure. The photoelectrons are 
focused by the magnetic field of the long focusing coil and form an 
electron image on the target. The secondary electrons produced are 
drawn away by the field produced by a fine mesh screen located very 
close to the target. Because of the close spacing between the target 
and screen, field enough to saturate the target secondary emission is 
obtained when the screen is only one volt positive with respect to the 
target. As the secondary electrons are drawn away the corresponding 
picture elements of the target become positive. However, they cannot 
become very much more positive than the screen, no matter how large 
the current density of the electron image. This means that the target 
remains stable under conditions of intense illumination. Thus, one of 
the serious objections to the orthicon type of operation is overcome. 
The target, as has already been noted, is two-sided. It does not, 

however, employ the plug and mesh structure discussed in section 10.2. 
Instead, the target takes the form of an extremely thin film of high-
conductivity glass. The thickness and conductivity are so chosen that 
the resistance through the glass is small compared with the transverse 
resistance over areas comparable in size with a picture element (i.e., 
spot size), and that charge equalization between the two sides takes 
place in a time of the order of a frame period. For this purpose, the 
glass has a specific resistivity between 3.1011 and 10'2 ohm-centimeters 
at room temperature and the film thickness is of the order of a ten-
thousandth of an inch. 
The target and screen are assembled as a unit. A flat thin sheet of 

glass, about 1% inches in diameter, is sealed to a metal ring on which 
is mounted a flat fine-mesh screen, with a mutual separation of about 
two thousandths of an inch. The screen is formed by a sputtering and 
electro-deposition technique from a master. It has 500 to 1000 meshes 
to the linear inch, with a transparency of 50 to 75 percent. The geo-
metrical uniformity of this screen approaches that of a ruled grating, 
and it is very clean chemically. The technical problem of producing a 
target structure which has the required uniformity and will not break 
under the thermal processing required by the exhaust schedule is a 
major one, but one which has been successfully answered not only in 
the laboratory but also for manufacture. 
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The leaving secondary electrons cause the front side of the target to 
go positive. Since the target is isolated, the beam side assumes essen-
tially the same potential as the front. When the low velocity beam 
sweeps over the surface, it brings each area on the beam side to 
cathode (zero) potential. The front of the target follows this potential 
to within about 0.01 volt, while the beam is on an element, and the 
charge, front and back, equalizes in the course of a few frame times. 
Because the potential range of each element is only two volts (i.e., 

from cathode (0) to screen (+2) potential), it is essential that the 
beam strike the target normal to its surface. The beam in the image 
orthicon is magnetically focused and deflected. Upon leaving the 
cathode, the beam electrons are accelerated to 220 volts, and then 
slowed down to zero volts in the vicinity of the target. Unless great 
care is taken in the design of this electron optical system, the electrons 
will assume a helical motion owing to their having components of their 
velocity not parallel with the magnetic field lines. By careful design 
variations in axial kinetic energy resulting from this effect can be 
reduced to less than 0.1 electron volt. 

Electrons which are returned from the target enter a five-stage 
secondary-emission multiplier. The multiplier is designed along the 
lines indicated in the preceding section. The first dynode is an aper-
tured disk at the end of the gun. The remaining dynodes are disks with 
radial "pinwheel"-like slats in the form of annular rings around, and 
just back of, the first dynode. The first dynode is operated at 300 
volts positive with respect to the target. About 300 volts are applied 
between the second and first dynode. The electrodes around and in 
front of the first and second dynode combination are all somewhat 
negative with respect to the first dynode. Therefore, nearly all the 
electrons from the first reach the second dynode. Secondary electrons 
from dynode number two are drawn through it and into the third 
dynode. A coarse screen between the second and third dynode, and 
maintained at third dynode potential, prevents the field of dynode two 
from suppressing the emission from dynode three. The remaining two 
stages are similar to the screen-pinwheel combination of dynode three. 
The gain of this multiplier is about 500, more than sufficient to give 
all the improvement in signal-to-noise that can be achieved with a 
signal multiplier. 

10.8 Performance of the Image Orthicon. The sensitivity of the 
image orthicon is at least one hundred times greater than that of a 
normal iconoscope. A factor of 5 of this is derived from the image 
multiplier section, partly because of the better photocathode and partly 
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through secondary-emission multiplication of the image. The remain-
ing factor of 20 results from using a signal multiplier. The useful gain 
from the multiplier can be estimated as follows. The equivalent noise 
current of a good video preamplifier with a 5-megacycle bandwidth is 
2 X 10-9 ampere. The basic beam noise is 

IrmS = (2eAflb) 

In normal operation the beam current cannot be much less than 0.01 
microampere if reasonably good signal-to-noise ratio is to be main-
tained. The useful multiplier gain, and consequent improvement, is 
therefore about 20. At lower light levels, with smaller beam currents 
and a somewhat poorer signal-to-noise ratio, an even greater sensi-
tivity advantage is to be had. 
The sensitivity of a camera using an image orthicon approaches that 

of the eye down to scene brightness levels of a few hundredths of a foot-
lambert (i.e., full moonlight). It exceeds that of a camera with equiva-
lent optics, using Super XX film. 

Representative curves of the signal as function of photocathode 
illumination are illustrated in Fig. 10.11. By beginning with low light 
levels it will be noted that the signal rises linearly with illumination 
until intermediate light levels are reached. At this level the target 
elements charge up to the collector screen potential. The curve is 
almost flat with further increase in target illumination. Beyond this 
there may be another small rise if the target-to-screen spacing is wide 
and then another leveling off. 
The initial linear range corresponds to perfectly normal orthicon 

behavior. 
The flat portion of the range corresponds to signal saturation for 

large areas. However, secondary electrons are returned to the target 
when the target elements charge to the screen potential. The redis-
tribution of electrons is here sufficient to permit the formation of a 
charge image on the target. This is exactly the same type of redis-
tribution photoelectric image which has been described in connection 
with the normal iconoscope. (See section 9.7.) Because of the small 
spacing between the screen and the target, this redistribution image is 
a small-area phenomenon. It might be pointed out that the redis-
tribution phenomenon is for the most part very useful, since it en-
hances contrast under circumstances when the target would otherwise 
be saturated. However, the effect can show up as a spurious signal 
under certain circumstances, namely, if a very bright highlight is 
superimposed on a low-level background. Around the bright area there 
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will be a dark halo due to electrons redistributed into the region around 
the strongly illuminated area. Figure 10.12 compares an intermediate 
level highlight (a) and a bright highlight (b). The dark halo is clearly 
in evidence in the second reproduction. In addition, extremely bright 
portions of the picture may be accompanied by "ghosts" and white 
halos, which result from the return to the target of back-scattered or 
reflected primary electrons. These effects are always objectionable. 
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Fig. 10.11. Signal Response of the Image Orthicon. (Janes, Johnson, and Moore, 

reference 11.) 
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However, they are rarely in evidence; furthermore, ghosts can gen-
erally be brought to coincidence with the picture by careful design of 
the image section. 
The spectral response of the photocathode, for various types of image 

orthicons, is shown in Fig. 10.13. The earliest commercial type, the 
2P23, had a relatively wide-spaced target and employed a silver-cesium 
oxide-cesium photocathode; high-sensitivity tubes of this type ex-
hibited a strong infrared response, and the response in the red was 
accentuated quite generally. In the (narrow-spaced) 5655 and the 
(wide-spaced) 5769 an antimony-cesium film replaced the cesium 
oxide—cesium layer and the peak of the response was shifted to the 
blue end of the spectrum. In the 5820 (and the 5826 and 1854, with 
narrower target spacing), finally, considerably higher absolute sensi-
tivity coupled with a response similar to that of the human eye was 
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Fig. 10.12. Picture of Light Spot at Low (a) and High (b) Spot Brightness 
Transmitted by Image Orthicon. 
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achieved with an oxygen-treated silver-bismuth-cesium photocathode. 
The tubes with wide-spaced targets may be operated with smaller beam 
currents and hence yield a better signal-to-noise ratio at very low 
light levels. They are consequently preferred for outdoor pickup. 
On the other hand, more charge can be stored on the target with close 
target spacing, leading to higher signal-to-noise ratios at high light 
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Fig. 10.13. Spectral Response of Various Commercial Image Orthicons. (Janes, 
Johnson, and Handel, reference 12.) 

levels. Hence, tubes with close spacing are employed mainly for studio 
service, where adequate light levels can be provided without difficulty. 
An examination of the properties of the image orthicon indicates 

that it can meet nearly all the requirements placed on a pickup tube 
by commercial television. The resolution is ample for all practical pur-
poses. It shows no lag or trailing. The contrast range is very large, 
larger in fact than can be covered by other parts of the system, so that 
it does not limit overall performance in any way. Considering all of 
its features, the image orthicon constitutes a highly satisfactory all-
purpose camera tube for modern black-and-white television. 

10.9 The Isocon. An image orthicon with a signal multiplier can-
not, in principle, reach the performance of an ideal pickup device at 
very low light levels. This is because the full beam current returns to 
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the multiplier at dark portions of the target. Thus, noise is a maximum 
for low light areas and a minimum for illuminated elements. 
Maximum sensitivity can be realized only if either (a) there is suf-

ficient image intensification so that an element subjected to a single 
photoelectric event causes enough charge to be stored in the target so 
that the signal from it overrides beam or amplifier noise, or (b) the 
target is arranged so that the returned electrons are a minimum for 
dark areas and a maximum for those illuminated. A multi-stage image 
intensifier may achieve the first. The image Isocon is one way of 
accomplishing the second. 
The formation of the charge image on the target is the same in the 

Isocon as in the image orthicon. A low-velocity electron beam from 
the gun approaches or strikes the target as with an orthicon, but the 
method of handling the returned electrons is different. 
With the target in darkness the electron-optical focusing system is 

so designed that the returning electrons focus onto a sharp spot. At 
the point of this focus a sharp edge is placed in such a way that it 
intercepts the returning electrons, preventing them from reaching the 
multiplier. As the target elements become more positive, the approach 
and return of electrons near the target are altered. This causes the 
electron beam to be somewhat out of focus at the barrier so that some 
electrons get past and into the secondary-emission multiplier. Over 
the working range, the more positive an element becomes the greater 
the defocusing and the larger the current reaching the multiplier. 
Tubes of this type whose performance, when correctly adjusted, 

meets the requirements of television have been built both on a labora-
tory and on a developmental scale. They are, however, found to be 
very critical in adjustments. 
At very low light levels there is a marked difference in the per-

formance of the Isocon as compared with the image orthicon. The 
absence of noise in the darker picture areas gives a marked improve-
ment in low-light detail reproduction. However, under conditions of 
operation where the Isocon is markedly superior to the image orthicon, 
the signal-to-noise ratio is fundamentally so low that the picture is 
undesirable for entertainment purposes. It may have application, 
however, when pictures are wanted under very difficult conditions. 

10.10 Photoconductive Pickup Tubes. So far, all the pickup tubes 
described depend for their action upon photoemission. It is, how-ever, 
also possible to make practical pickup tubes employing photocon-
ductors to obtain an electrical signal from an optical image. 
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There are a number of ways in which photoconductors may be em-
ployed for the purpose. Two, in particular, will be discussed in this 
section. One of these uses a material which has a relatively low re-
sistance and gets its storage through employing a photoconductor with 
a time constant comparable to frame time. The second uses a high-
resistance long-time-constant photoconductor and stores charge be-
tween the photoconductor surface and a back conducting plate as does 
a photoemissive target. 
The mechanism of signal generation of the first form can best be 

explained with the aid of Fig. 10.14. This figure is shown for opera-
tion with a beam whose second-
ary-emission ratio is greater 
than one, as for a normal icono-
scope. Orthicon-type of opera-
tion can equally well be used. 
The current voltage diagram 
would be much the same as that 
shown. 
The target is a conducting 

plate (which may or may not be 
transparent) coated on the beam 
side with a thin layer of photo- Fig. 10.14. Current Characteristics of a 

conductive material. When a Low-Resistance Photoconductor Target. 

light image is formed on the 
photoconductor, areas which are illuminated become lower-resistant 
than unilluminated areas. The conducting back plate is made slightly 
negative with respect to the secondary electron collector, but not suf-
ficiently so to saturate the secondary emission. Under these conditions, 
curve AB represents the current-voltage curve of the secondary-emis-
sion current to the target, the abscissa being with reference to the sur-
face of the target. Line N is the current-voltage curve of an unillumi-
nated area of the target, and point E the bias voltage of the target back 
conducting plate. The intersection of N and AB gives the current /2 
flowing to the electron collector from a dark area when the beam strikes 
it. The curve M is the current voltage curve of the illuminated area. 
The intersection now corresponds to a higher current I. The change 
of collector current with illumination gives rise to the video signal. The 
cumulative nature of the photoconductive effect in certain photocon-
ductors gives the storage needed for efficient operation. This type of 
storage in the gain mechanisms of a photoconductor has been discussed 
briefly in Chapter 1. 

o 
Potential relative to 2nd anode 
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The second type of photoconductive pickup tube (Fig. 7.21) more 
closely resembles the orthicon (or iconoscope) in its operation, except 
that charge is transported away from the target surface by photocon-
ductivity instead of photoemission. Like the first-mentioned photo-
conductive pickup tube, the photoconductive material is formed as a 
thin layer on a conducting semitransparent plate. In this instance, 
material with a very high specific resistivity in darkness is employed. 
Normally, where the target is one or two microns thick the resistance 
back to front should be at least 107 or 108 ohms per square centimeter. 
For orthicon-type operation, the conducting plate is made slightly posi-
tive with respect to the gun cathode. In darkness the scanning beam 
drives the surface to cathode potential. As soon as the beam leaves 
an element of area, the dark current flowing from the conducting plate 
to the surface charges it slightly. However, owing to the high dark 
resistance, the amount of charge accumulated during a frame period 
is small. Where illumination falls upon an element the photocurrent 
flowing from the conducting plate to the surface is greater, so that the 
charge accumulated is greater. The amount of current taken from the 
beam (i.e., not returned to the collector or multiplier) is greater, there-
fore, for the illuminated area than for the dark regions. Since the 
charge accumulated is proportional to the photoconductive current, 
which is, in turn, proportional to the illumination,* the video signal 
has a one-to-one correspondence with the light image on the target. 
Many materials may be used for photoconducting targets of the 

second type. Amorphous selenium, Sb2S3, Cd2S3, Cd2Se3, and com-
posite layers of these materials are examples. The factors which govern 
the selection are photoconductive efficiency, spectral response, time 
lag, and stability, assuming that the dark resistance of the material 
is suitable. It might be noted that many of these materials require 

a rather elaborate activation treatment. 
The desirable features of photoconductive pickup tubes are many. 

The primary quantum efficiency of some of the photoconductors is very 
high and can approach unity. It is possible to build into the material 
a gain mechanism which gives a multiplication of 10 or 100 or even 
1000 times. This plays the same role as image multiplication. The 
targets take full advantage of the storage principle. Operated as an 
orthicon target, they lend themselves to the use of a secondary-emission 
multiplier. Finally, the construction of a photoconductive pickup tube 
is very simple and rugged. 

The relation ip = kL is not true for all photoconductive materials. Frequently 
= krl. Other relationships are also possible. 
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In practical photoconductive pickup tubes it has been possible to 
achieve sensitivities approaching that of the image orthicon. Such 
tubes perform satisfactorily in a wide range of applications. The 
Vidicon (Fig. 10.15) is a photo-
conductive pickup tube which 
approaches the ultimate in sim-
plicity. It consists only of a 
photoconductive target on the 
glass end of the tube and an elec-
tron gun at the other. It is only 
1 inch in diameter and 6% inches 
long. In spite of its small size and 
simplicity, it has sufficient sensi-
tivity to give an excellent picture 
in a normally lighted room. For 
a small compact unit, such as is 
needed for industrial television, 
the tube is almost ideal. A slight 
lag at low levels of illumination 
has been the major obstacle to its 
use as a general-purpose tube for 
broadcasting. 

10.11 The Storage Tube. Al-
though the storage tube is not, 
strictly speaking, a television 
pickup tube, nevertheless, it em-
ploys many of the same principles 
and, therefore, is included in this 
chapter. 
The storage tube consists of a 

means, usually in the form of a 
scanning beam, of recording upon 
a storage target the charge image 
of a video signal, the storage 
target itself, and a means for read-
ing the stored information when it is required. Figure 10.16 illustrates 
the most elementary type of storage tube as an example of this class 
of device. It consists of a two-sided target which is scanned on either 
side by separate guns. The signal to be stored is applied to the sec-
ondary electron collector of one of the two guns. As the beam sweeps 
across the target the elements will assume a potential which is de-

Fig. 10.15. Vidicon Pickup Tube. 
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pendent upon the instantaneous potential of the electron collector. 
When the scanning raster is complete, a potential pattern will exist 
over the target which is a record of the voltage variations applied to 
the collector. When scanned from the other side by the second gun, 
the charge pattern is transformed into a video signal which can be 
collected by a secondary-emission collector electrode. 

It is quite evident from the discussions given in this and the pre-
ceding chapter that redistribution and other losses occurring on both 
sides of a target of this type would make a storage tube designed 

strictly along these lines very 
ineffective. In practice, a some-
what more sophisticated ap-

output Input proach must be taken. A va-
riety of storage tubes have been 
developed which overcome re-
distribution losses and other 

Fig. 10.16. Simplified Storage Tube. sources of inefficiency and have 
television capabilities. Space 

limitations, however, permit mention of only two of these in this 
section. 
The first is the Radechon, which is a one-gun barrier grid storage 

tube. The target of this tube consists of a metalized conducting signal 
plate covered with a thin layer of highly insulating aluminum oxide. 
A fine mesh screen is mounted very close to the insulating surface and 
serves as a barrier grid, which prevents redistribution of secondary 
electrons formed by the beam. As the beam sweeps across the target, 
areas under the beam emit more electrons than they receive, and con-
sequently become increasingly positive until they reach an equilibrium 
established by the barrier grid and collector electrode. In normal use 
the tube is operated so that elements do not reach this equilibrium 
during the time the beam sweeps across them. The beam current is 
modulated by the signal to be recorded. Elements under the beam 
when the current is large become more positive than those under the 
beam when it is small. To read the recorded signal the back plate is 
made slightly positive with respect to the barrier grid. Capacity drives 
the front surface of the target positive but retains the charge image. 
The target is then scanned with a constant current beam which is in-
tense enough to bring it to equilibrium. The difference in charge on 
the different areas causes a variation in the current returning from the 
target. This variable current is the read video signal. 
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The second type of storage tube which will be mentioned is the 
Metrechon (Fig. 10.17). This tube employs a two-sided target and two 
guns. The target consists of a thin film of slightly conducting glass 
(similar to that used for the image orthicon target) fused to a fine 
metal mesh. The target is mounted so that the metal mesh is exposed 
to the reading gun. A second fine metal mesh is mounted close to the 
target on the writing gun side. The writing is done with a high-velocity 
beam very similar to that used in the Radechon. The potential of the 
screen on the writing side which determines the equilibrium of the 

Writing gun Reading gun 
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Fig. 10.17. Metreelion Storage Tube. 

Signal 
output 

electrode 

target elements under the writing beam is adjusted so that the beam 
drives the elements negative by 1 to 5 volts. The screen on which the 
target film is mounted is made very slightly positive with respect to 
the cathode of the reading gun. The reading beam, therefore, has the 
characteristics of the low-velocity beam of an orthicon. The target 
elements which were driven negative by the writing beam not only 
prevent electrons from reaching the elements themselves but also exert 
a grid action preventing some of the reading beam electrons from 
reaching the wire m6sh. The fraction of beam electrons which actually 
reach this mesh depends upon the extent to which the elements in the 
immediate vicinity have been driven negative by the writing beam. 
Since the fraction of reading beam electrons absorbed by the mesh 
varies with the charge pattern on the target, the electrons returned 
from the target also vary with the charge image. These electrons are 
picked up by a secondary-emission multiplier just as are those from an 
image orthicon target, and the intensified current output from the 
multiplier constitutes the reading signal. 
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It will be observed that the operation of reading does not remove 
the charge image stored on the target. Once a pattern has been stored 
it can be read as many times as required without its being destroyed. 
When the writing beam sweeps over the target to record another pat-
tern it removes the previously stored charge image. 

In television storage tubes may be used in a variety of ways. Scan-
ning pattern conversion, where the line number or frame frequency of 
the raster of one system differs from that of another, is one example. 
Again, if it is necessary to delay a sequence of pictures for any interval 
up to one or a few frame periods, storage tubes may be required. They 
may also find application for certain special types of picture combina-
tion or alteration. 

10.12 The Monoscope. While the Monoscope is not a pickup tube, 
it shares with the camera tubes the property of being a picture signal 

Fig. 10.18. The Mouuscope. 
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generittor tube. The Monoscope resembles the iconoscope in its 
makeup, but in place of a photosensitive target it has a target upon 
which is printed the image whose video signal it is desired to reproduce. 
The metal surface of the target is of a material having a fairly 

high secondary-emission ratio. Aluminum with an oxide coating due 
to atmospheric oxidation is an example. The pattern to be repro-
duced is printed on this surface in carbon ink or other material having 
a different secondary-emission ratio from the background. 
When this pattern is scanned, the change in current collected, or 

current to the back plate, due to the varying secondary-emission ratio 
constitutes a video signal. A typical Monoscope is illustrated in Fig. 
10.1S. 

10.13 Conclusion. This discussion of the various forms of pickup 
tubes is not by any means exhaustive. Many very interesting types 
which have been, or are being investigated, were of necessity omitted. 
The ones included were intended to give at least an idea of the major 

considerations in this phase of the television problem. It is hoped, 
also, that some of the fundamental limits to the sensitivity which can 
be achieved were made clear. 

Color pickup tubes are still in an early developmental stage. Some 
of the pertinent problems are touched on in Chapter 17. 
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11 The Kinescope 

The kinescope, as was indicated in Chapter 8, is one of the two 
terminal tubes of the television system. The picture, as a consequence 
of a long chain of physical events, is reproduced in light and dark * 
on its viewing screen. The position of the viewing tube as the final 
link in the television chain places upon it the responsibility of con-
verting a mass of electrical phenomena into a visible image allowing 
accurate cognizance of the scene being transmitted. 

Gun 

Second anode 

Fig. 11.1. Diagram of Kinescope. 

Fluorescent 
screen 

Basically, the kinescope is quite simple, consisting of an electron 
gun and fluorescent screen assembled in a highly evacuated bulb. The 
electron gun, like that in the iconoscope, is an electron-optical system 
which concentrates the electrons from a thermionic cathode into a 
narrow pencil. It is located in a narrow neck which terminates the 
pear-shaped main body of the tube. Opposite the gun is the slightly 
curved broad end of the bulb, and on this surface is coated the fluores-
cent material or phosphor. The arrangement of the elements can be 
seen from Fig. 11.1. 
The cathode-ray pencil from the gun strikes the screen in a small 

area called the "spot." Owing to the luminescent properties of the 
screen the spot is visible as a bright point of light. The current in 

*The present chapter deals only with kinescopes for monochrome picture repro-
duction. Tricolor tubes will be treated in Chapters 17 and 19. 
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the electron beam and, therefore, the amount of light emitted at the 
spot can be varied by a potential applied to a control element in the 
gun. 
Means are provided in the form of magnetic coils—or, in exceptional 

cases, electrostatic deflecting plates—for deflecting the spot to any 
position on the screen. The spot can, therefore, be made to sweep 
across the kinescope screen in the series of straight parallel lines re-
quired for the scanning pattern by means of suitably varying currents 
or potentials applied to these deflecting means. The entire scanning 
pattern is swept out at such a rate that, by virtue of the persistence of 
vision, the pattern is seen as static. That is, when examined closely 
the screen of the kinescope appears to be ruled with a grating of fine 
luminous lines, but at a distance of a few feet it appears uniformly 
luminous. 
At the pickup end of the system an exploring spot sweeps out a 

similar pattern. Not only are the scanning patterns similar in number 
of lines and in aspect ratio, but also the spot at the receiver is so syn-
chronized with that at the transmitter that the two spots are at every 
instant at the same relative positions on their respective patterns. 
Thus, if the brightness of the spót at the receiving end is controlled by 
the amplitude of the video signal, a reproduction of the image at the 
transmitter will be formed on the viewing screen. By supplying the 
video signal to the control grid of the kinescope gun this variation in 
spot brightness can be obtained and a luminous reproduction of the 
picture being televised will be formed on the fluorescent screen. 
The generation of the video signal has already been discussed in 

Chapters 9 and 10. The amplification, transmission, and reception of 
the video signal, prior to applying it to the grid of the kinescope, will 
be taken up later. Also, the very important problem of synchronizing 
and deflecting the beam must be reserved for another chapter. The 
sole concern of the present chapter is, therefore, the requirements, con-
struction, and performance of the tube on which the picture appears. 

11.1 Requirements of the Kinescope. The general requirements of 
a high-definition picture have already been discussed without reference 
to any particular television system. When referring to a particular 
means for reproducing a picture, some of these requirements must be 
tempered because of practical considerations, and certain compromises 
must be made. 
The size of the picture reproduced by a direct-viewing kinescope 

determines the size of the tube; this applies equally for tubes with 
round screens and with rectangular screens, though the bulk of the 
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latter is reduced appreciably by fitting the shape of the tube envelope 
to that of the picture. Early tests had indicated that, for general 
family use in the home, a picture between 1 and 2 feet on the diagonal 
would be desirable; it would seem that a picture larger than this could 
not easily be fitted into the average home decoration or environment. 
Experience has shown, in agreement with this, a strong customer de-
mand for 21 and 24 inch tube sizes, with an apparent limit of ac-
ceptability at 27 inches; in any case, the bulk of tube production is 
concerned with screen diameters in excess of 16 inches or more. At 
the same time, smaller tubes continue to play a role in particularly 
low-priced and compact sets. On the other hand, very much larger 
pictures are required for public entertainment purposes. These are 
provided by the projection kinescope, which will be considered at the 
end of this chapter. Small projection kinescopes have, in addition, 
played a limited role in providing pictures of intermediate size, with 
diagonals 2% to 5 feet, for the home. 

Psychologically it would seem desirable to have the picture appear 
on a flat screen. However, where the end of the tube serves as the 
viewing screen, the very great reduction in thickness of glass that can 
be effected by slightly curving the tube face more than offsets the 
advantage of a flat screen. 
One of the most important considerations in connection with picture 

quality is resolution. It was shown in Chapter 5 that a picture made 
up of 500 to 600 horizontal lines meets the basic requirements of high-
definition television. Assuming video signals capable of giving this 
resolution, the factors necessary in the kinescope are a small scanning 
spot, accurate deflection, and fine-grain texture of fluorescent screen 
material. For a picture about 16 inches on the diagonal and with a 
4 to 3 aspect ratio (i.e., 13 by 10 inches) the spot diameter must be 
less than 0.025 inch. The size of the particles of screen material 
should be such that at least four grains are under the beam at any one 
instant, and preferably many more. The deflection must be accurate 
to a fraction of the separation between lines. 
The brightness of the screen is an important factor in the entertain-

ment value of the picture, particularly if it is to be viewed over a long 
period of time. The brightness required is not a fixed quantity, but 
depends upon the average illumination of the surroundings and, to 
some extent, upon the content of the picture being viewed. If the 
receiver is in complete darkness, the light level required to avoid undue 
fatigue will be much lower than if it is in a moderately lighted room. 
This is so, of course, because the iris opening of the eye is determined 
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by the average illumination entering the pupil. Similarly, a black-
and-white cartoon can be viewed without fatigue with less light than 
is required for a halftone picture. Generally, the brightness of a tele-
vision screen must be sufficient so that an ordinary halftone reproduc-
tion can be viewed with comfort in a normally lighted room. 
For orientation, Table 11.1 lists the brightness of a few familiar 

objects. From such data and various tests it has been concluded that 

TABLE 11.1. BRIGHTNESS OF FAMILIAR OBJECTS 

Foot-Lamberts 
Outdoor scene (bright day) 300 to 600 
Moving-picture theater screen (high light) 2.7 to 5.2 
Lighted page (minimum recommended) 10 

the brightness of the screen must be 10 or more foot-lamberts; under 
special circumstances brightnesses of the order of 100 foot-lamberts 
have been found advantageous and have been achieved on the kine-
scope screen. The major factors governing the light which can be 
obtained from the screen are the fluorescent material itself, the current 
in the beam, and the accelerating voltage of the bombarding elections. 
To a much smaller extent it is a function of spot size (due to satura-
tion) and scanning frequency (due to phosphorescent decay time). 
Indirectly, the scanning frequency is of great importance since, with 
increase in light level, objectionable flicker effects persist up to higher 
field frequencies. 
The color of the luminescence of the screen is, in a sense, related to 

the brightness in that the eye has a varying response over the visible 
spectrum. Green, or yellow-green, not only produces the maximum 
sensation for a given amount of radiation, but also is least fatiguing 
to watch. These reasons make it a desirable screen color. However, 
tests over a long period of time have revealed that these advantages 
are more than offset by the adverse psychological effect of any color 
other than white. Therefore, white or nearly white screens have come 
into universal use. 
The scanning process, with reference to any small area of the screen, 

is essentially discontinuous and, accordingly, introduces the possibility 
of flicker. This flicker, when pronounced, is extremely objectionable. 
The magnitude of the sensation of flicker depends on vertical sweep 
frequency, duration of phosphorescence, and brightness of the screen. 
Irrespective of the second two factors, flicker can be made imper-
ceptible if the vertical sweep frequency is sufficiently great. Increase 
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in the time of phosphorescent decay decreases the threshold frequency; 
increased brightness has the opposite effect, as has heretofore been 
pointed out. With the fluorescent materials available and the bright-
ness ordinarily used, the flicker threshold occurs at a much higher 
frequency than that necessary for continuity of motion. In order to 
avoid the impression of flicker without necessitating a corresponding 
increase in bandwidth beyond that required by continuity, interlaced 
scanning is used. 
For the mere conveyance of information, contrast is relatively un-

important. However, it is a factor of major importance in determining 
the quality of a picture. The meaning of the term contrast and its 
relation to noise, brightness, and visual threshold have been discussed 
in Chapter 5. Over most of the range of normal vision the visual re-
sponse is approximately a logarithmic function of the brightness B of 
the object viewed. Therefore, to produce equal increments of sensa-
tion, the steps of brightness ,C.B must be related by àB/B = const. As 
has previously been pointed out, the relation ceases to be valid at low 
light levels and, over the useful range, has a threshold value of about 
0.02. The darkest portion of the viewing screen of a kinescope repro-
ducing a normal picture is not "black" but has a finite brightness Bo. 
The available visual contrast range for the kinescope will, therefore, be 

Bm 
ln — 

Bo 

where B. is the maximum brightness of the screen. The ratio B./B0 
is often called the brightness contrast range, as distinguished from the 
visual range. The contrast range is thus limited by the minimum 
illumination of the screen, as well as the maximum brightness that can 
be reproduced. In order to indicate the brightness contrast range that 
would be desirable for a television screen, Table 11.2 gives the con-
trast range encountered in familiar scenes. It will be apparent from 

TABLE 11.2. CONTRAST RANGE 

Clear sunlight and shadow 
Normal landscape 
Interior with normal artificial illumination 
Moving-picture screen 
Good photograph 

100 and up 
30 to 50 
20 to 50 
50 to 100 
15 to 40 

the wide variation of contrast range listed that the human eye is 
capable of adapting itself to an extreme variety of conditions. A 
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television picture with a range of 15 to 20 would be acceptable as a 
good picture, although considerable improvement can be obtained if 
the range is increased to 100. Increasing the contrast range above 
100 results in further improvement, but the improvement is relatively 
small. 
The six requirements listed, referring to size, resolution, brightness, 

color, flicker, and contrast, are essential and must be met by a viewing 
tube which is to reproduce a picture of high entertainment value. Be-
sides these essentials, there are other practical considerations. The 
tube must be such that it can be manufactured economically. Its 
physical size (as distinguished from screen size) must be reasonable. 
The voltage and current needed for its operation must be such that 
they can be cheaply and safely supplied. Finally, the kinescope should 
be durable, both electrically and mechanically. 
Formidable though this list of requirements may appear, present-

day types of kinescopes meet the conditions named in a satisfactory 
manner. 

11.2 Construction of the Kinescope Bulb—Round Glass Tubes. The 
design of the bulb itself is a major problem in kinescopes having large 
viewing surfaces. This is immediately apparent from an estimate of 
the force exerted by atmospheric pressure on the face of the tube. For 
example, on the screen alone of a 16-inch kinescope there is a force of 
3000 pounds, or 1% tons. The construction of a glass bulb which will 
stand up under these conditions and yet is not unduly heavy and costly 
because of excess material is far from simple. As will be seen below, 
the employment of a metal cone has been found advantageous for 
large-sized tubes from a number of points of view. Furthermore, shap-
ing the tube face to fit the picture results, here, in an appreciable space 
saving. Accordingly, the use of the simple round glass bulb, which is 
discussed in the present section, though universal for tubes with screen 
diameters of 12 inches or less, is relatively limited for larger tube sizes. 
The material of these bulbs may be either hard or soft glass. Hard 

glasses, such as Pyrex and Nonex, have the advantage of excellent 
thermal and mechanical properties. From the elastic properties of the 
glass it has been found that, for a 12-inch screen having a radius of 
curvature of 16 inches, except near the edges of the screen, a wall 
thickness of % inch is ample, allowing a safety factor between 3 and 5. 
At the juncture of the curved disk of the screen and the conical walls 

of the tube the stresses may become very high. Either the glass must 
be considerably thickened at this point, or else a graduated curve, 
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which can be calculated by approximate methods, must carry the 
curvature of the screen into the conical walls. The two types of bulbs 
are shown in Fig. 11.2. The last-mentioned bulb shape requires less 
glass, but the bulb diameter for a given screen size must be somewhat 
greater. Considerations of space economy have led to a preference for 
the first solution. 

The conical portion of the tube does not require as great a wall 
thickness as the screen, %6 to 1/8 inch being ample to withstand the 

s-Screen diameter 
ci-Overall diameter 

(a) (b) 

Fig. 11.2. Two Typical Round Glass Kinescope Bulbs. 

stresses. In order to increase the strength for a given amount of 
material, and for reasons of contrast, the generatrices of the cone are 
slightly curved rather than straight, as can be seen from Fig. 11.2. 
The gun neck which is joined to the narrow end of the cone, as far as 
the atmospheric pressure is concerned, could be made of very thin 
glass. However, since it is subjected to other mechanical stresses, and 
to simplify the sealing of the cone to the neck, it is made the same 
thickness as the rest of the cone. 

Before a bulb design is accepted it is put through rigorous pressure 
tests. The bulb is rough pumped and then placed in a pressure tank. 
The external pressure is then increased until the bulb implodes. Unless 
the bulb will withstand three to five times atmospheric pressure, the 
design is rejected. 

The bulb must be arranged to meet the electrical requirements. In 
addition to the leads of the gun stem, a side contact is provided in 
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the conical walls of the bulb through which the high voltage is sup-
plied to the ultor.* 
The ultor consists of a conductive coating which extends into the 

gun neck, past the end of the gun. This coating also serves to collect 
the secondary electrons from the screen and therefore covers the in-
side walls of the tube, being carried almost to the screen. A metal film 
like that constituting the second anode of the iconoscope cannot be 
used in the kinescope because the light reflected back on the screen 
from the brighter portions of the picture would materially decrease the 
contrast range. For this reason the coating is made of a matte black 
material. A number of substances are suitable for this purpose, e.g., 
Aquadag, Aquagraph, Dixonac, lead sulphide, and carbon black in 
sodium silicate. 
There are many methods of applying the blackening. In experi-

mental tubes, especially those having a settled screen, the following 
procedure leads to a uniform coating without danger of contaminating 
the screen with the blackening material. A quantity of the blackening 
suspension somewhat greater than the volume of the tube to be coated 
is prepared. If commercial Aquadag is used it should be diluted with 
about three parts of distilled water. The tube in question is inverted 
and the gun neck closed with a two-hole stopper. The blackening sus-
pension is admitted through one of the holes, while a glass tube through 
the second, extending to about 1/2 inch from the screen, serves as an 
air vent. A convenient way of controlling the amount of blackening 
liquid admitted is to supply the material from a reservoir which can be 
raised or lowered, and is connected to the bulb being treated by means 
of a rubber tube attached to an outlet at the bottom of the reservoir. 
Figure 11.3A shows the arrangement of the equipment. The reservoir 
is raised until the level of the liquid in the bulb just reaches the edge 

of the screen, then lowered to drain the bulb. Next the coating is dried 
with a gentle air blast until it is entirely free from moisture. In order 
to drive off the organic materials used as dispersing agent in the 
Aquadag, the final step is to bake the tube in air at 400°C. The 
finished tube will then have a uniform dull black conducting coating. 

This process yields excellent results with experimental tubes, but it 
is too lengthy and expensive to meet the requirements of large-scale 
production. Manufacturing methods include spraying the inside of 
the bulb with special sprayers and masks. With suitable equipment, 

* The term "ultor" designates the electrode to which the highest beam accelerat-
ing voltage before deflection is applied. 
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results equal to, or better than, those with the technique described 
above can be obtained. Alternative commercial processes for applying 
the black coating are the brushing method and the so-called rolling 
method. For the latter method the bulb is mounted in such a way 
that the axis of the tube makes an angle with the horizontal which is 
slightly greater than the half vertex angle of the conical portion of the 
bulb. The blackening suspension is flowed into the bulb until it just 
reaches the screen. By rotating the bulb the coating is made to flow 
uniformly over the inside walls of the tube, yet leaving the screen free 

A 

Fig. 11.3. Methods of Applying Blackening to Form Second Anode. 

from contamination. Figure 11.3B illustrates the position of the bulb 
and the coating liquid. 
Before the subject of the second-anode coating is left, mention should 

be made of the method of making contact between it and the lead wire 
sealed into the wall of the bulb. Usually, the lead consists of a short 
length of wire projecting into the tube. If the black coating is merely 
deposited over the wire, the contact will be very fragile and will be 
almost certain to open up during subsequent operation. However, if 
the wire and the glass, for an area of about a half an inch about the 
lead, are coated with silver paste which can be reduced to silver by 
heating, and the blackening layer is deposited over this silver, a firm, 
rugged connection between the external lead and the black coating can 
be effected. 
I 1.3 Metal Tube Bulbs. For large screen sizes the weight and the 

bulk of early types of all-glass kinescope bulbs appeared unduly large 
and the maintenance of the narrow manufacturing tolerances required 
for mass production difficult. The metal kinescope was free from these 
drawbacks. Though improved design and manufacturing technique 
have overcome the earlier disadvantages of all-glass bulbs, the intro-
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duction of metal kinescopes played a large role in the popularization of 
direct-view sets with picture diameters of 16 inches or more. 
The metal tube bulb consists of three parts: the glass face plate, 

the metal cone, and the glass neck (Fig. 11.4). Owing to its mode of 
support, the face plate can be relatively thin; for a 16-inch tube it 
consists of 3/16-inch window glass which is sagged or pressed so as to 

Glass face plate 

Metal cone 

Glass neck 

Fig. 11.4. Kinescope Bulb with Metal Cone. (Rose and Turnbull, reference 6.) 

give a uniform radius of curvature of 27 inches. This small and uni-
form curvature permits maximum utilization of the face plate area for 
the picture. 
The junction of the face plate and the metal cone is shown in detail 

in Fig. 11.5. The sealing surface, in the form of a truncated rim cone, 
is shaped to afford maximum resistance to tangential tension forces 
applied by the face plate. In the sealing process the cone and the face 
plate, placed on the sealing machine, are first brought uniformly to 
the annealing temperature of the glass (about 500°C). Then the seal-
ing heat (of the order of 1200°C) is applied to the rim, causing the 
glass in contact with the metal to melt and form the seal, dissolving 
the adhering metal oxides. The shape of the face plate is maintained, 
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at the same time, by controlling the air pressure in the bulb. After 
sealing, the bulb is transferred to an oven near the annealing tem-
perature of the glass and permitted to temperature-equalize. After 
this point it may be cooled rapidly in air. The coefficient of expansion 
of the metal (approximately 110.10-7 degree- ') being greater than 
that of the glass (91.10 -7 degree -i), the glass is placed under com-
pression in both radial and tangential directions, giving it great strength. 

Lip 

Metal cone 

Glass face plate 

Fig. 11.5. Junction of Face Plate and Metal Cone in Metal Kinescope. (Steier, 
Kelar, Lattimer, and Faulkner, reference 5.) 

The metal cone is made of a high-chromium iron alloy (AISI Type 
430 or CRS). This has the advantage of good sealing properties—the 
chrome-iron oxides dissolve readily in the glass, forming a firm bond— 
and of the absence of phase changes within the temperature cycle. 
Such phase changes, which exist for alloys with smaller chromium 
content, may impose excessive sudden stresses on the glass in the cool-
ing cycle and consequently break the seal. The cone is first spun and 
then machined. 
The tube neck is made of lead glass (Corning No. 0120), possessing 

the high electrical resistance required for insulation between the de-
flection yoke (at ground potential) and the anode coating. Further-
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more, the portion adjoining the metal cone is flared, to improve the 
external resistance between yokes and cone. A coating of insulating 
paint on the flared portion further prevents leakage. 

Since the expansion coefficients of the metal and the lead glass are 
matched, it is possible to employ automatic machinery to form the 
butt weld between the neck and cone. Similarly, the coefficients of 
expansion of the neck and stem are matched to facilitate sealing. 

"ig. 11.6. Face Plate after Pressure Test Failure. (Steier, Kelar, Lattimer, and 
Faulkner, reference 5.) 

The bulbs, finally, are subjected to an excess pressure test. If the 
pressure is increased until failure results, radial cracks develop as 
shown in Fig. 11.6. This is also the characteristic failure pattern for 
other types of shock. No violent implosion results; the cracked face 
plate is held in place by the vacuum until pressure has been equalized. 
As an example of the thermal stability of the structure, in one of the 
tests the bulbs are transferred from boiling water to liquid air, and vice 
versa, without resulting damage. 

11.4 Rectangular Tubes. Kinescopes with rectangular faces are 
manufactured both with all-glass bulbs and with metal shells. As 
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already mentioned, these tubes have the advantage of having approxi-
mately 20 percent smaller height for a given picture width. This 

7. 
32 

0.260" 

Metal 
shell 

11.7. Outline of Rectangular Metal Kinescopes (17CP4 and 27MP4—Vertical 
and Horizontal Projection). 

represents a material gain in reducing set volume and accommodating 
the chassis. At the same time, the smaller degree of symmetry of these 
tubes introduces special problems in design and manufacture. 

Figure 11.7 shows as an example outline drawings of the rectangular-
screen metal kinescope 17CP4, giving a 14% by 11 inch picture, and 
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of the much larger 27MP4, giving a 23%6 by 18% inch picture. 
Mechanical considerations dictate the slight curvature of the metal 
cone. 

11.5 The Electron Gun. Like the electron gun in the camera tube, 
the kinescope gun is an electron-optical system for producing a narrow 

Fig. 11.8. Typical Kinescope Gun. 

pencil of electrons. The requirements of the kinescope gun are very 
different from those of the camera tube. It must be capable of pro-
ducing several hundred microamperes of beam current instead of a 
mere fraction of a microampere; it must have control characteristics 
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such that it can be driven from the output of the video amplifier, and 
it usually is operated at a much higher overall voltage. On the other 
hand, a higher spot size can be tolerated. 
The electron power which the gun is capable of delivering is one of 

the two factors determining the brightness of the reproduced picture, 
the other being the conversion efficiency of the fluorescent screen ma-
terial. Because of its importance and because of the rather compli-
cated theory back of the modern gun, a detailed discussion of it is 
reserved for a later chapter dealing with the gun problem alone. 
The gun structure is assembled on a stem which is sealed into the 

end of the gun neck in such a way that the axis of the gun coincides 
with the axis of the tube. At the center of the stem a short length of 
tube serves as the exhaust exit. Although the processing of the kine-
scope does not require the admission of an activating material, never-
theless a getter must be provided to insure long life of the tube. The 
getter is generally attached to the gun structure. The channel con-
taining the gettering material is open toward the tube walls and forms 
a closed loop with its U-shaped supporting wire; the gettering material 
is deposited on the tube wall when the loop is heated by induced high-
frequency currents. 
There are, of course, many different types of guns in current use. 

The great majority is based on the two-lens principle. A typical kine-
scope gun, designed for use with a magnetic second lens, is shown in 
Fig. 11.8. 

11.6 The Fluorescent Screen. The fundamental importance of the 
fluorescent screen of the kinescope is obvious. Its properties determine 
the color of the image, its brightness for a given beam current, and also, 
to a certain extent, contrast, flicker, etc. The nature of the fluorescent 
materials available for coating the viewing screen was discussed in 
Chapter 2. Of the materials described, those most frequently used are 
mixtures of blue- and yellow-emitting phosphors, producing a white 
luminescence. The blue component is silver-activated zinc sulphide or 
titanium-activated calcium-magnesium silicate; whereas the yellow 
component is silver-activated zinc-cadmium sulphide or manganese-
activated zinc-beryllium silicate. 
The preparation * of the viewing screen does not end with the pro-

duction of the fluorescent material. The material must be applied to 
the screen, an operation as important in determining the success or 

*See Leverenz, reference 2. 
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failure of the tube as the actual manufacture of the screen material 
itself. 

Quite generally in kinescopes the screen is viewed from the side op-
posite that from which the scanning electron beam strikes. The screen 
consists of a thin layer of finely powdered fluorescent material on the 
glass end of the tube. The material is normally attached to the glass 
with an inert binder, although it may also be ground and deposited in 
such a way that it adheres without the aid of any foreign substance. 

In either case, the thickness of the layer of fluorescent material is 
rather critical. If the layer is too thin, the electron beam will not be 
stopped by the fluorescent material but will pass through it, giving up 
energy to the glass where it serves no useful purpose. On the other 
hand, a layer which is materially thicker than the penetration depth of 
the electrons will absorb some of the light unnecessarily as it passes 
through the underlying material which is not reached by the beam. 
Not only the screen thickness but also the size of the particles making 

up the screen is important in determining its efficiency. From the 
standpoint of the resolution of detail, the size should be as small as 
possible. However, each individual grain is covered with a "dead 
layer," i.e., a shell of inert material which does not fluoresce. The 
thickness of the "dead layer" is approximately independent of the 
particle size, and the ratio of inert material to active phosphor in-
creases as the particle size is diminished. Therefore, a compromise 
must be sought in the dimensions of the grains. An upper limit to 
the grain size is obviously set by the effective screen thickness, which, 
as has already been pointed out, is of the same order as the depth of 
penetration of the electrons in the phosphor. It will be shown below 
that, for the bombarding voltages employed in direct-view kinescopes, 
the depth of penetration is of the order of a few microns. This is only 
a small fraction of the spot diameter in a kinescope and hence con-
stitutes not only an upper limit to, but also a most appropriate value 
for, the grain size. 

Figure 11.9 shows the variation of light output with thickness for a 
settled silicate screen with an average particle size of 1 micron at 
10,000 volts. The optimum thickness is seen to be that which results 
when 0.7 milligram of material per square centimeter is used. Since 
the density of the material is 4.2 grams per cubic centimeter, the effec-
tive thickness of this screen will be 1.6 microns. It should be noted 
that the effective thickness is very different from the actual thickness 
because the material is not close-packed. 
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The penetration of electrons through willemite can be shown, by 
means of relations developed by H. Bethe, to be given by 

p = 2.5.10—'2V2 centimeter 

where p is the depth of penetration and V the accelerating voltage of 
the electrons striking the screen. Whereas the voltage applied in the 
measurements shown in Fig. 11.9 was 10,000 volts, the actual velocity 
of the electrons striking the screen corresponded probably to less than 
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Fig. 11.9. Light Output as Function of Screen Thickness. 

9000 volts, owing to the difference in potential between the ultor and 
the screen, which was pointed out in Chapter 2. Therefore, it can be 
concluded that the optimum thickness is only slightly less than the 
depth of penetration of the electrons. This is also found to be true for 
the sulphide phosphors, whose penetrations are given by 

Zinc sulphide p = 2.83 .10—'2V2 cm 
Cadmium sulphide p = 3.24 10'2V2 cm 

They require screen thickness 10 to 30 percent greater than willemite 
for optimum thickness. 
As was pointed out in Chapter 2, the break-point potential of a 

fluorescent screen is, at least in part, dependent on the screen thickness. 
In the case of the silicate phosphor, a screen of 0.7 milligram per 
square centimeter comes under the classification of intermediate thick-
ness screens and has no sharply defined maximum bombarding voltage. 
Instead the difference between bombarding voltage and ultor potential 
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increases gradually after 4000 to 6000 volts have been exceeded. In 
projection kinescopes, operating with second-anode voltages ranging 
from 20 to 100 kilovolts, this difference is nullified by the application 
of a conducting aluminum film. 
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Fig. 11.10. Variation in Light Output with Screen Thickness for an Aluminized 
Zinc Sulphide Screen. (F. H. Nicoll, in Fonda and Seitz, Preparation and Char-

acteristics of Solid Luminescent Materials, Wiley, 1948.) 
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The presence of the aluminum film also changes the optical proper-
ties of the screen, reflecting the backward emission of the phosphor. 
Figure 11.10 shows the variation in light output with screen thickness 
for such an aluminized film for a number of different operating voltages. 
The zinc sulphide screen in question had an average particle size of 
3 microns. The decline from the maximum as the thickness is increased 
arises from two factors: the absorption of the light by the phosphor 
particles and the imperfect reflection of the aluminum screen. It can 
be demonstrated, however, that the first factor plays the major role. 
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11.7 Screening Procedure. The size of the freshly synthesized 
silicate phosphor particles may be as large as 0.1 millimeter when 
ordinary preparation technique is used. Before the material can be 
applied to a screen the grain size must be reduced by a factor up to a 
hundred. Since the efficiency of the material is dependent upon com-
plicated and unstable structural properties, it is very sensitive to 
mechanical treatment. The grinding necessary to reduce the particle 
size should, therefore, be done in such a way that the minimum force 
required to fracture grains comes to bear on the material. This con-
dition can best be met by grinding the phosphor in a ball mill, turned 
at a rate which produces a sliding rather than a tumbling action. The 
Moh hardness of the silicate phos-
phor is 5.5; consequently, quartz 
balls with a hardness of 7 are satis-
factory for the silicate phosphor. 
The material is usually suspended in 
an inert liquid such as alcohol, ace-
tone, or water. A section through a typical quartz ball mill is shown 
in Fig. 11.11. 
The sulphide phosphors are even more delicate than the silicates, 

and, in general, it is not practical to reduce their size by grinding. 
However, by the proper preparation techniques these materials can 
be crystallized in grains of suitable size. 
The material can be applied to the screen in a variety of ways. 

Those most frequently used are dusting, spraying, and settling through 
a liquid medium. 
The last-named technique permits an accurate control of screen 

thickness and is, therefore, favored for both experimental and mass 
production of screens. It has the added advantage of wasting no 
material. A suspension of the ground fluorescent material in very pure 
distilled water is made, using an amount of phosphor just sufficient to 
cover the area of the screen to the desired thickness. The volume of 
liquid used in making the suspension is relatively unimportant but 
should be sufficient to cover the screen to a depth of 5 to 10 centimeters. 
Since the dielectric constants of the liquid and the particles are dif-
ferent (i.e., for water, s = 80; for zinc orthosilicate, a = 15), the sus-
pended particles tend to become negatively charged. Such charges will 
cause the material to settle nonuniformly, producing a screen covered 
with fine lines which resemble the force lines on a surface dusted with 
iron filings in the presence of a nonuniform magnetic field. To avoid 

Fig. 11.11. Ball Mill. 
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this difficulty the particles must be kept charge-free, which can be done 
by adding a small amount of mild electrolyte to the distilled water. 
Ammonium carbonate has been found to be very satisfactory for this 
purpose. It should be used in a concentration of about 12.5 grams of 
the ammonium salt for each gram of the phosphor. 
A very convenient procedure is to grind the phosphor in a concen-

trated aqueous solution of ammonium carbonate. The resulting mix-
ture can be directly diluted to the desired concentration required for 
the settling suspension. Not only does the slightly alkaline ammonium 
carbonate solution serve to eliminate the charges on the particles, but 
also it may be made to reduce the dead layer by a slight decomposition 
of the material. Further, by a similar action, it increases the adhesion 
of the phosphor to the screen on which it is settled. 
A suitable quantity of the phosphor in suspension having been pre-

pared, the liquid is poured into the bulb and the screen material allowed 
to settle, after which the remaining liquid is decanted and the screen 
dried. The introduction of a "cushion layer" of potassium silicate 
solution, over which the phosphor suspension is flowed, aids in attain-
ing screen uniformity. The settling may require 3 to 8 hours, and 
during this time the bulb must be kept quite free from vibration. Also, 
the liquid must be kept at a constant low temperature to avoid un-
desirable convection currents which will cause the screen to be "loaded" 
at the center or the edges. If the ambient temperature is lower than 
that of the liquid, the convection currents will be such that the center 
of the screen will be too thick, whereas a higher ambient temperature 
produces the opposite effect. It should be noted that small, controlled 
convection currents can be used to obtain a uniform screen on a curved 
surface such as is usually encountered in a normal kinescope. 
When the settling is complete, no scattering should be observable 

from a light beam passed through the liquid parallel to the screen. The 
liquid can then be decanted slowly over a period of half or three-
quarters of an hour. During this pouring process, vibration must be 
avoided. After the pouring has removed all the liquid, the screen is 
dried with a gentle current of clean warm air, eventually after removal 
of remnants of silicate from the tube neck by washing with dilute hydro-
fluoric acid. 

In order to carry out the settling and pouring operation described 
in the laboratory it has been found convenient to use the apparatus 
illustrated in Fig. 11.12. The bulb is clamped to a small platform 
which is hinged to a massive cast-iron base. The base is suspended 
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by means of damped helical springs, so that it will be free from vibra-
tion. A smooth-running motor is arranged so that it will slowly tilt 
the hinged platform and the kinescope clamped to it, in this way per-
forming the pouring operation. In mass production the bulbs are in-
stead inserted, face down, in pockets on a slowly moving belt and the 
settling solutions introduced. At the end of the settling period the belt 
passes over a large-diameter pulley, so that the bulbs are slowly tilted 
and inverted, discharging the settling 
liquid. 
Whereas liquid settling is preferred 

ieduction worm 
for the highest-quality screens, spray- Flywheel Helical springs 

o wrapped with 
ing of the screen material lends itself Mtor Oiled friction tape 

ulley well to high-speed production methods. 
Framework 

In this case the phosphor is often sus-
pended in a volatile organic liquid, such 
as acetone, to which has been added a 
small amount of binder. The binder 
may be in the form of nitrocellulose or 
cellulose acetate, or some other ma-
terial which can easily be removed by 
baking after the screen has been ap-
plied. In general, however, a binder is Fig. 11.12. Settling and Pouring 

not necessary, as the screen material 
will adhere if the particle size is small. 
To avoid the charging of the phosphor grains it is often necessary to 
add a small amount of organic acid (e.g., formic acid or acetic acid) 
or base (e.g., trimethylamine) to the suspending liquid. The particle 
size suitable for spraying is 1 to 6 microns. 

Larger particles, 10 to 30 microns in diameter, are usually deposited 
on the screen by dusting or settling through air. A binder in the form 
of sodium or potassium silicate is often required to cause the material 
to cling to the screen. This technique lends itself well to production 
methods and is extensively used by tube manufacturers. The powdered 
material is put into a dust gun which is inserted in the inverted kine-
scope. The gun produces a uniform cloud of phosphor which settles on 
the glass end of the tube. Two forms of the dust guns are shown in 
Fig. 11.13. Because it lends itself to the deposition of large particles, 
dusting is widely applied in the production of sulphide phosphor screens, 
which are easily damaged by grinding. 
One basic advantage of settling procedures as compared to, for 

example, spraying resides in the fact that the larger particles are 
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deposited first, directly on the face plate, resulting in reduced optical 
contact between phosphor particles and face plate. Wherever optical 
contact is established, a large portion of the light emission is trapped 
by total reflection within the face plate, leading to reduced efficiency 
as well as reduced contrast. The same variation in the speed of settling 
with particle size may be utilized to control the color and efficiency of 
mixed phosphor screens. Thus, if the particles of the blue zinc sulphide 

/ 

Air Intake 

1 

Phosphor \ 

Fig, 11.13. Dust Guns for Applying Screen Material. 

component of a white television screen are made larger than those of 
the yellow zinc—cadmium sulphide component, they will settle to the 
bottom. Since the blue radiation is absorbed by the zinc—cadmium 
sulphide crystals, whereas the yellow radiation is transmitted freely 
by the zinc sulphide, this leads to a screen of maximum efficiency. In 
projection tubes, employing yellow zinc silicate and blue zinc sulphide 
phosphors, the same arrangement minimizes color changes arising from 
saturation effects, as will be seen later. Conversely, in a cascade screen 
the yellow-emitting material is deposited first, and the blue emission 
is utilized specifically to excite the yellow phosphor. 

11.8 Metal Backing of Kinescope Screens. An important improve-
ment in the performance of kinescopes operating with relatively high 
voltages may be achieved by the deposition of a continuous thin metal 
film over the fluorescent screen. Such a metal film: 
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(1) serves to maintain the fluorescent screen at full ultor voltage, 
eliminating the "sticking effect," 

(2) protects the screen from bombardment with negative ions, which 
cause a loss in conversion efficiency ("ion spot"), and 

(3) increases the efficiency of light utilization and improves contrast 
by reflecting the light emitted by the screen in a backward direction. 

To possess these properties it is necessary that the film, though thin 
enough to transmit the electron beam with relatively small energy loss, 
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Fig. 11.14. Arrangement for Evaporating Aluminum Film on Screen. (H. P. 
• Steier.) 
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reflect light fully and have sufficient mechanical strength to be unaf-
fected by the electron bombardment; finally, it must have no chemical 
action on the fluorescent material. 
Of all the metals tested, aluminum satisfies these properties most 

completely. To produce the flat metal sheet required, a thin collodion 
"blanket" is first formed over the screen, by letting a drop of collodion 
solution spread on water; the water is removed by siphoning or spin-
ning after the film has solidified. Thereupon the tungsten evaporator 
filament with its aluminum wire "riders" is introduced into the bulb 
through a vacuum-tight bearing, in such a fashion that it assumes an 
off-axis position (Fig. 11.14). After evacuation the aluminum is evapo-
rated by heating the filament while the bulb is rotated slowly about its 
axis. In this manner a relatively uniform film is obtained on the 
screen. It may be estimated that approximately one-fourth the total 
amount of aluminum evaporated contributes to the film over the screen. 
The supporting collodion blanket disintegrates during the later baking 
of the tube. 
The optimum thickness of the aluminum filin increases with the 

operating voltage of the tube. At high voltages it should be made such 
that the energy loss of the beam electrons within it is negligible while 
yet negative ions of equal energy are fully absorbed. At low voltages 
it may be necessary to purchase mechanical strength and optical re-
flecting power by increasing the thickness to a point where the energy 
loss within the film is appreciable. Even a loss of 50 percent may be 
balanced approximately by the light gain occasioned by optical reflec-
tion. In practice, the thickness of the aluminum films ranges from 500 
to 5000 A. Somewhat greater thicknesses are required with electro-
static focus (and magnetic deflection) than with magnetic focus, since, 
with electrostatic focus, the ion spot is more highly concentrated. 
The energy loss within the aluminum film may be ascribed to two 

factors: the average velocity loss of the electrons, as given by the 
Thomson-Whiddington law, 

,04 _ = b,px, ,04 = b,pp (11.1) 

and the absorption of electrons within the film given by Lenard's 
absorption law, 

l(r -I- dr) _a dx b"p 
, a= 

1(x) 

Here vo is the velocity of the electrons entering the film, v, their most 
probable velocity at a depth x, p the density of tile film, p the pene-

(11.2) 
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tration of the film for electrons of velocity vo, /(x) the electron current 
at depth x, and h' and h" are two universal constants. Strictly, Eq. 
11.2 is applicable only after the electrons have penetrated the film to 
a sufficient depth that they have acquired a random angular orienta-
tion. If this fact is neglected, the two equations, together, yield a 
simple expression for the fraction of beam energy transmitted after 
passing through a film thickness x: 

1 b" 

0 
W MV2 — f ea dx p — a-

=   E Jo b'CP--z) = (1 — 1 

r. b"  
dx  

WO MI102 P P 

If the values of b' and b" obtained by Terrill * from measurements on 
aluminum films (b'p = 1.440', b"p = 2.7.1043) are substituted Eq. 
11.3 becomes 

x)2.4 
— = (1 — — 
Wo 

(11.3) 

(11.4) 

The extent to which Eq. 11.4 can be regarded as reliable may be 
inferred from the comparison, in Fig. 11.15, of the relative energy loss 
as function of layer thickness as computed from Eq. 11.4 and as derived 
from measurements by K. Gentnert on the energy dissipation of 
25.6-kilovolt electrons in aluminum. It is seen that Eq. 11.4 gives 
throughout too high values for the energy absorption—particularly for 
very thin films, for which the absorption of electrons is negligible since 
they have been scattered only slightly. The discrepancy is actually 
reduced, however, by the fact that the penetration depth employed in 
conjunction with curve /, 

p' = 8.7. 10-13V2 centimeters (11.5) 

is materially less than the penetration depth from the Thomson-Whid-
dington law (Eq. 11.1) as usually defined. Equation 11.5 is, at the 
same time, in perfect agreement with Terrill's data. 
Curve I of Fig. 11.15 and Eq. 11.5 permit the calculation of curves 

indicating the transmitted energy of a film as function of the energy 
of the incident electrons (Fig. 11.16). Since, according to the meas-
urements of Walkenhorst4 aluminum films over 500 A thick have a 
reflection coefficient in the visible (5000 A) which exceeds 90 percent 

* See Terrill, reference 12. 
t See reference 11; the distribution of the energy loss by back scattering, which 

totals about 8 percent, has been estimated. 
# See W. Walkenhorst, reference 13. 
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(Fig. 11.17), it is seen that it should be possible to achieve a gain, 
rather than a loss, in brightness by the application of aluminum films 
for voltages in excess of about 4000 volts. Experimental measurements 
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Fig. 11.15. Energy Loss of Electrons in Passing through Thin Films. 

'e 
O
f
 

Ge
nt
ne
r 
on

 %
ni
no
n;
 

, ,,,, -.- ....:-.,. . e e e 

fr
oi
n 
tn

e 

V 

on kinescopes of similar construction with and without an aluminum 
film confirm this expectation (Fig. 11.18). If here the effective re-
flection coefficient is set, in view of the imperfection of the film and 
screen absorption, at 50 percent, the film thickness may be estimated 
(from the crossover point) to be 370 A. The gain becomes greatest, 
however, at very high operating voltages where, without the metal 
film, the screen tends to lag far behind ultor potential. It is hence 
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Fig. 11.16. Energy Transmitted by Aluminum Films of Different Thicknesses 
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universally employed in projection tubes. Also, in tricolor kinescopes, 
where slight charging effects can lead to color dilution, aluminizing is 
advisable. Its advantage is not so clear for direct-view tubes, since 
here the metal film not only increases the effective light output of the 
phosphor but, at the same time, enhances the fraction of incident am-
bient light which is reflected; under high ambient-light conditions it 
thus may reduce, rather than enhance, the contrast of the picture. 
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Fig. 11.18. Efficiency as Function of Voltage for Similar Aluminized and Un-
aluminized 12-Inch Kinescope Screens. (Epstein and Pensak, reference 9.) 
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It may be noted that the experimentally measured light gain result-
ing from the use of an aluminum film is not as great as might be 
expected from the curves of transmitted energy in Fig. 11.16 and the 
reflection characteristics shown in Fig. 11.17. This is not surprising 
since the aluminum films are unquestionably not truly flat. 
The effectiveness of the film in suppressing ion spot depends not 

only on its thickness and the operating voltage of the tube, but also 
on the nature of the second lens (whether electrostatic or magnetic) 
and on the residual pressure in the tube. For example, a tube with 
magnetic focus operating at 11,000 volts or less will normally achieve 
ion-spot elimination for a life period of 500 hours with an aluminum 
film 1000 to 1500 A thick, which may enhance the light output 20 to 
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25 percent. On the other hand, for an electrostatic focus tube with 
similar gas pressure operating at 10,000 or 11,000 volts effective ion-
spot elimination demands a film thickness which may actually reduce 
the light output by 15 to 20 percent. 
The employment of an aluminum film also has an appreciable effect 

on the color of the picture. Selective settling and reduced effective 
voltages and currents combine to enhance the relative brightness of 
the yellow component. For example, in a 10-inch tube operating at 
9000 volts, the ratio of the blue component to the yellow component 
must be increased from 50:50 to 58:42 when an aluminum film is 
applied. 

11.9 Processing of the Kinescope. The experimental exhaust and 
activation of a kinescope is relatively simple. An ordinary vacuum 
system capable of producing a pressure of 10-6 millimeter of mercury 
or less, and equipped with an oven, is satisfactory. The evacuation 
schedule is the same as that for the iconoscope, the tube being baked 
on the pump at a temperature of 350 to 450°C, depending upon the 
kind of glass used in the bulb. After the tube has been baked the gun 
parts are thoroughly outgassed by heating them to red heat for a period 
of 10 minutes to half an hour. The activation of the gun, which then 
follows, proceeds exactly as described in Chapter 1. Just before the 
tube is sealed off the system, the getter is exploded by heating the 
wire loop incorporating the getter channel with induced high-frequency 
currents. 
A tube prepared in this way should give good service and have a 

long life. The principal precaution to be taken is to avoid residual 
gas. The beam current in a kinescope is relatively high, and therefore 
even a small amount of gas will result in the generation of positive ions 
which will greatly decrease the life of the thermionic cathode. For this 
reason the walls of the tube and the metal parts must be very carefully 
outgassed. 

In the absence of an ion trap in the electron gun or an aluminum 
film deposited over the fluorescent screen, residual gas manifests itself 
by producing a dark, inactive spot in the center of the fluorescent 
screen. This spot is caused by the bombardment of the screen with 
negative ions which destroy the phosphor. The character of the ions 
producing this effect has been studied by Knoll and others by a rather 
ingenious method. Before the screen material is destroyed, the ions 
are capable of exciting fluorescence. If the tube is placed in a strong 
magnetic field with a known flux density, the electron beam can be 
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deflected off the screen whereas the paths of the ions are deviated by 
an amount proportional to their e/M ratio. Thus the tube itself serves 
as a mass spectrograph. By reversing the potentials on the tube posi-
tive ions emitted by the gun can be analyzed in similar fashion. The 
beam is generally broken up by the deflecting field so as to produce a 
number of spots, revealing the presence of more than one gas. By 
measurement of the positions of these spots the gases have been identi-
fied. The principal gases found in order of their occurrence by volume 
are oxygen, hydrogen, carbon monoxide, water vapor, nitrogen, and 
carbon dioxide. Other gases are present but in lesser quantity. 
The production processing of the kinescope presents a rather different 

problem. Here time and economy of operation are of major importance. 
Particularly to be avoided are all hand-performed individual opera-
tions which require skilled workers; in operations such as gun mount-
ing, which do require hand labor, the latter is simplified and accelerated 
by carefully designing mounting jigs. The sealing of the gun stem to 
the tube neck is done by automatic machinery, which requires only 
manual loading. For exhaust and processing, large kinescopes are 
mounted individually on mobile carts, incorporating a complete exhaust 
system. On these carts they pass slowly through the baking oven, 
where voltages for the several tube electrodes are provided by sliding 
contacts. In this manner exhaust, bake, outgassing of metal parts, and 
gun activation are carried out automatically in proper sequence. As 
a final step the copper tubulation is pinched off and the tube transferred 
to a conveyor belt, which transports it to the basing reel. Here the 
base is applied and, after the basing cement is cured with infrared 
heat, the leads are soldered to the base pins. Getters are flashed and 
the cathodes aged on the conveyor belt transferring the tubes from 
basing to testing. 

11.10 Tests and Performance. Every responsible manufacturer 
must test the viewing tubes carefully to keep a constant check of the 
production methods. These tests can be divided into two classes. The 
first class consists of routine checks on the performance of every tube 
produced. The second consists of a more critical examination of a 
selection of tubes from, e.g., each day's production prior to tube 
shipment. 
The routine tests must determine whether the screen on each tube 

is satisfactory, whether the spot meets the requirements of size and 
shape, and whether the control characteristic is correct. The tests also 
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should be of such nature that they can be performed simply and 
quickly. One form of test outfit which meets these requirements has 
been designed by C. E. Burnett.* This equipment, in addition to 
supplying the anode voltages and vertical and horizontal deflection to 
the tube being tested, is arranged to deliver a signal to the control 

Fig. 11.19. Kinescope Test Pattern. 

grid, which breaks the pattern up into dots of about picture-element 
size which vary in brightness over the screen. A pattern of this type 
is shown in Fig. 11.19. By comparing this pattern with a standard 
pattern, the performance of the tube can readily be judged. Visual 
inspection will reveal whether or not the spot dimensions will give the 
desired resolution. A comparison of the brightness of the pattern with 
the standard indicates the merit of the screen. The control char-
acteristics can be estimated from the variations of pattern brightness 
over the screen. With this type of equipment the tests can thus be 
performed simply by inserting the kinescope into its socket and exam-
ining the pattern. 

* See Burnett, reference 14. 

WorldRadioHistory



414 The Kinescope [Chap. 11 

The second class of examination is much more rigorous and must 
supply quantitative information about the performance of the kine-
scope not only under normal operating conditions but also under con-
ditions of overload. 
Thus a number of tubes are subjected to pressures of 45 pounds per 

square inch to evaluate their strength; others are life-tested and still 
others stored for a prescribed period and retested. 

Electron-gun performance tests include a microscopic examination 
of the spot in various positions on the screen and micrometer measure-
ments of spot size. The line produced by deflecting the beam is simi-
larly examined. The extent to which the spot "blooms" or increases in 
size when the grid is made positive is also determined. 

Furthermore, the cathode should be studied for flaws in the emitting 
coating. This can be done by adjusting the potentials on the gun in 
such a way as to produce a magnified image of the cathode on the 
fluorescent screen. In other words, the gun is used as an electron 
microscope. 

In addition, measurements are made of the control characteristics of 
the gun and of the current to each of the gun elements. Overvoltage 
tests of the gun yield information as to the quality of the insulation 
and the extent of cold discharge. 
The fluorescent screen should be examined to determine quantita-

tively the efficiency of the phosphor, and curves taken of light output 
against current and voltage. Also the spectral output should be 
measured. 

If the several tests have been passed satisfactorily, the tubes in the 
production unit in question are transferred to the packing room for 
shipment or storage. At this stage metal tubes are also provided with 
coats of conducting protective paint on the metal cone and an insulat-
ing coating on the neck bulge, to minimize surface leakage. 

11.11 Contrast. The behavior of the kinescope with respect to 
contrast is an extremely important factor in determining its overall 
performance. Therefore, the causes which contribute to loss of con-
trast must be studied in some detail. It will be seen that such an 
analysis * points out effective methods of improving picture contrast. 

If a conventional kinescope of an earlier vintage is observed —when 
the spot is stationary at the center of the viewing screen it will be 
noticed that, in addition to the single bright point of light due to the 
impact of the electron beam, considerable light is scattered from other 

*See Law, reference 15. 

WorldRadioHistory



See. 11.11] Contrast 415 

parts of the screen. Close to the beam, and extending over an area of 
several square centimeters, is a rather faint luminosity due to normal 
reflections. The spot is surrounded in addition by two or more con-
centric rings of light, the smallest having a radius of about a centi-
meter, due to total internal reflections in the glass face of the tube. 
Finally, there is a diffused glow over the entire screen which is more 
or less uniform but may have a slight maximum in the vicinity of the 
spot. This general scattering is due primarily to the effect of screen 
curvature, reflections from the bulb walls, and scattered electrons. 
A consideration of these factors will make it immediately apparent 

that, for a given tube, the value of contrast range which can be ob-
tained depends upon the type of pattern reproduced. In other words, 
much greater contrast is possible when the pattern consists of a small 
bright area on a dark background than when it consists of a dark area 
on a white background. Therefore, a single figure will not suffice to 
describe the performance of the tube with respect to contrast. Two 
measurements which, when taken together, give a fairly accurate esti-
mate of the merit of the tube are those giving the detail contrast range 
and the overall contrast range. 
The detail contrast range is measured by observing the brightness 

ratio of a small dark area on a bright background. For this measure-
ment the beam is made to scan the normal picture area and a signal 
is applied to the control grid such that the beam has its maximum 
operating intensity except over an area which is small compared to the 
picture area, where the beam is biased off. 

If the same area is scanned, but a signal is applied to the grid which 
biases the beam to cutoff over half the picture, overall contrast range 
can be obtained by measuring the brightness at the centers of the light 
and dark areas. 
The major factor in reducing the contrast range of a picture is the 

scattering due to internal reflections in the glass. Figure 11.20 illus-
trates the nature of this type of scattering. The screen material is 
shown as embedded in the glass wall. Rays leaving the screen at the 
point of electron bombardment will be refracted at the interface be-
tween the glass and air. Any ray which leaves the screen material at 
an angle to the normal greater than Oc will not emerge from the glass 
but instead will be totally reflected back to the screen. When this 
totally reflected light again strikes the screen material some of it will 
be scattered, producing the first visible ring, while the remainder will 
be totally reflected to form additional rings. 
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Air side 

Glass 
face 

Vacuum side 
Fluorescent screen 

Cross section of kinescope face showing how total 
internal reflections produce halation 

(a) 

(b) 

Fig. 1120. Internal Total Reflection. 

[Chap. 11 

The critical angle required to produce total reflection can be calcu-
lated, from Snell's law and a knowledge of the index of reflection ei of 
the glass, as follows: 

Pi sin O = µ2 sin 02 

= 1, mi -= 1.54 

1 
02 = 90°, 01 -= Oc = arc sin —= 41° 

1.54 

From the geometry of Fig. 11.20a it will be seen that the diameter 
of the first ring will be given by the relation 

D = 4f tan 0c 
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where t is the thickness of the glass and can be assumed to be % inch. 
This gives a diameter of 0.85 inch. 

It is evident that only a fraction of the light emitted at the spot 
escapes from the screen in the form of useful light. Since the distribu-
tion of light emitted by the fluorescent screen approximates Lambert's 
law, 

L = B cos O 

where B is the light flux per unit area emitted by the screen and O is 
the angle between the direction of observation and the normal, the 
fraction of light which can escape can be calculated with the aid of 
the following integrals, whose construction can be seen from Fig. 11.21a: 

27r fB cos O sin O do o  
R = 7,12 

27rf B cos 0 sin 0 dO 
Jo 

sin2 0, = 42 percent 

Thus it will be seen that under the condition postulated about 60 
percent of the light emitted in a forward direction is trapped by internal 
reflection. 

(ic 
Luminous spot D 

a 

Fig. 11.21. Reflection and Refraction in the Tube Face. 

No contact Optical contact 

The assumption was made, however, that all the phosphor grains 
were embedded in the glass. Actually, the optical contact between the 
fluorescent material and the glass is only about 20 to 30 percent, de-
pending upon the way in which the screen is prepared. As can be seen 
from Fig. 11.21b, no internal total reflections exist in the case of 
luminescent grains which are not in optical contact with the glass. 
Therefore, assuming 30 percent contact, the actual loss by internal 
reflection is 60 percent times 30 per cent, or 18 percent of the emitted 
light. The internally reflected light is gradually scattered out of the 
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screen as it is reflected back and forth between inner and outer glass 
surfaces. At least half of the scattered light must be in the forward 
direction, that is, 9 percent, and contributes to loss of contrast. On 
this basis, and owing to this cause alone, a contrast ratio not greater 
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Fig. 11.22. Contrast Ratio as Function of Attenuation in Face Plate. (Law, 
reference 15; courtesy of Proceedings of the Institute of Radio Engineers.) 

60 

than 82 percent/9 percent = 9 can be expected. A more accurate cal-
culation, including multiple scattering within the screen, absorption of 
the glass, and edge effect, reduces this figure to about 6. Loss of con-
trast resulting from normal reflections in the tube face, at less than the 
critical angle, plays only a minor role. 

Since most of the loss of contrast is due to the scattering at the first 
ring of light, it has a much greater effect on detail contrast ratio than 
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on overall contrast ratio, a fact which is confirmed by measurements. 
The methods of overcoming this loss of detail contrast were clearly 
recognized by Law in his analysis of the problem. They are: 

1. Reducing the optical contact between phosphor grains and glass. 
2. Depositing the phosphor on a separate flat sheet of negligible 

thickness. 
3. Making the tube face so thick that the first ring falls outside the 

picture area. 
4. Incorporating a neutral absorbing material in the tube face, 

which attenuates the multiple-reflected rays much more strongly than 
those which are transmitted directly. 

The degree of optical contact is influenced by the method of deposi-
tion of the phosphor (e.g., 30 percent for spraying, 20 percent for 

 D  

Emitting area 

Fig. 1123. Effect of Face Curvature on Contrast. 

settling, and 15 percent for dusting), but cannot be made negligible. 
Modifying the thickness of the substrate as prescribed in solutions 2 
and 3 is open to practical objections. Hence, the employment of ab-
sorbing glass (e.g., Filterglass) for the face plate represents the most 
practical method of minimizing the effect of reflections within the face 
plate and is widely utilized in modern television tubes. Law has calcu-
lated the contrast ratio for various degrees of optical contact as func-
tion of the attenuation of the directly viewed image (Fig. 11.22), for 
30 percent light transmission by the screen and an index 1.5 of the face 
plate. It is seen that, at the cost of reducing the picture brightness by 
20 percent, the detail contrast ratio may be increased by a factor of 
6 to 8. 
The remaining contrast-reducing factors influence primarily large-

area contrast. One of these is the effect of screen curvature, permitting 
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light scattered at the point of incidence of the beam to reach other 
points of the screen, as shown in Fig. 11.23. The light spread over the 
screen can be readily calculated. If D is the diameter of the screen 
and R its radius of curvature, the maximum angle over which light can 
reach the screen, measured from a tangent to the shell at the point of 
impact of the beam (assumed to be the center of the screen), will be 
a, where 

sin 2a D / (2R) 

By proceeding as before, the ratio of scattered light to forward light 
will be 

S = 1 — f 2 sin 0 cos 0 c/0 

111 /D\ 211 1 (.D\2 
= a = 

—2 _[1. \ 20 J 16 \Ri 

Since at least half of the light scattered by the screen is in the back-
ward direction, the ratio of brightness of the dark area to the bright 
area (assuming Lambert's law) is not greater than 

1 D)2 
S = —t--- 

32 R 

For a typical 12-inch glass tube (D = 12 inches, R = 16 inches), 
S is found to be 0.02, indicating a contrast ratio of 50. On the other 
hand, for a metal tube such as the 16GP4, with its much flatter face 
plate (D -= 16 inches, R = 40 inches), the contrast ratio, as deter-
mined from this cause alone, is increased to 200. 

Reflections from the bulb walls may have a similar effect on large-
area contrast. Bulb reflections may be either specular or diffuse. If 
the bulb is so shaped that specular reflection from one part of the 
screen reaches other screen areas, the loss of contrast can be quite 
great. The bulb shown in Fig. 11.24a gives this type of reflection. If 
the conical part of the bulb is curved as shown in Fig. 11.24b, specular 
reflection cannot reach the screen. In the bulb in Fig. 11.24a, which 
does not have this curvature, the texture of the blackening material 
used on the walls is very important and even a surface which is only 
moderately glossy will greatly reduce contrast. Thus, it has been 
found empirically that the large-area contrast in metal tubes similar 
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to the 16AP4 may be as much as doubled by appropriate treatment of 
the inner wall of the metal cone. 

Finally, scattered electrons may be a source of loss of contrast. 
They may arise from the gun, in the form of secondary emission from 
gun aperture edges and cold emission from gun electrodes, or, in the 
presence of an appreciable potential gradient along the screen, from 
secondary emission at the point of incidence of the beam on the screen. 
Modern gun design and construction effectively suppress the first 
source; the second source is significant only in projection kinescopes 
operating at high voltages and current densities, since only here large 
potential gradients may be established along the screen. 

Specular 
reflection 

(a) 

pot 

Fig. 11.24. Effect of Wall Shape on Bulb Reflections. 

It is readily seen that all three of the sources of loss of overall con-
trast which have just been enumerated can be rendered negligible by 
the deposition of a metallic film over the fluorescent screen. This film 
suppresses at the same time all light emitted in a backward direction 
and places the fluorescent screen at a uniform potential. As indicated 
in Fig. 11.25, the light which, with the uncoated screen, gives rise to 
bulb-wall reflections and illumination of remote areas of the screen, is 
now redirected to enhance the picture brightness. Reflections in the 
face plate remain the one important contrast-limiting factor. 
The great increase in overall contrast achieved by aluminizing the 

screen has been amply verified by measurement. For example, in a 
5TP4 projection tube the overall contrast ratio was found to be in-
creased (by G. M. Daly) from 130 to 500. Comparable increases were 
measured for larger, direct-view kinescopes. 
However, all the above measurements were carried out in the ab-

sence of ambient illumination. This condition is fulfilled, in practice, 
for projection kinescopes, but not for direct-view kinescopes. The 
effect of ambient illumination in raising the light level of the dark 
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Luminescent material 

I Chap. 11 

Conventional kinescope showing typical 
distribution of light from a spot 

Luminescent material 

Aluminum reflecting backing 

New kinescope with reflecting metallic film 
showing gain due to improved 

distribution of light 

Fig. 11.25. Sources of Loss of Contrast in Kinescopes with Unaluminized and 
with Aluminized Screens. (Epstein and Pensak, reference 9.) 

portions of the picture is enhanced by the reflecting backing along with 
the picture brightness. Thus with 

Brain, B. dark area and highlight brightness of picture in 
absence of ambient illumination 

E0 ambient illumination 
transmission of face plate 
reflection coefficient of screen 

K' reflection coefficient of glass surface of face plate 
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the reciprocal contrast ratio becomes 

End, E0(121C K') 
S=  

Binax + Eo(t2K K') 

Since K is generally of the order of 0.5, whereas K' is more nearly 
0.04, reducing the transmission factor t of the face plate has a very 
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Fig. 11.26. Contrast Ratio as Function of Ambient Illumination for a 10-Inch 
Kinescope with 15.5 Foot-Lamberts Highlight Brightness. (L. S. Yaggy.) 

material effect in diminishing the contrast-reducing action of ambient 
illumination. This is indicated by the measured curves of L. S. Yaggy, 
in Fig. 11.26, for a 10-inch kinescope with a highlight brightness of 
15.5 foot-lamberts. In these measurements external filters of different 
absorption replaced the absorption within the face plate. 
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The effect of aluminizing on contrast in the presence of ambient 
illumination is shown, for a similar tube with clear face plate and at 
a higher highlight level, in Fig. 11.27. It is seen that, for the same 
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Fig. 11.27. Contrast Ratio as Function of Ambient Illumination for a 10-Inch 
Kinescope with Unaluminized and with Aluminized Screen on Clear Face Plate. 

(G. M. Daly.) 

picture brightness, the contrast is less for the aluminized tube over 
most of the range of ambient illumination covered. The loss in con-
trast may be restored, however, if the greater light emission, of which 
the aluminized tube is capable, is fully utilized. 
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It may be noted that specular reflection at the front surface of the 
face plate may be objectionable quite apart from its effect on overall 
contrast; room reflections superpose extraneous detail on the picture 
which can be highly disturbing. This effect is removed in practice by 
lightly frosting the front surface of the face plate. With appropriate 
subsequent hydrofluoric acid treatment this frosting has only a slight 
effect in blurring the contours of the transmitted picture on the screen 
but greatly reduces external reflections.* 
Summarizing, the employment of absorbing face plates (Filterglass) 

permits the attainment of detail contrast comparable with large-area 
contrast. Large-area contrast, with proper shaping or coating of the 
bulb and the relatively flat face plates currently employed, may be 
of the order of 100 in the absence of ambient illumination and can be 
made very much larger than this by aluminizing the screen. In the 
presence of ambient illumination contrast is greatly reduced and the 
beneficial effect of the aluminum film diminished. Absorption in the 
face plate, on the other hand, reduces the deleterious effect of ambient 
illumination on overall contrast. Specular reflections at the front 
surface, or even both surfaces, of the face plate, furthermore, can be 
rendered largely innocuous by lightly frosting the glass surface. 

11.12 Direct-View Kinescopes. Modern direct-view kinescopes 
employ predominantly magnetic deflection and either magnetic or 
electrostatic focus. Ion-trap fields not only eliminate the deteriora-
tion of the screen by negative ions but, in addition, aid in the precise 
alignment of the electron beam. Large deflection angles, made pos-
sible by careful yoke design and high-efficiency deflection circuits, 
shorten the tubes. 
The smaller kinescopes, face diameters 7 to 12 inches, are generally 

of all-glass construction and have circular faces. The 10BP4-A, widely 
employed as monitor kinescope, may serve as an example (Fig. 11.28). 
The tube, 17% inches in length, employs a total deflection angle of 
52 degrees. A double-field ion-trap magnet provides for the suppres-
sion of the negative ions. The spectral characteristic of the sulphide 
P4 phosphor employed in this as in the other direct-view kinescopes 
is shown in Fig. 11.29. If the full screen diameter is utilized, a rounded-
end picture of 9 by 6% inches is obtained; as an alternative, the pic-
ture may be confined to a rectangle with rounded edges, 8 by 6 inches. 
The following are typical operating characteristics of the 10BP4-A 

monitor kinescope: 

*See e.g., Szegho, Amdursky, and Reed, reference 16. 

WorldRadioHistory



426 The Kinescope [Chap. 11 

Ultor (and grid No. 3) voltage 
Grid No. 2 voltage 
Grid No. 1—cutoff voltage 
Focusing coil current 
Ion-trap magnet current 

9000 volts 
250 volts 
—45 volts 
115 ma 
155 ma 

11.28. The 10P,P1- \loin tor IK ii opu. 

As indicated by the grid-drive characteristic of the 10BP4-A in Fig. 
11.30, very high highlight levels can be achieved with this kinescope. 
As has already been brought out, larger-sized kinescopes are manu-

factured with both glass and metal envelopes, and with round and 
rectangular face plates. Whereas the 21-inch rectangular glass kine-
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Fig. 11.29. Spectral Emission Characteristic of P4 Sulphide-Type Phosphor. 
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Fig. 11.31. The 16GP4, a Round Metal Kinescope. 

Fig. 11.32. The 17CP4, a Metal Kinescope with Rectangular Face Plate. 
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scopes play currently (1953) a leading role, the round metal 16GP4, 
the rectangular metal 17CP4 and 27MP4, and the rectangular glass 
21EP4 (Figs. 11.31 to 11.33) may serve as examples of different 
designs. In the 16GP4, the 17CP4, and the 21EP4 the total de-
flection angle has been raised to 70 degrees, making possible a redue-

Fig. 11.33. The 21EP4, a Glass Kinescope with Rectangular Face Plate. 

tion in the overall length of the tubes to 1711/46, 19, and 23 inches, 
respectively. In part, this reduction is achieved by reducing the dis-
tance between cathode and focusing lens: as the image distance is made 
smaller (by increasing the deflection angle for equal screen area), the 
object distance can be reduced in proportion without impairing the 
spot sharpness. Thus in the 16GP4 the gun structure of the longer 
16AP4 is simply pushed forward into the focusing lens field and at 
the same time tilted to permit the use of a single-field ion-trap magnet 
near the cathode (Fig. 11.34). The electromagnetic focus shown here 
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Fig. 1134. Gun and Deflecting Coil Assembly for the 16GP4. (Swedlund and Steier, reference 7; courtesy 
of Tele-Tech.) 

ad
oo

sa
tq

m 
aq
j,
 

c.) 

WorldRadioHistory



Sec. 11.12] Direct-View Kinescopes 431 

may be replaced by permanent magnet focus (Fig. 12.22) or, with 
minor changes in the gun, by electrostatic focus (Fig. 12.23). 
A still further advance in the direction of greater total deflection 

angle and reduced length for given picture size is represented by the 
rectangular metal tube 27MP4, with 90-degree diagonal deflection 
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Fig. 11.35. Beam Current as Function of Grid Voltage (17CP4). 

angle, a 23%6 by 18% inch picture and a tube length of 22% 6 inches. 
The newer kinescopes also exemplify the trend toward flatter screens; 
in the 16GP4 the radius of the face plate is increased to 40 inches. 
This radius increase is made possible by a simultaneous slight increase 
in face-plate thickness to %2 inch. 
Below are typical operating conditions for the 17CP4, which pro-

vides a 14% by 11 inch picture with rounded corners and slightly 
curved edges, and the 27MP4 giving a similarly shaped picture 
23%6 by 18% inches in size: 
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17CP4 27MP4 

Ultor voltage 
Grid No. 2 voltage 
Grid No. 1 cutoff voltage 
Focusing coil current 
Field strength of single-field 

ion-trap magnet 

14,000 
300 

—33 to —77 
104 

16,000 volts 
400 volts 

—49 to —97 volts 
110 ma 

50 50 gausses 

The grid drive characteristics of the 17CP4, giving screen brightness 
and beam current as function of grid voltage, are given in Figs. 11.35 
and 11.36. A comparison of the two sets of curves indicates the 
tendency of the sulphide phosphor to saturate at very high light levels. 

It should be noted that, in direct-view kinescopes, the x-rays emitted 
at the screen quite generally do not present a health hazard as long 
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as the operating voltage is held below 16 kilovolts, since the face plate 
and the walls of the tube are sufficiently effective absorbers of the 
radiation in question. Normal precautions to prevent users and service 
personnel from coming in contact with high-voltage elements must, 
however, be taken; with metal kinescopes this precaution includes the 
protection of the metal cone and lip by an insulating sleeve and mount-
ing ring of polyethylene or some similar insulating plastic. Finally, 
protection against flying fragments in case of an accidental implosion 
may be secured by mounting a flat pane of glass or plastic over the face 
plate. As has been pointed out, this risk is greatly reduced with metal 
tubes. 

11.13 Projection Kinescopes. Projection kinescopes are operated 
at much higher voltages than direct-view kinescopes since their light 
output, for a relatively small fluorescent screen surface, must be suf-
ficient to illuminate a much larger viewing screen without any diminu-
tion of picture sharpness. Their face plates are invariably curved, 
with a radius of curvature approximately half as great as that of the 
mirror of the reflective projection system utilized. In addition, they 
are commonly polished optically, since small flaws may, with the large-
aperture optical systems employed, have a material influence on picture 
quality and contrast. The screen is necessarily aluminized. The 
aluminum film, which may be 5000 A or more in thickness, not only 
maintains the screen uniformly at full anode potential but, in addi-
tion, renders an ion trap unnecessary. 
Magnetic deflection and electrostatic focus are favored in projection 

kinescopes. The first renders unnecessary the introduction of high-
voltage deflecting elements and decreases spot-defocusing problems. 
Electrostatic focusing, on the other hand, possesses the advantage of 
eliminating the optical obstruction of a focusing coil in a reflective 
projection system and simplifies the electrical supplies; the focusing 
voltage is derived from a voltage-regulated d-c power supply provided 
with a voltage control circuit. It may be noted that the 3NP4, which 
is designed to be used with a folded Schmidt projection system where 
a focusing coil does not interfere with the imaging, employs magnetic 
focus. 
The phosphor of the projection kinescope is generally a mixture of 

yellow zinc-beryllium silicate and blue zinc sulphide. The layer is 
deposited in such a manner that the blue phosphor settles at the bottom, 
with the result that, owing to the spreading of the electron beam within 
the phosphor layer, the current density is smaller in the blue phosphor 
than in the yellow phosphor. Since the sulphide phosphor has a 
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greater tendency to saturate at high current densities than the silicate 
phosphor, color changes with increase in beam current are minimized 
by this procedure. As an alternative, an all-silicate phosphor mixture, 
in which zinc sulphide is replaced with calcium-magnesium silicate, 

Fig. 11.37. The Philips 3N1'4 Projection Tube. (Courtesy North American 

Philips Corporation.) 

may be employed. The all-silicate phosphor completely avoids color 
change difficulties, but only at the expense of an appreciable loss in 
light output. 
A further problem which does not arise in ordinary direct-view kine-

scopes is the discoloration of the glass under high-voltage electron 
bombardment, presumably arising from the separating out of neutral 
metal atoms within the glass. The effect varies greatly with the type 
of glass and is quite severe, e.g., for Pyrex. It requires the selection 
of special glasses (such as No. 707 tungsten sealing glass) for the face 
plate. With the proper choice of glass, the brown discoloration can be 
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largely, though not completely, removed by periodic baking with infra-
red lamps. 
Commercial projection tubes range from 3 to 7 inches in face di-

ameter. Three- and 5-inch tubes, such as the 3NP4 and 5TP4, are 
designed for home projection receivers, whereas the larger 7NP4 was 
developed specifically for theatre television projectors. 

Fig. 11.38. The RCA 5TP4 Projection Kinescope. 

The Philips 3NP4 (Fig. 11.37) and the RCA 5TP4 both operate at 
approximately 25 kilovolts. The former forms a picture 1.4 by 1.86 
inches, the latter 3 by 4 inches. Since the highlight brightness of the 
two tubes is about the same (3000 and 4000 foot-lamberts, respec-
tively), the light output of the 5TP4 is at least four times as great as 
that of the 3NP4. The overall tube lengths are only slightly different, 
10.5 and 11.75 inches, respectively. The smaller picture size on the 
3NP4 requires a smaller spot size (approximately 0.003 inch), and this, 
in turn, a relatively greater length of the electron gun. 

Typical operating conditions of the 5TP4 (Fig. 11.38) are given 
below: 

Anode No. 2 (Ultor) voltage 
Anode No. 1 voltage (for 

focusing 200-microampere beam) 
Grid No. 2 voltage 
Grid No. 1 cutoff 
Anode No. 2 current 

Grid drive characteristics for the 5TP4 

27,000 volts 

4,320 to 5,400 volts 
200 volts 

—42 to —98 volts 
200 microamperes 

are shown in Fig. 11.39. 
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In the 3NP4 and the 5TP4, as well as the large projection tubes, 
a grounded external conducting coating is provided on the tube neck, 
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Fig. 11.39. Grid-Drive Characteristics of the 5TP4 Projection Kinescope. 

protecting the deflection yoke, which is at ground potential, against 
high-voltage discharges. 
Whereas the availability of direct-view kinescopes of large size has 

tended to minimize the always limited interest in projection kinescopes 
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for the home, these tubes fulfill a unique function in 
Obviously, the demands on the light output of these 
illuminate a viewing screen 20 by 15 feet in size, are 
can be met only by simultaneously increasing the 
and (in view of the tendency of phos-
phors to saturate under intense bom-
bardment as well as thermal overload 
of the tube face) the screen area. At 
the same time, it is desirable to keep 
the size within reasonable limits so 
that the bulk and cost of the projec-
tion system may not be excessive. 

Picture brightnesses comparable 
with the standards set by the Society 
of Motion Picture Engineers for first-
class pictures (7 to 14 foot-lamberts) 
are obtained with the 7NP4 (Fig. 
11.40) with a maximum operating 
voltage of 80 kilovolts; at 75 kilovolts 
highlight brightnesses of 30,000 foot-
lamberts are obtained on the tube 
screen. 
The second-anode voltage contact is 

visible near the screen; all other con-
tacts are brought out through the 
plastic-filled base. The high-voltage 
first-anode pin is here isolated by 
leaving four adjoining pins on either 
side disconnected. The tube wall cor-
rugations serve to increase leakage re-
sistance; they and the adjoining tube 
neck flare are coated with an insulat-
ing moisture-repellent lacquer. The 
neck itself is coated externally with a conducting coating for the pro-
tection of the deflection coils. To obtain adequate insulation between 
this coating and the internal anode coating an inner cone-neck section 
is provided. 
The disposition of the tube within the projection optics is shown in 

Fig. 11.41; the enlarged image is projected on a screen at a distance 
of 60 feet. A forced air flow of 40 cubic feet per minute prevents the 
tube face from overheating; this is necessary, since the average energy 
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theatre television. 
tubes, which must 
very great. They 
operating voltage 

ig. 11.40. The 7NP4 Theatre 
Projection Kinescope. 
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Fig. 11.41. Disposition of the 7NP4 within the Reflective Projection System. 
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Fig. 11.42. Response to Video Signal of the 7NP4. 
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dissipated at the screen may be 150 watts. The air flow should be 
perpendicular to the tube face to prevent uneven heating and conse-
quent cracking of the tube face. 
The "quality rectangle" on the screen, which is normally made to 

coincide with the boundaries of the picture, is 5 by 3% inches in 
dimension. The variation of the picture brightness and beam current 
with the applied video voltage for this picture size are shown in Fig. 
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Fig. 11.43. Spectral Emission Characteristic of Mixed Sulphide-Silicate Screen 
of the 7NP4. 

Color temperature: 6300°K 

8000 

11.42. It is possible to apply the video voltage either to the grid, keep-
ing the cathode at constant voltage, or the cathode, with the grid-
voltage fixed. Cathode drive is to be preferred, since it reduces the 
signal strength required to pass from black to white. As the cathode 
is made more negative, the cathode-grid No. 2 voltage increases, so 
that the beam current increases more rapidly than with grid drive, 
where this voltage remains constant. Typical operating conditions of 
the 7NP4 with cathode drive are shown below: 

Anode-to-grid No. 1 voltage 
Grid No. 3 to grid No. 1 voltage 
Grid No. 2 to grid No. 1 voltage 
Cathode-to-grid No. 1 voltage 

Black level 
White level 

75.000 volts 
16,000 to 18,000 volts 

400 to 600 volts 

0 volt 
125 volts 
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Maximum grid No. 3 current 
Maximum grid No. 2 current 

15 microamperes 
—15 to 15 microamperes 

The spectral characteristic of the screen of the 7NP4, which, like 
that of the 5TP4, is a mixed sulphide-silicate screen, is shown in 
Fig. 11.43. 

A 

Top view 

Lateral view 
at AA' omitting 
lamps 1 and 3 

Fig. 11.44. Arrangement for Baking the 7NP4 to Remove Discoloration. 
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As with any high-voltage kinescope, the scanned area tends to dis-
color under bombardment. To reduce the discoloration, it is recom-
mended that the tube face be exposed to the radiation of infrared lamps 
after each 150 hours of operation, as shown in Fig. 11.44. To equalize 
the radiation received by the screen from the four 250-watt reflector-
type lamps, the tube is rotated through 90 degrees every 5 minutes, 
giving a total exposure of 20 minutes. Under this irradiation the tube 
face attains a temperature of approximately 200°C. After this treat-
ment it is permitted to cool slowly. 

REFERENCES 

1. I. G. Maloff and D. W. Epstein, Electron Optics in Television, McGraw-Hill, 
New York, 1938. 

2. H. W. Leverenz, An Introduction to the Luminescence of Solids, Wiley, New 
York, 1950. 

3. V. K. Zworykin, "Description of an Experimental Television System and the 
Kinescope," Proc. I.R.E., Vol. 21, pp. 1655-1673, 1933. 

4. E. W. Engstrom, "A Study of Television Image Characteristics," Proc. I.R.E., 
Vol. 21, pp. 1631-1651, 1933. 

5. H. P. Steier, J. Kelar, C. T. Lattimer, and R. D. Faulkner, "Development of a 
Large Metal Kinescope for Television," RCA Rev., Vol. 10, pp. 43-58, 1949. 

6. A. S. Rose and J. C. Turnbull, "The Evaluation of Chromium-Iron Alloy for 
Metal Kinescope Cones," RCA Rev., Vol. 10, pp. 593-599, 1949. 

7. L. E. Swedlund and H. P. Steier, "Short 16-inch Metal-Cone Kinescope De-
velopment," Tele-Tech, Vol. 9, pp. 40-43, August, 1950. 

8. H. P. Steier and R. D. Faulkner, "High-Speed Production of Metal Kine-
scopes," Electronics, Vol. 22, pp. 81-83, May, 1949. 

9. D. W. Epstein and L. Pensak, "Improved Cathode-Ray Tubes with Metal-
Backed Luminescent Screens," RCA Rev., Vol. 7, pp. 5-10, 1946. 

10. H. A. Bethe, "Theory of the Passage of Fast Corpuscular Rays through 
Matter," Ann. Physik, Vol. 5, pp. 325-400, 1930. 

11. K. Gentner, "On the Energy Absorption of Fast Cathode Rays," Ann. Physik, 
Vol. 31, pp. 407-424, 1938. 

12. H. M. Terrill, "Absorption of Cathode Rays in Aluminum," Phys. Rev., Vol. 
24, pp. 616-621, 1924. 

13. W. Walkenhorst, "Optical Properties of Aluminum Films Evaporated in 

Vacuum," Z. techn. Phys., Vol. 22, pp. 14-21, 1941. 
14. C. E. Burnett, "A Circuit for Studying Kinescope Resolution," Proc. I.R.E, 

Vol. 25, pp. 992-1011, 1937. 

15. R. R. Law, "Contrast in Kinescopes," Proc. I.R.E., Vol. 27, pp. 511-524, 1939. 
16. C. Z. Szegho, M. E. Amdursky, and W. O. Reed, "Low-Reflection Picture 

Tubes," Electronics, Vol. 24, pp. 97-99, January, 1951. 
17. J. de Gier, "Projection Television Receiver; II. The Cathode Ray Tube," 

Philips Tech. Rev., Vol. 10, pp. 97-104, 1948. 

WorldRadioHistory



442 The Kinescope [Chap. 11 

18. R. V. Little, Jr., "Developments in Large-Screen Television," J. Soc. Motion 
Picture Engrs., Vol. 51, pp. 37-46, 1948. 

19. L. E. Swedlund and C. W. Thierfelder, "Projection Kinescope 7NP4 for 
Theatre Television," J. Soc. Motion Picture Engrs., Vol. 56, pp. 332-342, 1951. 

20. H. Moss, "Cathode Ray Tube Progress in the Past Decade," in Advances in 
Electronics II (L. Marton, Ed.), Academic Press, New York, 1950. 

WorldRadioHistory



12 The Electron Gun 

The concentration of electrons into a narrow beam is one of the very 
early phenomena observed in connection with cathode rays. Even be-
fore the nature of cathode rays was understood, it was known that in 
a gas-discharge tube the rays could be focused into a narrow pencil by 
properly shaping the disk from which the discharge originates. For 
example, this property was applied in the early gas x-ray tubes by 
Roentgen and others. 
These early experiments also showed that such a beam could be 

directed onto a fluorescent screen, and deflected by means of an electro-
static or magnetic field. The first use of these effects was solely for 
the determination of the properties of cathode rays and of the electron. 
However, the recognition that the deflection of the focused spot could 
be used to measure the fields soon led to the development of the cathode-
ray oscilloscope. Experiments by Rosing, which have already been 
described, used the gas-discharge oscilloscope as a means of reproduc-
ing television images. The last-mentioned field of application of the 
focused cathode-ray beam, namely, television, has gained an impor-
tance which is rapidly increasing. The requirements placed by this 
application on the means for producing the electron pencil, which is 
usually termed the electron gun, are very severe. In consequence, the 
design of the electron gun, for either a pickup tube or a viewing tube, 
has become a major problem. 
The earliest cathode-ray tubes were gas-discharge tubes in which 

the low-pressure gases served not only to concentrate the beam but 
also to generate the electrons. The difficulty of controlling the current 
in the beam, and the fact that a beam focused in this way cannot be 
deflected at high speeds, made these tubes inadequate. 
The first-mentioned difficulty was overcome by the introduction of 

a thermionic cathode to serve as the electron source. This made it 
possible to govern the current in the beam with a control grid. Such 
tubes were found applicable to the reproduction of low-definition tele-
vision images. However, there still remained the difficulty incidental 

443 
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to deflection which made them unsuited for high-definition pictures. 
The difficulty arises from the nature of gas focusing, and its de-
pendence upon the presence of a positive-ion core at the center of the 
beam, which will not follow a rapid lateral motion of the beam. So 
fundamental did this obstacle prove to be that it became necessary to 
abandon the gas tubes in favor of hard cathode-ray tubes. 
Without gas to aid the focusing of the beam, the design of the elec-

tron gun is much more difficult. The earliest hard cathode-ray tubes 
made use of an electrode system which produced a concentrating elec-

trostatic field in the immediate neighborhood 
of the cathode; this field was intended to 

Cylindrical cause the electrons from the source to con-electrode Anode 

0 V. ,  

Cathode  V. 

verge upon a point on the viewing screen. 
An example of this type of concentration 
system is to be found in the Wehnelt cylin-

j000v. der illustrated in Fig. 12.1. Such relatively + 
simple electron-optical arrangements were 

Fig. 12.1. Electron Gun 
with Wehnelt Cylinder, satisfactory as long as the picture require-

ments did not demand a very small spot or 
very high current densities. However, when these two conditions be-
came a necessity, a more complicated gun was required. 

12.1 Requirements of the Electron Gun. Before continuing with 
the discussion of the gun itself, the characteristics required of it should 
be reviewed. These characteristics differ, depending on its employment 
in high-velocity beam pickup tubes, low-velocity beam pickup tubes, 
direct-viewing tubes, or projection tubes. 
The iconoscope, representing the high-velocity beam pickup tubes, 

has a gun which operates at relatively low power, but must be capable 
of forming an extremely small, well-defined spot. For this purpose the 
beam electrons are rarely required to have kinetic energies in excess 
of a thousand electron volts. Beam currents of 0.1 to 0.5 microampere 
are generally used, although certain special mosaics may require much 
higher currents. Although it is necessary that the beam current be 
controllable, the control characteristics are relatively unimportant. 
The spot must have a diameter not much greater than 0.01 centimeter 
for mosaics of the ordinary size; the meaning of the term "spot di-
ameter" will be given later. It is important that the spot shape be 
regular and the spot well defined. 

In the low-velocity beam pickup tubes—the orthicon, image orthicon, 
and Vidicon—the required beam current is of the same order as in the 
iconoscope, and the spot size less in proportion to the smaller target 
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areas of these tubes. In the Vidicon the spot diameter should not 
exceed approximately 0.002 centimeter. Apart from this, the gun re-
quirements differ greatly from those of the iconoscope: in the low-
velocity tubes the beam approaches the target with kinetic energy 
ranging from zero to a few electron volts; furthermore, the beam in-
cidence must be perpendicular for all points of the target. 

In the direct-viewing tubes both the currents and the voltages are 
considerably larger than in the iconoscope; the voltages range from 
15 to 20 kilovolts, the currents from 100 to 500 microamperes. The 
spot size, on the other hand, may be much larger; with a 16-inch screen 
the spot diameter may be almost 1 millimeter.* More generally, the 
optimum spot size will be proportional to the picture dimensions. 
The same rule as to spot size applies also for projection tubes; on 

the other hand, the power concentrated in the spot must here be much 
larger. This is achieved primarily by raising the operating voltage, 
which may range from 20 kilovolts for small home projection receivers 
to over 100 kilovolts for large-screen theatre projectors. Although the 
employment of such high voltages considerably increases the difficulties 
of insulation and suppression of cold emission, it facilitates the problem 
of concentrating large currents in small spots. The spot size must in 
general be smaller than for direct-viewing tubes since projection tube 
screens are, on the average, considerably smaller than direct-viewing 
tube screens. For a 5-inch projection tube the spot diameter should be 
about 0.03 centimeter. 
Guns used in both types of viewing tubes must be designed in such 

a way that the current in the scanning beam can be readily controlled 
by the output from the video amplifier. Moderate voltage swing of 
the control element, low power requirements, and linearity of control 
are all desirable features. 
The gun in the flying-spot tube must satisfy conditions similar to 

those which apply to the projection tube as far as power concentration 
in the spot is concerned. However, whereas the control characteristics 
of this gun are relatively indifferent, the spot can profitably be made 
smaller than in the projection tube. 

12.2 The Two-Lens Electron Gun. With the exception of the guns 
in low-velocity pickup tubes, nearly all guns employed for television 
purposes are based on a two-lens principle. Such guns consist of a 
thermionic electron source, a first lens, almost invariably electrostatic, 
and a second lens, which may be either electrostatic or magnetic, or a 

* Assuming 50 percent overlap, as described in Chapter 5, p. 204. 
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combination of the two. In practical viewing tube guns the action of 
the first lens is commonly supplemented by a prefocusing field which 
reduces the beam divergence in the region preceding the second lens. 
The first lens is of the cathode-lens type described in Chapter 4, 

and serves to accelerate the electrons away from the cathode and to 
converge them into a bundle of narrow cross-section. This narrow por-
tion of the ray bundle is not an image of the emitter, but corresponds 
more nearly to the exit pupil of the first lens system, and is usually 
referred to as the "crossover." Associated with the first lens is the 
control system. Various means of control have been successful, such 
as electrodes producing fields which restrict the emitting area of the 
cathode, elements causing the beam to be deflected or defocused at 
an aperture, and controls based on ordinary space-charge principles. 
Most control systems employed in practice owe their effectiveness to 
the restriction of the emitting area of the cathode in conjunction with 
the effects of space charge. 
The second lens images the crossover formed by the first lens onto 

the target or fluorescent screen. With deflection, or defocusing, control 
the second lens may image the restricting aperture rather than the 
crossover when these do not coincide. In general, however, imaging 
the crossover itself leads to a maximum current for a given spot size. 
Where an electrostatic system is used for the second lens it may be 
arranged to have a voltage ratio greater than unity so that the beam 
electrons are accelerated by the lens. If the second lens is magnetic, 
on the other hand, the electrons receive their full acceleration at the 
first lens. The same applies for the electrostatic unipotential second 
lens commonly employed in iconoscope guns, where the suppression of 
secondary electrons ejected from the restricting aperture is highly de-
sirable. Each of these lens systems has advantages and disadvantages 
which will become apparent as the discussion proceeds. 

It may be noted parenthetically that, with very restricted cathode 
areas, a smaller image may be obtained on the screen by imaging the 
cathode on it in preference to the crossover. However, this condition 
is scarcely ever realized in tele',ion tubes. 

12.3 Limiting Performance of an Electron Gun. The primary con-
ideration in electron-gun design is to obtain a spot of small diameter 
and high current density. It is, therefore, important to investigate the 
factors upon which these two properties depend. The analysis of an 
actual gun is very complicated and, in general, cannot be rigorously 
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carried out. However, by postulating an idealized gun,* it is possible 
to determine the dependence of the current and spot size upon at least 
some of the parameters of the system. 

The ideal gun will be assumed to consist of a cathode and a first and 
second lens system. The control grid, usually part of the first lens 
system, will be ignored entirely, no account will be taken of space 
charge, and, furthermore, both lens systems will be assumed to be free 
from aberrations. 

1   
I I  
I  

Cathode I 
1st anode 2nd anode 

1st lens 2nd lens 

(B) 

Croisover 
Image 

I 

1 I I 

Fig. 12.2. Electrode Arrangement and Electron Ray Paths in Ideal Gun. 

Figure 12.2A shows the general arrangement of the ideal gun; a 
schematic representation of the electron paths through the gun is 
shown in Fig. 12.2B. Electrons are emitted from every point of the 
cathode in all directions, as dictated by the distribution laws of 
thermionic emission. These electrons are accelerated toward, and 
through, the lens. The principal electron rays from all points of the 
cathode converge at the second focal point of the first lens. Other 
electrons, with radial initial velocities, are, of course, displaced a small 
radial distance from the axis at this point. Beyond this point the elec-
tron ray bundle from each point of the emitter may converge, forming 
a real image of the cathode, or the electrons of each bundle may 
diverge and the image of the cathode be virtual. In either case the 
diameter of the entire electron beam is a minimum at the point where 
the principal rays cross the axis. It has been noted that this point, 
which in the electron gun is designated as the crossover, is analogous 
to the exit pupil in conventional optics. The second lens, when ad-
justed to give a minimum spot, instead of using the image of the 

* See also Langmuir, reference 14; and Law, reference 15. 
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cathode formed by the first lens as its object, images the crossover on 
the screen. 

The electrons are emitted from the thermionic cathode with initial 
velocities which have a Maxwellian distribution. If the radial veloci-
ties are expressed in electron volts, the number of electrons having 
radial initial velocity components lying between (20,./m)% and 
(2e(er -1- d4')/m) will be 

Ber dor = Ae—eorAkr) der (12.1) 

where A is a constant of emission, k is Boltzmann's constant, and T is 
the temperature of the cathode in degrees absolute. On this basis, the 
current Iv, consisting of electrons having radial velocities less than, or 
equal to, (2eV/m) is given by 

Iv = ef 134, ClOr (12.2) 
o 

For purposes of this analysis, it is convenient to assume that the 
first lens may be represented by a combination of a uniform field and 

A .4. 
First lens I Pot wi 

Crossover 
(Image of 
cathode 

Cathode,' 

Fig. 12.3. First Lens of Ideal Gun. 

a thin unipotential lens as indicated in Fig. 12.3. The electrons are 
accelerated by the uniform field up to the lens, which is indicated by 
the dotted line AB. The lens, which has the focal length f, bends the 

electrons toward the axis. A potential stu will be assumed at the lens, 
and, furthermore, the region beyond the lens up to, and including, its 
second focal point, will be regarded as field-free. 
An electron emitted from the cathode at a point on the axis with an 

initial radial velocity given by Or will follow a parabolic path until it 
reaches the lens AB. At the lens its radial distance from the axis 
becomes 

= 2 VOr/c/e1 a (12.3) 
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where a is the distance between the lens and the cathode. The lens 
will deflect the electron toward the image point corresponding to the 
emitting point. If the second focal length is f, the distance b between 
the image and the lens is given by the relation 

1 1 1 
— — = — 
2a b f 

(12.4) 

the effective object distance being twice the distance between the cathode 
and lens plane. 
The radial distance r, between the electron and the axis at the cross-

over (i.e., the second focal point) can be found as follows: 

r, = b — b — f 2 a — --f —  b 
(12.5) 

It has been assumed that the electrons had their origin on the axis. 
However, the same result would have been obtained, for an aberration-
free lens, for a point off the axis. For a real lens the circular cross-sec-
tion of an off-axis pencil at the crossover is distorted into an ellipse, 
whose eccentricity increases with the angle a between the principal ray 
and the axis. 
The radial initial velocities and the radius of the beam cross-section 

at the crossover are obviously related by Eq. 12.5. With the aid of 
Eqs. 12.1 and 12.2 the fraction of the total emitted current of electrons 
with radial velocity components no greater than (2e0,./m)% can be de-
termined and is given by 

IT 

e'er/ (k d(l)r E 

fa° — ber/(kT) deer 
E 

Evaluation of the integrals leads to: 

= 1 — «h./ (k 7') 

IT 
(12.6) 

Substitution from Eq. 12.5 in Eq. 12.6 yields the following value for 
the current within the radius rc at the crossover: 

re2 €4,1 

= ITO — 6 (12.7) 
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Finally, by differentiation with respect to rc and division by 2irr„ the 
current density as function of r, can be found. It is given by the fol-
lowing relation: 

/7, Si — r12- eçbl 
/Arc) E f2 kT 

7cf2 kT 

lf, in this expression, we introduce po, the current density at the 
cathode, and a, the maximum angle of inclination of the principal rays 
at the crossover, in place of f, it may be written in the form 

o ed, _ "PO .a 2r 2 e4,1 
p(r) = poa- IT kT 

kT 

(12.8) 

(12.8a) 

It may be shown that this relation may be derived from thermodynam-
ical considerations and hence possesses much more general validity than 

A 

 u 17  

Spot 
I Crossover 

t2nd Lens 

D 

Fig. 12.4. Second Lens of Ideal Gun. 

might be surmised from its derivation for a highly specialized model. 
It represents the optimum current density attainable in an axially sym-
metrical beam with a beam convergence a and kinetic energy eç6i, which 
may be derived from a cathode at temperature T with an emission current 
density po and a total emission current IT, subject to the restriction a «1 
and Oil >> k7'. 

Equation 12.8 readily leads to an expression for the distribution of 
current in the spot formed by the ideal gun. Since the second lens is 
adjusted to image the crossover onto the viewing screen, or target, any 
circle of radius 7.0 will be imaged into a circle of radius rc at the spot. 
The second lens is shown schematically in Fig. 12.4 as a thin lens repre-
sented by the line CD at distances u and y from the crossover and 
screen, respectively. The potential in the image field of the second 
lens will be taken as 00. Therefore, the radii of the image and object 
will be related by 
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v 

rc u 42 
(12.9) 

The fraction of the total emitted current within a radius r8 of the 
spot, and the current density distribution, can be found with the aid 
of Eq. 12.9 from Eq. 12.7. These relations are 

r.2e02  

— = 1 — E f2(ro/u)2kT 

and 

(12.10) 

IT  e4.2 r'2eqS2 (7.8) =   f2(v/u) 2kT (12.11) 
rf2(v/u)2 kT 

Equation 12.11 may again be written in the farm of Eq. 12.8a, with 
4)2 replacing 4)1. 

Next, the diameter of the beam can be determined as it passes 
through the second lens. For the aberration-free lens which has been 

1st lens 

u 

2nd lens 

Fig. 12.5. Marginal Rays through Second Lens. 

assumed, this is of no consequence, but for an actual lens in which 
spherical aberration plays an important role, the spread of the beam 
must be considered. Figure 12.5 again shows the idealized gun, with 
principal rays originating at the edge of the cathode, a distance re off 
the axis. These, after passing through the first lens, are deflected so 
as to meet the axis at the crossover. At this point they make an angle 
a with the axis: 

a re/f (12.12) 

Since the space between the two lenses, which are both treated as thin, 

is at a constant potential 01, the electron rays are here straight. The 
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principal rays from the edge of the cathode, which form the boundary 
of the electron beam in the second lens, hence traverse the latter at a 

distance from the axis 
P 

r2 =‘ua = re/I' (12.13) 

Certain important conclusions can be drawn from Eqs. 12.7, 12.8, 
12.10, 12.11, and 12.13 concerning the operating characteristics of the 
gun. Because of the simplifying assumptions made as to the nature of 
the first and second lens, caution is necessary in applying these deduc-
tions to an actual gun. 

Equation 12.11, which describes the current distribution in the spot, 
indicates that the spot has no sharp boundary but, instead, the current 

density decreases exponentially with the square of the distance from 
the center. Therefore, the term "spot size" must be arbitrarily defined. 
One very practical definition, which has operational significance, is 
that which limits the radius of the spot to a value for which the current 
density is reduced to a certain fraction of the density at the center, or, 
symbolically: 

Pe 02 0 ,2 

K = = 12(ro/u)2 kT 

p(0) 
(12.14) 

where f3 is the radius of the spot and K the limiting fraction of current 
density. The actual value of K is unimportant for purposes of the 
present discussion. In practice it depends on the use to which the gun 

is to be put. 
Equation 12.14 can be rewritten as 

kT 
= f — — ln K 

u ee2 
(12.15) 

It is evident from Eq. 12.15 that the "spot size" is independent of the 
first lens voltage 4, since the focal length f does not depend on it and, 
for given f, the ratio v/u is a function only of the position of the 
second lens. The spot size is, however, inversely proportional to the 
square root of the total voltage 4)2. 

Equation 12.10, together with Eq. 12.14, can be used to determine 

the current in the spot, as follows: 

02«62 

18 = IT(1 E 1.2(71/W2kT) = -- lc) (12.16) 
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In other words, practically all the current emitted by the cathode is 
concentrated into the spot. This result is to be expected since, as yet, 
no account has been taken of possible limiting apertures. 
The radius of the beam at the crossover (defined in the same terms 

as the spot size) varies inversely with the square root of the first-lens 
voltage. As has been shown, in the absence of limiting apertures the 
size of the spot is independent of the crossover diameter. However, 
this does not mean that the first-lens voltage is unimportant. In the 
first place it should be high enough to saturate the emission from the 
cathode when the maximum beam current is required. Furthermore, 
it must be large enough to minimize the defocusing action of the space 
charge in the neighborhood of the cathode. On the other hand, a high 
first-lens voltage tends to make the control of the electrons more 
difficult. 

In the idealized gun postulated, the first-lens voltage has no effect 
on the diameter of the beam through the second lens. If a potential 
gradient had been assumed between the first and second lens the 
diameter of the ray bundle at the second lens would have been found 
to vary with the first-lens voltage. 

The radius of the ray bundle through the lens is also directly pro-
portional to the radius of the emitting area. When the current control 
for the beam is obtained by restricting the emitting area of the cathode, 
the size of the beam at the second lens varies with beam current. Under 
these conditions, the presence of spherical aberration in this lens will 
cause the spot size, also, to vary with beam current. 
Because of the aberration inherent in all electron lenses, the spot size 

in a real gun will be considerably greater than that of the ideal gun. 
In order to minimize the effect of these aberrations, it is common prac-
tice to distribute limiting apertures throughout the system. 
The effect of restricting the radius of the emitter leads to no first-

order change in the spot size. However, for a given specific emissivity 
of the cathode material, the beam current is directly proportional to 
the area of the cathode, i.e., to the square of the radius. The diameter 
of the beam through both the first and the second lenses is approxi-
mately proportional to the diameter of the cathode. Because of this, 
for reasons connected with the aberrations of these lenses, in particular 

of the first lens, a very large cathode area cannot be used without 
increasing the spot size. By curving the surface of the emitter some 
of these defects can be minimized, thus permitting a larger cathode 
area and, consequently, a higher beam current. 
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An aperture at the crossover has many consequences. The spot size 
under these conditions is no longer independent of the first-lens poten-
tial but is given by the expression 

v 
rs = (3 = r a — — 

U 
(12.17) 

where ra is the radius of the aperture, cin is the first-anode voltage, and 
02 is the second-anode voltage. The current passing through the aper-

ture can be expressed by the integral 

r 2e0i r. 

ib = f Irrpc(r) dr = f — --- E f2 kT dr 
o kT 

_r.2 eei 

=- — P (12.18) 

These two relations indicate that the spot size can be decreased by 
decreasing the radius of the crossover aperture or, for fixed crossover 
aperture, by reducing the first-anode voltage. However, this reduc-
tion can be accomplished only at the expense of beam current. It 
should be noticed that the two methods of reducing the spot size cause 
an equal decrease in beam current if the total emission current /2, is 
constant. Both have little effect on the diameter of the beam at the 
second lens. In practical guns this conclusion is materially modified 
by space charge and aberration effects. 
When the second lens is provided with an aperture to limit the beam 

diameter, its effect on the aberration-free system is practically the 
same as limiting the area of the emitter. The difference in action is 
due to the fact that the diameter of the beam at this lens is not ex-
clusively determined by the marginal principal rays, as was heretofore 
assumed, but is also a function of the crossover diameter. In a prac-
tical gun, an aperture placed at, or near, this point to reduce the effect 
of the spherical aberration of the lens limits the spread of the beam 
resulting from the aberrations in the first lens, as well as that deter-
mined by the first-order paths of the rays. It is thus very much more 
effective for the purpose than limiting the cathode area (although the 
cathode is usually restricted as well to avoid excessive power dissipa-
tion at the aperture limiting the second lens). 

12.4 The Cathode. The design of the thermionic cathode and the 
choice of emitting material for the practical gun are of fundamental 
importance. In the preceding section it was pointed out that it is 
generally necessary to restrict the emitting area, and, consequently, the 
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current which can be obtained in a spot of given size is, except for 
space-charge considerations, directly proportional to the emissivity of 
the material. Furthermore, it was shown that the radial initial veloci-
ties play an important role in determining the distribution of current 
at the crossover, and consequently at the spot. Another consequence of 
high initial velocities, which was not mentioned in the discussion of the 
ideal gun, is that they increase the spot size as a result of the chromatic 
aberration of the first lens. In order to minimize these undesirable 
effects, the cathode should be operated at as low a temperature as 
possible, as is evident from the form of the thermionic emission 
equations. 

The velocity distribution of the electrons from the various cath-
odes can be determined from the Maxwell-Boltzmann distribution law. 
According to Eq. 12.1, the relation giving the number of electrons 
emitted with radial velocity components between (2e<k,./m) and 
(2e (or -F dfler)/m) is 

B d4r = dor 

Similarly, the axial distribution is given by 

D eldea = E,—eosuen doa 

These two initial velocity distributions are important in determining 
the crossover radius and chromatic aberration of the first lens. 

Cesium-activated cathodes would be highly desirable from the stand-
point of high emissivity and low operating temperatures. However, 
such cathodes are, in general, much too delicate for this purpose and 
are deactivated almost immediately by ion bombardment. 
Both thoriated tungsten and cathodes coated with barium and stron-

tium oxide are suitable for use in electron guns. Because of their high 
specific emission and lower operating temperature, the oxide-coated 
cathodes are preferable and are used almost universally in sealed-off 
tubes. Thoriated tungsten cathodes are often advantageous in de-
mountable systems because this type of emitter can be readily reacti-
vated. Where more rugged cathodes are required, pure tungsten or 
tantalum may be employed. 
The conventional oxide-coated cathode assembly consists of a heat-

ing element, a cathode cup, and the emitter. Indirect heating of the 
cathode has the advantage of minimizing the interaction between the 
magnetic and electrostatic fields produced by the heater current and 
the beam electrons. Typical forms of oxide-coated emitters are illus-
trated in Fig. 12.6. The heater is usually a tungsten filament in the 
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form of a noninductively wound helix covered with a refractory ma-
terial to insulate it, and fitted inside a nickel cup. The nickel cup 
serves as a base for the cathode material. The cathode area of the 
nickel cup is coated with a mixture of barium and strontium car-

Ceramic insulation Ceramic disk 

Emitting area 

Nickel cylinder 
Tungsten heater 

(a) 

H ter spiral 

Emitting area 

Nickel 
(b) 

Fig. 12.6. Typical Indirectly Heated Cathodes. 

bonate. This material can be decomposed by heating and activated as 

described in Chapter 1. 
A typical kinescope cathode assembly is shown in Fig. 12.7. The 

heater is a tungsten twist designed to operate at 0.6 ampere and 6.3 

Fig. 12.7. Photograph of Cathode Assembly. 

volts. This double spiral is insulated from itself and from the cathode 
cup with a refractory clay. A cylinder closed at one end with a disk 
forms the cathode cup. The heater is inserted in the cathode cup, 
which it heats partly by radiation and partly by conduction. The 

Tungsten emitter 

Aperture 

Tungsten ribbon k. Shield Leads Shield 

Fig. 12.8. Two Forms of Demountable Cathode. 

terminal disk coated with emitting material forms the cathode surface. 
Curving the cathode is sometimes advantageous to minimize the aber-
rations in the first lens. 
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The assembly of a thoriated tungsten cathode depends on the kind 
of demountable vacuum tube for which it is intended. Usually, the 
cathode is heated directly and is in the form of a thoriated tungsten 
ribbon or wire. In order to restrict the emitting area, the cathode is 
covered with an apertured shield. Two typical cathode assemblies of 
this kind are shown in Fig. 12.8. 

12.5 First Lens and Control Grid. The simplest first-lens system is 
composed of three elements: the cathode, the control grid, and the first 
anode or, more generally, the second grid. The arrangement is illus-
trated in Fig. 12.9. The control grid consists of a short cylinder closed 
by an apertured disk close to the end of the cylinder. In the example 

Grid aperture  

-711 - ,1st Anode aperture  

Cathode t\ I---k.lst Anode 
Grid skirt 

Fig. 12.9. Simple Three-Element First Lens. 

the disk is placed so as to allow a portion of the cylinder known as 
the grid skirt to extend beyond it in order to achieve a desired control 
characteristic. The first anode or second grid is also a cylinder, of 
the same diameter as the grid, and is closed at the grid end by an 
apertured disk. 
The first-lens region in the electron gun is, from an analytic point of 

view, by far the most difficult part of the whole electron-optical system. 
The electrostatic field in this region is so complicated that it is com-
pletely unamenable to mathematical manipulation. Furthermore, the 
control grid, which forms a part of the first lens, varies in potential, 
altering the optical properties of the system. Finally, the electron 
densities in this region are sufficiently great so that the space charge 
appreciably alters the field. In spite of these difficulties, this region 
has been sufficiently analyzed so that the behavior of the electrons over 
this portion of their trajectories is fairly well understood. 

Figure 12.10 shows the equipotential surfaces in the neighborhood 
of the cathode in a typical three-element first-lens system for two 
values of grid potential, as measured by Maloff and Epstein.* 
These field maps show that the potential of the control grid acts in 

three different ways. At, and near, the center of the cathode it con-
trols the current in the beam by forming a space-charge barrier in the 

* See Maloff and Epstein, reference 11. 
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manner of a conventional control grid. Furthermore, the control grid 
acts to restrict the area from which emission can take place. Thus, 
even if the emission is saturated at the center of the cathode, the cur-

rent in the beam can be increased 
0-Bias by decreasing the negative bias 

o applied to the grid, because this 
will permit electrons to leave 
from a greater area of cathode. 
The final consequence of varying 
the control grid voltage is to 
alter the position of the cardinal 
points of the lens system. As 
the grid is made more negative, 
the second focal point and, con-
sequently, the crossover move 
closer to the cathode. 
The cardinal points of the first 

lens have been determined on the 
basis of potential maps. The 
general arrangement of these 
points is shown in Fig. 12.11. 
Their position depends, of course, 
upon the velocity with which 

the electrons are emitted. Calculations show that, in the particular 
configuration with the bias at — 30 volts, the second principal point 
and focal point are rather insensitive to the initial velocities, whereas 
the first focal point and principal point move from the surface of the 

'2\ 

(A) 

Fig. 12.10 Equipotentials in Three-Ele-
ment Fiist Lens. (After Maloff and 

Epstein.) 

s'  
I 

H2 F1 
Fig. 12.11. Cardinal Points of First Lens. (After Maloff and Epstein.) 

cathode to a distance of a few thousandths of a centimeter in front 
of the cathode as the energy of emission goes from 0 to 0.5 electron 
volt. It is also found that at zero volt bias the shift of the cardinal 
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points, corresponding to chromatic aberration in the first lens, is much 
less. 
The equipotential plot in Fig. 12.10, 

electrolytic plotting tank, represents the 
sence of space charge. This approxima-
tion is not sufficiently good for purposes 
of determining the actual performance. 
In order to estimate * the effect of space 
charge, the configuration and charge 
density of the beam in the absence of 
space charge are calculated, and from 
these the new potential is determined. 
To attain a better approximation this 
procedure may be repeated. Figure 
12.12 shows the envelope and density 
distribution of the beam; Fig. 12.13 il-
lustrates the potential distribution cor-
rected for the effect of space charge. 
Three important conditions must be 

satisfied by the ideal first-lens system: 
(1) the configuration must be such as 
to permit the flow of high current without too large a (i.e., 
the product of second-grid voltage and crossover area must be small) ; 
(2) the control grid characteristics must be such as to permit ease of 

determined by means of an 
field configuration in the ab-

Envelope of electron beam 

4 

3 

2 

à 1 

0.1 0.2 rnm 
Distance from cathode 

Fig. 12.12. Envelope and Elec-
tron Density of Beam in First 
Lens. (After Maloff and Ep-

stein.) 
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Fig. 12.13. The Effect of Space Charge in the First-Lens Region. (Maloff and 
Epstein, reference 11.) 

control; and finally, (3) the effect of control voltage on spot size must 
be a minimum. No first-lens design has been worked out which satis-

* See Maloff and Epstein, reference 11. 
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fies completely all these conditions. There are several systems, how-
ever, which are very good from a practical standpoint. 
The system which was described above can, by suitable selection of 

the size of the grid aperture and the length of the grid skirt, be made 
to have excellent control characteristics and to deliver considerable 
current into a small spot. However, the spot size depends on the grid 
bias, which is very undesirable. 

2nd anode 

Cathode-'  

Control grid/ Accelerating 1st anode 
electrode 

Ultor 

Cathode 

II 
I 1 

//// ,/////7,///7/Z  

Control grld Accelerating Focusing 
electrode electrode 

Fig. 12.14. Lens Systems Employing Additional Electrodes. 

An accelerating grid, or other element, in the first lens is often used 
to make the control characteristic of the gun independent of second-
lens focus and, incidentally, to make the condition of optimum spot 
focus independent of the grid bias. This is shown in the first example 
in Fig. 12.14. In modern kinescope guns (e.g., Figs. 12.19, 12.20, 12.22, 
and 12.23) the accelerating grid, denoted by G2, generally takes the 
form of a cylindrical cup. The relatively strong converging lens formed 
at its junction with the first anode or focusing electrode (G3), whose 
voltage may exceed that of the accelerating grid by a factor of 100, 
then collimates the beam diverging from the crossover. This collima-
tion minimizes current loss at succeeding gun apertures and reduces 
the beam cross section at the second lens. 

In the second example shown in Fig. 12.14 the first anode is replaced 
by an accelerating electrode which may be maintained at second-
anode or ultor voltage; here the focusing electrode is the central ele-
ment of a unipotential second lens, an arrangement favored in the 
iconoscope gun. Here, where a small, clean spot is essential, it is also 
customary to employ a physical crossover aperture. This aperture 
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may be either circular or rectangular, with the narrow dimension in 
the direction of horizontal scanning. 

Finally, in kinescopes whose fluorescent screen is not protected by 
a metal film, the first-lens structure is commonly modified by the 
presence of an ion trap, designed to keep negative ions formed in the 
cathode region from bombarding the screen and reducing its efficiency. 
As shown, for example, in Fig. 12.20, the ion trap consists of the trans-
verse magnetic field of a small permanent magnet, whose deflecting 
action on the electron beam is compensated by the tilt of the electro-
static lens between the accelerating grid G2 and the first anode G3. 
The heavy ions strike the wall of the gun since they are practically 
unaffected by the magnetic field, but are deflected by the electrostatic 
field of tli( tilted lens just like the electrons. 

12.6 The Second Lens. The second-lens system images the cross-
over into the spot on the viewing screen or the pickup tube target. 
In general, this lens is relatively simple, and the first-order-image prop-
erties can be readily calculated by the methods given in Chapter 4. 

In an electrostatic gun of the acceleration type, the second lens is 
based essentially on the lens formed between two coaxial cylinders at 
different potentials. Various departures from the simple cylinder lens 
have been studied, and some are in use in practical tubes. These modi-
fications are dictated by the following considerations: (a) reduction of 
spherical aberration; (b) ability to withstand high voltages (particu-
larly in viewing tubes) ; (c) ease in construction and alignment; and 
(d) circuit considerations. 
For electrostatically focused viewing tubes and pickup tubes, the 

diameter of the glass neck of the tube envelope determines the maxi-
mum diameter that the electrodes of the second lens can have. Under 
these circumstances, it can be shown that the minimum spherical aber-
ration is obtained when the lens is in the form of a pair of cylinders 
having this maximum diameter. Any shaping of the lens elements can 
be effected only by reducing the diameter of the lens, and this reduc-
tion in diameter more than offsets the improvement in spherical aber-
ration resulting from the shaping. The same thing is true of making 
one cylinder different in diameter from the other. 
The optical properties of the equidiameter cylinder lens have been 

discussed in Chapter 4 and are represented graphically in Fig. 4.17. 
The four curves shown there suffice to determine completely the first-
order imaging properties of the lens, so that for any preassigned values 
of crossover to lens and lens to screen distance the voltage ratio re-
quired to form a sharp Gaussian image can be obtained. 
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In determining the position of the second lens, there are a number 
of considerations. They include practical features of tube design (e.g., 
the position of the deflection yoke, the maximum permissible tube 
length, etc.), the total current required, and the amount of space charge 
that can be tolerated in the first lens. The analysis given below ap-
plies to the simple two-lens gun. The effect of collimation by the lens 
between the accelerating grid cup and the first anode ("prefocus") 
will be noted briefly at the end. 
As the position of the second lens is changed, the current density 

at the center of the spot remains nearly constant because the distance 
between the second lens and screen is large compared to that between 
lens and crossover, and a constant fraction of the second lens, as 
determined by the limiting aperture, is filled by the electron stream. 
This follows directly from Eq. 12.11, transformed to the form of Eq. 
12.8a. However, both the spot size and the total current in the spot 
increase with decreasing distance between the second lens and cross-
over. The current and spot size for a given first-lens system is, there-
fore, one of the factors determining second-lens position. 

Also, as the lens is moved towards the crossover, it is necessary to 
increase the strength of the second lens. Since usually the overall 
voltage is fixed by the operating requirements, and the diameter of the 
lens electrodes cannot be reduced because of spherical aberration con-
siderations, this increase in lens strength means reducing the first-lens 
voltage. Because of space-charge effects, etc., a low first-lens voltage 
is not desirable. Therefore, even when a crossover aperture is em-
ployed to limit the size of the spot, the second lens should not be too 
close to the crossover. In practice a voltage ratio 431/02 in the neigh-
borhood of 1/4 to 1/5 is found to yield satisfactory results. 
The spherical aberration of this type of lens can be computed from 

the potential distribution. The separation àra from the axis at the 
Gaussian image plane of a ray which originates from an axial object 
point and passes through the aperture of the lens at a distance ra, from 

the axis is given by 
Arg = Sr a3 (12.19) 

where S is an aberration constant of the system * and r« the radius of 
the beam cross-section at the second lens. If r.° is the radius of the 
Gaussian image of the crossover at the screen, the actual radius of the 

* For large magnification M the constant S is identical with the quantity 
MC/f2 on p. 165, f denoting the focal length of the lens. 
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spot will be r.° To present the effect of the second-lens aber-
ration on the spot size in a form independent of the lens magnification, 
it is convenient to divide the increase in spot size by the magnification, 
yielding the equivalent increase in crossover radius: 

= (S/M)r2 (12.20) 

The coefficient 8/M (= C/f2) is shown as function of [42 — 01)/ 
+ 00J2 for an equidiameter two-cylinder lens in Fig. 12.15; the 

Ho2D2 

100 

9 

8 

7 

6 

cqn 

4 

50 100 
(i) 

150 200 250 300 350 400 450 

< 

3  
2   
1   
0o  

 - 
•••••• 

01 02 03 04 05 06 07 08 09 

(4,2 -4,,\2 

Fig. 12.15. Spherical Aberration of a Two-Cylinder Electrostatic Lens and a 
Magnetic Pole-Piece Gap Lens (for High Magnification M). 

same quantity for a simple pole-piece gap lens, plotted as function of 
H02/0 (Ho = maximum field strength, 4) beam potential), is given for 
comparison. Essentially the same data have been presented in different 
form in Fig. 4.30. 
To illustrate the application of Figs. 4.17 and 12.15 in gun design, 

consider the specific case of a second lens formed by two cylinders 0.8 
inch in diameter with a voltage ratio of 5. From Fig. 4.17 the values of 
the first and second focal lengths and the positions of the focal points 
relative to the plane of symmetry of the lens are 

fi = —1.32 inches, z1 = —2.25 inches 
f2 = 2.95 inches, z2 = 1.92 inches 
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For a throw of 14.5 inches from the center of the gun to the fluorescent 
screen the lens equation places the object (i.e., the crossover) a distance 
of 2.6 inches from the center. The magnification of the system then 
becomes 4.3. 

If the tube requirements dictate that the diameter of the final spot be 
0.08 inch and the minimum practical diameter of the crossover obtain-
able with the first-lens system selected is 0.01 inch, the maximum frac-
tion of the second lens which can be utilized can be determined as fol-
lows. In the equation rs = M(rc + Arc) substitution of r. = 0.04 inch, 
r = 0.005 inch, and M = 4.3 leads to Arc = 0.0043 inch. Since, from 
Fig. 12.15, the value of S/M is 5 diameters-2 for 02/01 -- 5 or 
1(02 — 01)/42 -1- 01)1 2 = 0.44, Eq. 12.20 yields for the permissible 
beam diameter in the first principal plane 2r. = 0.16 inch. The proper 
diameter of a limiting aperture placed a distance b from the center of 
symmetry would be 

2.6 -F b 
Dap =  2ra = 0.096(2.6 + b) 

2.6 + (zi — fi) 

Neglecting the curvature of the rays as they approach the plane of 
symmetry, the beam diameter in this plane becomes 0.25 inch, or 0.3 
of the entire lens diameter. In practice the aperture would of course 
be placed well back from the symmetry plane so as not to affect the 
operation of the lens. Furthermore, the cathode area would be re-
stricted to prevent excessive collection of electrons by the first anode 
and the aperture diaphragm. Finally, the spot size would be smaller 
than that indicated by the foregoing calculation, since the second lens 
would be focused to yield the minimum spherical aberration figure 
rather than the true Gaussian image of the crossover. The resulting 

spot-size reduction may amount to 30 percent. 
With prefocus, i.e., collimation by a lens formed between the ac-

celerating grid and first anode, the required strength of the second lens 
is reduced and the dependence of spot size and beam current on second-
lens position greatly diminished. In view of the reduced beam di-
ameter at the second lens, the aberration of this lens becomes less 
important and the aperture diaphragm in the focusing electrode serves 
primarily as a shield for secondary electrons and ions. Thus, though 
the paraxial spot size is increased somewhat, this effect is outbalanced 
by the reduced effect of second-lens aberration and the completeness 

of current concentration in the beam. 
Defining the beam by a second-lens aperture is preferable to simply 

restricting the cathode area. In the latter case the aberrations of the 
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both to supply a sharply defined object for the second lens and to limit 
the angular divergence of the beam. The second lens itself is an equi-
potential lens with the central, or focusing, electrode at a lower poten-
tial. This arrangement has two advantages: first, any secondary emis-
sion from the limiting aperture is completely suppressed by the low 
potential of the focusing electrode, and, second, the beam can be focused 
without altering the beam current. The portion of the second-lens 
aperture which is utilized by the beam is so small that the relatively 
high spherical aberration of the second lens is entirely immaterial. 
Because of its small beam current, the performance of the iconoscope 

gun with reference to spot size cannot be conveniently measured on a 
fluorescent screen. In order to make this measurement, the gun is 
mounted in a regular iconoscope bulb which contains, instead of a 
mosaic, a specially prepared screen. This screen consists of a sheet 
of mica, or glass, coated with a metallic film through which have been 
ruled groups of fine vertical lines. Each group has a different line 
separation, for example, 0.002, 0.003, 0.004, and 0.005 inch. When 
this screen is scanned and the signal output observed on the screen of 
a kinescope, the line pattern will be reproduced if it is resolved by the 
spot. By decreasing the horizontal amplitude of scanning in the test 
tube, the pattern of the lines can be magnified on the kinescope screen, 
thus eliminating the possibility of the resolution of the reproduced pat-
tern being limited by the viewing tube or amplifier system, rather than 
the gun under test. 
The performance of the gun can be estimated by observing which 

groups of lines are resolved under these conditions. A correct estimate 
of the resolution by this method requires some experience. It is quite 
common for a beginner to assign too small a value to the spot diameter 
since lines which are only partially resolved because of the nonuni-
form current distribution in the spot can easily be mistaken for truly 
resolved lines. 

12.8 The Kinescope Gun. Whereas the greater current demand and 
the need for good control characteristics increase the difficulty of the 
design problem of the kinescope gun, they are partially offset by the 
larger permissible spot size and the higher overall voltage. 
A simple gun similar to that shown in Fig. 12.16 may function satis-

factorily as a kinescope gun if the limiting apertures are enlarged and 
the first-lens spacings are modified to permit the required higher beam 
current. However, reduction in the dependence of spot focus on grid 
voltage (beam current), suppression of negative-ion current to the 
screen and other factors to be noted below favor more complex designs. 
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The size of the spot required is determined by the size of the viewing 
screen, the number of scanning lines, and the overlap desired. For 
example, a 5-inch projection kinescope will produce a picture about 
3 by 4 inches in size. Therefore, the separation of lines in a 525-line 
pattern will be 0.006 inch, or 0.15 millimeter. In order that two lines 
do not run together, the brightness at a distance of 0.075 millimeter 
from the center of a line must be less than a certain predetermined 
fraction of that at the center of the line. For the present illustration, 

let it be assumed that this ratio is 0.01. 
From these data the "spot diameter" can 
be determined. 
As has already been pointed out, the 

term "spot diameter" is rather meaning-
less unless arbitrarily defined. In sec-
tion 12.3 the diameter was defined as that 
within which the ratio of current density 
at any point to current density at the 
center was greater than a certain frac-
tion K. It is apparent that the diameter 

of the spot so defined will not necessarily equal the line width, because 
the line is scanned with a circular spot. It will be shown, however, 
that line width and spot diameter agree if the current distribution in 
the spot is given by Eq. 12.11 so that the density may be written in 
the form 

Fig. 12.18. Determination of 
Current Distribution in Scan-

ning Line. 

p = 11€-Br2 

In order to determine the density variation across the line it is neces-
sary to integrate the spot density over elementary strips parallel to the 
scanning line as indicated in Fig. 12.18. Since, here, r2 = z2 + y2, the 
density distribution in the line becomes 

pdy) = 2f A E— B Y% —Bx2 dx = A \/;----r113 E-BY2 
o 

The ratio of current density at a distance y from the center of the line 
to that at the center, PL(0), will, of course, be 

PL(Y) A Nri—rIB _By, _B..2 
E = E 

PL (0) A Virg 

WorldRadioHistory



Sec. 12.8] The Kinescope Gun 469 

If the "line width" 2S is defined by the relation 

PL(8)  
= K 

PL(0) 

a comparison with Eq. 12.14 shows that it is equal to the "spot di-
ameter" 2/3. Therefore, the spot diameter should be 0.15 millimeter 
for a 5-inch screen if no overlap is desired, or 0.3 millimeter for a 50 
percent overlap. 
The current required in the spot depends upon the type of fluorescent 

material used on the screen, the bombarding voltage, the screen size, 
and the brightness required. With white-emitting zinc sulphide as the 
screen material, and 12 kilovolts on the ultor of the gun, a beam cur-
rent of the order of 1 milliampere will produce a high-light brightness 
of 140 foot-lamberts on a 16-inch screen (with a scanning pattern of 
10 by 13% inches). This is more than adequate for the direct viewing 
of the tube in a normally lighted room. If the kinescope is to be used 
for projection the screen brightness must be much higher, both because 
of the greater size of the projected image as compared with the screen 
image and because of the light loss of the optical projection system. 
For example, if the high-light brightness of a 15 by 20 inch picture 
obtained from a 5-inch tube is to be 40 foot-lamberts, and the efficiency 
of the optical system is 25 percent, the brightness of the tube screen 
must be 4000 foot-lamberts. This is attained in projection tubes such 
as the 5TP4 with a beam current of 1.3 milliamperes at an operating 
voltage of 27 kilovolts. 
The actual construction of the 5TP4 gun is shown in Fig. 12.19. 

Under normal conditions of operation (corresponding to an average 
beam current of several hundred microamperes) the spot diameter of 
this tube is, in accord with the requirements derived above, 0.15 
millimeter or 0.006 inch. Cathode and control grid have the conven-
tional form, with the grid aperture separated by a few thousandths of 
an inch from the cathode surface. The grid is followed by a screen 
grid which is operated at approximately 200 volts, and then a focusing 
electrode at 4900 volts. The screen grid serves to make the beam cur-
rent independent of the focus of the second lens, and also, by the ad-
justment of its voltage, to control the cutoff voltage of the control grid. 
Normally, this is made equal to —70 volts. 
The lens formed between the screen grid and the focusing electrode 

has a relatively short focal length, its first focal point being a small 
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distance behind the crossover. This lens forms a virtual image of the 
crossover, lying behind the real crossover. As a result, the principal 
rays through the crossover are effectively collimated, so that the amount 
of current intercepted by the limiting aperture of the second lens is 
greatly reduced. 
The second lens is formed between the focusing electrode and the 

wall coating on the neck of the tube which serves as second anode. 
Since the field strength is quite high at the end of the focusing-electrode 
cylinder, the mouth of this electrode is carefully rounded and freed 

Aperture 0.120" 
Aperture G1 G2 0.036" 

Cathode Bead Spring supports 
assembly 

G1 control grid 
(-70 volts) 

Fig. 12.19. Schematic Diagram of High-Voltage Gun of RCA 5TP4 Projection 
Kinescope. 

Ultor (wall coating) 
(27,000 volts) 

G2 screen (200 volts) 

from points and roughness to avoid cold emission. For similar reasons 
the end of the screen grid facing the focusing electrode is also carefully 
smoothed and rounded. 

In the 5TP4 kinescope, as in projection tubes generally, the presence 
of a thin aluminum film deposited on the fluorescent screen eliminates 
the destructive action on the screen of negative ions emitted by the 
gun. Guns of direct-viewing tubes whose screens are not similarly pro-
tected require "ion traps" which complicate, to some extent, their con-
struction. The gun for a small direct-viewing kinescope with a 7-inch 
screen, the 7DP4, is shown schematically in Fig. 12.20. A tilted lens, 
formed between the screen grid and a cylinder at ultor potential (6000 
volts), deflects the negative ions away from the axis of the tube; its 
similar action on the electron beam is compensated by the transverse 
magnetic field provided by the pole pieces of an external small magnet 
which has inappreciable effect on the paths of the much heavier ions. 

In greater detail, the ion-trap fields in direct-view kinescopes may 
take a variety of forms (Fig. 12.21). In one of these two separate 
magnetic fields are employed (Fig. 12.21a). The first, coinciding ap-
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proximately with the tilted lens, overcompensates the deflecting action 
of the tilted lens on the electrons, requiring the second magnetic field, 
of reverse polarity, to center the beam once more on the gun axis. 
With a single magnetic field and an axially aligned gun this condition 
can only be attained with effective coincidence of the electric and mag-
netic deflecting fields, which is not readily achieved. However, a 
second magnetic ion-trap field becomes superfluous with the "tilted 
gun" (Fig. 12.21b), in which the axis of the gun electrodes is tilted 

G1 control grid (-45 volts) 

Aperture 0.036' 
Ion-trap tilted lens 

G3 (6000 volts) 

Cathode 
assembly 

( Focusing electrode (1430 volts) 
Ultor (wall coating) 

(6000 volts) 

G2 (250 volts) Aperture 0.100' 

Aperture 0.048' 
Ion-trap magnetic pole piece 

Fig. 12.20. Schematic Diagram of Gun of RCA 7DP4 Kinescope. 

with respect to the tube axis. As an alternative, the tilted lens may 
be omitted and the anode tube be bent as shown in Fig. 12.21c; in such 
a "bent gun" the ion-trap magnetic field is placed at the bend in the 
anode tube. Still another ion-trap system, employed in England,* 
derives its ion-deflecting properties from the decentering of the grid 
and screen-grid apertures (Fig. 12.21d). These apertures are, further-
more, so displaced relative to each other that a superposed magnetic 
field, nullifying the deflecting action of the asymmetric electric fields 
between the apertures on the electrons, causes the electron beam to be 
displaced onto the tube axis. 
The ion-trap magnetic field required in the single-field traps is 

materially weaker than that required in the double-field trap. Among 
the single-field traps the tilted gun has the further advantage of re-

* See Moss, reference 4. 
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quiring neither the manufacture of asymmetric elements (as the bent 
gun) nor very precise adjustment (as the decentered aperture gun). 

lon-trap 
 magnetic 

fields 

Ion-trap 
magnetic 

field 

_ 

(a) 

exee,•:•••»meee.» exe>teeeeeke eet::: 

Focusing 
magnet 

— Electrons 
  Ions 

Deflecting 
yoke 

eeeeenRBI 

Focusing 
magnet 

(b) 

Fig. 1221. Ion-Trap Types. (a) Double magnetic field trap. (b) Tilted gun. 

The second lens of the 7DP4 (Fig. 12.20) is seen to be an electrostatic 
unipotential lens with its center element at a relatively low potential. 
The limiting aperture for the lens is placed at the end of the cylinder 
at ultor potential. With this arrangement the current collection by the 
focusing electrode is very small, so that a relatively high-resistance 
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bleeder may be employed to supply the focusing voltage without risk-
ing defocusing as the beam current is varied. In this manner the 
required capacity of the high-voltage supply is reduced. This consid-

lon-trap 
magnetic 

field 

(e) 

Ion-trap 
k..—magnetic 

field 

Etegeggee 

meeme.mmeyymbeeme 

«fflfflffl:Me 
kkeeknekkeke 

— 

efflee555555555>555: 
eeeekkeekkkkkke 

(d) 

Fig. 12.21. Ion-Trap Types. (c) Bent gun. (d) Decentered aperture gun. 

eration must be weighed against the disadvantage of higher spherical 
aberration inherent in this type of lens. 

In the larger direct-view kinescopes, in which a greater beam current 
and, hence, a fuller utilization of the second-lens aperture are required, 
a magnetic second lens is commonly employed. Figure 12.22 shows 
schematically the electron gun of the 16GP4 kinescope. The gun as-
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sembly is here mounted at a small angle with respect to the tube axis 
so as to simplify the structure of the magnetic field required in the ion 
trap. Apart from this, the first-lens region (including the ion trap) 
resembles that of the 7DP4 kinescope. On the other hand, the elec-
trons, after having passed through the tilted lens forming part of the 

Permanent magnet 

Cathode 
assembly 

Adjustable 
magnetic shunt 

( 02 (300 volts) 

Ion-trap 
tilted lens 

Aperture 0.048" 
Aperture 0.036" 

Ultor 
(12,000 volts) 

Magnetic 
lens gap 

Fig. 12.22. Schematic Diagram of Gun of RCA-16GP4 Kinescope with Perma-
nent-Magnet Second Lens. 

ion trap and having entered the ultor cylinder, undergo no further 
accelerations or decelerations. 
The magnetic lens which focuses the beam may be either electro-

magnetic, permanent-magnet-excited, or a combination of the two. In 
the example shown in Fig. 12.22 the magnetomotive force is provided 
entirely by a set of permanent magnets mounted between two soft-
iron disks. Focusing is accomplished by mechanically displacing a 
soft-iron cylinder which forms a magnetic shunt between the two disks; 
by increasing or decreasing the gap between the cylinder and one of 
the disks the magnetic field along the axis of the tube is increased or 
decreased, respectively. 
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Fig. 12.23. Cross-Section of Electrostatic Focus Gun. (Swedlund and Saunders, reference 25; courtesy of 
Electronics.) 
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A saving in scarce metals, particularly cobalt and/or copper, may be 
effected by replacing the magnetic second lens with an equipotential 
electrostatic lens, as indicated in Fig. 12.23.* For production economy 
and interchangeability, the two types of guns (Fig. 12.24) are designed 
to fit into identical tube envelopes and to operate with the same de-

Fig. 12.24. Structure of Electrostatic Focus Gun Compared with Magnetic Focus 
Gun. (Swedlund and Saunders, reference 25.) 

flection yokes. The added short focusing cylinder in the electrostatic 
gun (grid No. 5) operates at a voltage of 5 kilovolts or less with re-
spect to the cathode. The distance between cathode and second lens 
is reduced somewhat, reducing the beam size in the deflection field and, 
hence, deflection defocusing, at the cost of somewhat larger spot size 
at the center of the picture. Since, in tubes with magnetic focus, it 
has become customary to center the scanning pattern on the tube screen 
by slightly tilting the second-lens assembly, a small centering magnet 
ring is provided with the electrostatic tube to accomplish the same 
purpose. 

*See Swedlund and Saunders, reference 25. 
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An incidental advantage of the electrostatic gun is that its focus is 
not influenced by high-voltage changes, provided that the focusing 
voltage is derived from the high-voltage supply. As a still further step 
in the direction of making spot focus independent of the overall tube 
voltage, kinescope guns have been designed with a unipotential second 
lens, whose center element is connected to the cathode.* In practice 

.11—• 
,—Center lever 

Front internal 
pole piece 

Slide pole 

Mounting lug on 
external front 
pole piece 

Fig. 12.25. Kinescope Gun with Internal Pole Pieces. (Fogelberg, Morse, 
Reiches, and Ingle, reference 27; courtesy of Electronics.) 

Magnet segment 
External rear pole piece 

Coupling sleeve 
Focus control ring 

Rear internal pole piece 

Focus control 

provision must be made for applying a small focusing voltage between 
the cathode and the middle lens electrode, or extremely stringent toler-
ances must be maintained in the manufacture of the gun. 
An alternative approach to the problem of conserving magnetic 

materials or ampere turns of focusing power consists of placing the 
magnetic pole pieces of the second lens inside the tube neck. By this 
means the volume over which the focusing field extends, and hence the 
total magnetic flux required for focusing, are greatly reduced. At the 
same time, the stricter localization of the focusing fields lessens diffi-
culties from interaction between the deflection field and the focusing 
field. 

*See Bentley, Hoagland, and Grossbohlin, reference 26. 
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One form of an internal pole piece gun is shown in Fig. 12.25.* The 
internal pole pieces are here a hollow soft-iron cone and a flat apertured 
disk mounted on the end of the gun structure. Two flat external soft-
iron rings and a series of permanent magnet bars between them (or a 
sleeve enclosing the field coil) complete the magnetic circuit. Lens 
strength is adjusted by the displacement of one or both of the external 
pole pieces along the tube axis, centering, by the transverse displace-
ment of a sliding pole piece ring on the front external pole. 

Grid No. 1 Grid No. 2 

Lens bushing 
Aperture 

Ion -trap magnet 

Aperture 

Ion-trap 7 pieces Ion -trap 
aperture cup assembly 

(End-on view) 

Ion-trap 
magnet 

Focus magnet 

Fig. 12.26. Internal Pole Piece Gun of the General Electric Company. 

The General Electric internal pole piece gun shown in Fig. 12.26 
represents a more radical departure from conventional construction. 
Here, both the pole pieces and the permanent magnets are placed within 
the tube neck. The pole pieces, which are placed within the ultor tube, 
are machined out of a single iron cylinder, high-reluctance gaps being 
formed by reaming out the cylinder to such a thickness that the residual 
wall is fully saturated. The ion-trap magnet is also placed within a 
gun cylinder. Both the focusing magnets and the ion-trap magnet are 
magnetized in place by passing high-current pulses through external 
coils placed on the tube neck. In practice, they are first overmagne-
tized and then demagnetized in short steps with reversed-current pulses 
until spot focus and spot alignment are satisfactory. 

12.9 Guns for Low-Velocity-Beam Tubes. The gun required in low-
velocity-beam pickup tubes, such as the orthicon, image orthicon, and 
Vidicon, must satisfy conditions which differ materially from those im-
posed on kinescope and iconoscope guns. In the low-velocity guns, the 

* See Fogelberg, Morse, Reiches, and Ingle, reference 27. 
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electrons are accelerated away from the cathode, move down the tube 
at velocities corresponding to an accelerating potential of 50 to 200 
volts, and are then slowed down to virtually zero velocity at the target. 
The spot formed by the intersection of the beam with the target must 
be small—in the Vidicon, in which the scanning pattern is only half 
an inch wide, less than 0.001 inch in diameter. In addition it is de-
sirable—particularly in the image orthicon—that the electrons ap-
proach the target (for given target potential) with as nearly uniform 
a velocity component normal to the target as possible. Hence, the gun 
should not introduce a larger range in the direction of motion of the 
electrons than necessary. The only factor which makes it possible to 
satisfy all the above conditions simultaneously is that the required 
beam current is small—of the order of 0.1 microampere in the orthicon 
and Vidicon, of 0.02 microampere in the image orthicon. 

In all three tubes the beam is focused on the target by a longitudinal 
magnetic field of sufficient strength to form a series of intermediate 
images of the spot between guns and target. This magnetic field ex-
tends into the gun region, although it is, in general, attenuated here. 
The simplest electron gun would here consist of a small emitting 

source which is imaged by the uniform magnetic field on the target. 
Uniform electric fields would serve both to accelerate the electrons 
away from the cathode and to retard them as they approach the target. 
If the target potential were equal, under these circumstances, to that 
of the emitting surface of the cathode (due account being taken of 
contact potential) and aberrations introduced by the magnetic focusing 
field were neglected, a perfect image of unity magnification would be 
formed of the source at the target and the current density in the spot 
would be exactly equal to the emission density of the cathode. As the 
target is made more negative with respect to the cathode, the current 
density in the spot would become 

P = f Po — exP (— —k7) cict.o = P0e —eer/(kr) 
oo e ecpo 

kT 

Here po is the emission density and or the potential difference between 
cathode and target. 
The performance described can be approached quite closely even 

with practically realizable, nonuniform accelerating and retarding 
fields. Even so, the point-cathode gun does not represent a practical 
solution for the low-velocity pickup tube beam source: (1) It makes 
no provision for controlling the beam current except by adjusting the 

(12.21) 

WorldRadioHistory



480 The Electron Gun [Chap. 12 

temperature of the cathode; this makes it difficult to adjust to optimum 
beam current for the immediate operational requirement and does not 
permit cutting off the beam during the return periods of the scanning 
beam. (2) The current obtainable in a spot of the prescribed size is 
often not large enough to discharge the target under lighting condi-
tions giving optimum signal-to-noise ratio. The second factor is par-
ticularly significant in the orthicon and Vidicon. 

-2v +200 

Fig. 12.27. Low-Velocity Gun. 

A gun which overcomes both the above-mentioned objections is 
shown in Fig. 12.27. This gun consists of a cathode with a fairly large 
emitting area, a control grid close to the cathode, find a small defining 
aperture spaced a distance from the cathode equal to four or five times 
the cathode-grid spacing. The magnetic field extends from the cathode 
to the target and focuses the beam electrons. 
As operated, the grid-cathode structure forms a crossover which lies 

on the cathode side of the small defining aperture. In a typical elec-
trode assembly of this kind, the crossover will be about 0.005 inch in 
diameter. Its position depends on the grid potential. For smallest 
spot, the magnetic field is adjusted to focus the small defining aperture 
as sharply as possible on the target. 
The current obtained from a gun of this type is greater, for a given 

spot size, than where a small cathode is imaged on the target. How-
ever, the range of velocities is also greater. Quite generally, it is not 
possible to obtain a greater current density of electrons in any small 
velocity range than that corresponding to the maximum current density 
in an equal velocity range in the low-velocity gun first described. 
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Figure 12.28 illustrates the current reaching the target as a function 
of target potential for the two types of guns. The practical voltage 
range for the directly imaged cathode is less than 0.2 volt whereas for 
a large-cathode crossover gun the range may be 1 to 1.5 volts. 
The velocity range in the large-cathode crossover gun depends on 

the bias voltage applied to the control grid. As the grid is made more 
negative, the crossover moves back toward the cathode and electrons 

tll 

Target potential 

Fig. 12.28. Current to Target from Low-Velocity Gun. (1) Point cathode 
gun. (2) Focused gun. 

from a smaller area of the cathode enter the beam. Since the com-
ponents of the beam having low axial velocities consist of electrons 
coming from the outer portions of the cathode, to which the lens action 
of the grid-cathode system has imparted transverse velocities at the 
expense of longitudinal velocities, the more negative grid potential 
tends to remove these components and decrease the velocity range. 

In the orthicon and Vidicon, in which the signal is removed by means 
of a signal plate on the back of the target, a large beam current with 
considerable velocity range is not undesirable as long as a sharp spot 
can be maintained. In the image orthicon, on the other hand, where 
the magnitude of the return beam determines the noise superposed on 
the signal, the beam current should be made no larger than required 
to discharge the brightest areas of the target. Furthermore, this re-
quired current will be least if the velocity range of the electrons is very 
small since, then, a relatively large proportion of the beam electrons can 
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land, for any given target potential, on the target and contribute to 
the discharging process. 
An image orthicon gun of the type represented disgrammatically in 

Fig. 12.27 is shown, in section, in Fig. 12.29. The magnetic field 

G1 aperture O.O60 102 aperture 0.0015 (220 volts) 

Fig. 12.29. Schematic Diagram of Gun of RCA 2P23 Image Orthicon. 

strength at the gun is actually only a third or half of that in the main 
body of the tube. As compared with the point-cathode gun it possesses 
the practical advantages, not mentioned before, of greater ease of acti-

GI control grid 

Cathode 

Aperture 0.036" 
Limiting aperture 0.002" 

300 volts 
02 

"\-, 300 voltsY 
Wall coating 

Fig. 12.30. High-Current Gun for the Vidicon (Schematic). 

vation and reliability of the cathode and of shielding the photosensitive 
elements in the tube from the light of the cathode. With a magnetic 
focusing field of the order of 100 gausses and a beam energy of 200 
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electron volts, a real image of the defining aperture is formed at points 
approximately an inch apart, so that the image formed at the target 
is of relatively high order. 

In the Vidicon currents of 1 to 2 microamperes, extending the useful-
ness of the tube to higher light levels, may be obtained with the gun 
shown in Fig. 12.30. With this arrangement the current-transmitting 
region in front of the center of the cathode is imaged in the plane of 
the defining aperture. A grid bias of the order of 100 volts is required 
for cutoff, a voltage swing of 20 to 30 volts to vary the beam current 
between zero and its maximum value. 
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13 Video Amplifiers 

13.1 The Amplifier. In the foregoing chapters the two basic ter-
minal tubes of the television system have been discussed in some detail. 
It is evident from this discussion that, even where the camera tube 
merely operates a monitoring kinescope, it is necessary to amplify its 
signal output by a factor of many thousands before the signal voltage 
will be sufficient to swing the control grid of the viewing tube. If the 
camera tube is an element in a complete television broadcast system, 

Mod. To modulator 
amp and transmitter 

Fig. 13.1. Video Amplifier Chain at Transmitter. 

even further amplification is necessary. Not only must the picture 
signal from the camera tube be amplified up to the modulation level 
of the transmitter, but the signal also must be amplified at the receiver 
to the level required to operate the kinescope. 
The amplification of the transmitter may, for convenience, be divided 

into three steps, as was mentioned in Chapter 6. A camera amplifier 
with a gain of about 1000 is located at the television camera. The final 
stage of this amplifier has a fairly low output impedance and feeds a 
low-capacity flexible cable. The input of the monitoring amplifier is 
fed from this cable, and the signal is amplified up to monitoring level, 
and also to a level sufficient to supply the signal to a coaxial cable 
connecting the monitor to the transmitter. The output of a second 
cable supplies the modulation amplifier, which amplifies the signal to 
such an extent that it can be used to modulate the transmitter. This 
chain is illustrated in Fig. 13.1. 

485 
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At the television receiver the incoming signal must again be amplified. 
Here the problem is somewhat different in that a large part of the 
amplification takes place in the radiofrequency and intermediate stages 
of a superheterodyne receiver. This is shown in Fig. 13.2. However, 
the output of the second detector must usually be amplified by a video 
amplifier similar to that at the point of transmission before the signal 
is sufficient to operate the kinescope control grid. 

Since the requirements of these video amplifiers are the same except 
for the power which they must handle, the principles which will be 
considered in this chapter apply for the most part equally to all of 
them. 

Antenna 

R.F. 
amp. —1st det.— 

I.F. 
amp. — 2d det. 

Video 
amp. 

Kinescope 

Fig. 13.2. Amplifiers in Superheterodyne Receiver. 

13.2 Requirements of a Video Amplifier. The video amplifier is a 
thermionic vacuum-tube amplifier, and its basic principles are similar 
to those of the ordinary audio amplifier familiar in radio practice. Be-
cause the general amplifier problem, as represented by the audio ampli-
fier, has been treated so ably and completely in numerous textbooks, it 
is unnecessary to discuss here the entire theory of the amplifier. In-
stead, only problems resulting from differences in the requirements of 
audio and video amplifiers will be treated. 
The two principal demands which distinguish the video amplifier 

from the audio amplifier are: 

1. A constant frequency response over a band several megacycles 
wide. 

2. A constant time delay over the usable frequency range. 

The differences between the two types of amplifiers arise from these 
requirements of the video amplifier. Some attendant problems which 
must be considered are those of maintaining response at both high and 
low frequencies and at the same time keeping a linear variation of 
phase delay with frequency, of shielding without introducing high 
capacity, of decoupling the power supply to avoid low-frequency oscil-
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lation or motor boating, and of keeping a satisfactory signal-to-noise 
ratio. 
The frequency band required to transmit a picture was discussed in 

some detail in Chapter 5. Here it was concluded that to transmit a 
525-line picture with an aspect ratio of 4 to 3 at 30 frames per second 
required a bandwidth of approximately 4.5 megacycles. It should be 
noted that most audio amplifiers have a constant response over less 
than 10,000 cycles or, in other words, have a bandwidth of less than 
one three-hundredth of that required of a video amplifier. 

Since it is a property of the human ear that it cannot (within rather 
wide limits) detect phase distortion, the problem of maintaining con-
stant time delay does not enter into the design of an audio amplifier. 
However, it is apparent from the Fourier analysis of the picture signal 
given in Chapter 5 that the phase of the various frequency components 
making up the picture is very important. This is also obvious if the 
mechanism of the formation of the picture by scanning is kept in mind. 
The scanning beam in a 12-inch kinescope moves across the screen at 
a speed of 1.5 X 105 inches per second. Thus, if there is a time delay 
of only one microsecond for a particular frequency, the position of light 
maxima and minima resulting from this frequency will be shifted by 
0.15 inch. If there is an equal time delay for every frequency it will 
merely result in a shift of the picture as a whole and does not introduce 
any distortion. Therefore, the time delay over the frequency band 
used must be zero or a constant. Time delay is related to the phase 
angle as follows: 

àt 4./(27rf) 

where 4) is the phase angle. Hence, a constant time delay requires a 
phase angle which increases or decreases in proportion to the frequency. 
The phase angle of the video amplifier must, therefore, be proportional 
to frequency over the 4.5-megacycle band required. 

13.3 Amplifier Types. A rather wide variety of types of amplifying 
systems for sound equipment is available, differing from one another in 
the means used to couple the successive vacuum tubes. The principal 
types are (1) inductance coupled, (2) transformer coupled, (3) direct 
coupled, (4) resistance coupled, and (5) cathode coupled. This classi-
fication is not truly justified, as will become apparent as the discussion 
proceeds; however, it simplifies a preliminary survey of the field. The 
five amplifier types are shown schematically in Fig. 13.3. There are, 

of course, many modifications of each. 
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When each is examined in turn as to its desirability as a video 
amplifier, it becomes evident that the resistance-coupled amplifier most 
nearly meets the requirements. 
The inductance-coupled amplifier, though economical in power con-

sumption, is impractical because the great range of frequencies involved 
makes it impossible to use any of the known types of coupling chokes. 

1. Inductance coupled 

+B—C 

2. Transformer coupled 

3. Direct coupled 

+1? —C =-

4 Resistance coupled 

5.Cathode coupled 

Fig. 133. Principal Types of Class-A Amplifier Couplings. 

Air-core chokes cannot be used because the very large number of 
turns necessary to obtain sufficient impedance at low frequencies makes 
the distributed capacities high, which spoils both phase and amplitude 
response at high frequencies. Iron-core chokes, on the other hand, ex-
hibit a lack of response at high frequencies, and therefore are not suit-
able. Magnetite cores, or those using a powdered iron alloy in an 
insulating binder, as well as ferrite cores consisting of suitably processed 
complex metal oxides, come closer to yielding chokes which have the 
desired properties. Even these, however, have undesirable phase shifts 
and variation in impedance over a band as wide as that required by tele-
vision transmission. 
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Transformer-coupled amplifiers suffer from the same type of defects 
as inductance-coupled amplifiers and are, therefore, also impractical. 

Direct-coupled amplifiers are those in which each tube as a whole is 
maintained at a higher potential than the preceding tube, so that the 
plate of one tube is at the d-c potential of the grid potential of the next. 
This type of amplifier can be made to have excellent phase and ampli-
tude characteristics. However, its adjustment is extremely critical, 
and, furthermore, it is very sensitive to voltage fluctuations of the 
power supply. Even though this type of amplifier has been successful 
in experimental installations, its operation is considered too unreliable 
to make it really serviceable for a practical television system. 
The resistance-coupled amplifier is by no means ideal; nevertheless, 

by resorting to certain corrective measures, it is possible to obtain a 
satisfactory response. This type of amplifier is the one chiefly used as 
video amplifier and, therefore, will be considered in detail in the suc-
ceeding sections. 
The final class, the cathode-coupled amplifiers, cannot be used for 

voltage amplification since their gain never exceeds unity. However, 
they have their place in television as a means of coupling a low im-
pedance load, such as a cable, to a voltage amplifier. 

13.4 Resistance-Coupled Amplifier. The principle of the operation 
of the resistance-coupled amplifier can be seen from the circuit diagram 
in Fig. 13.3. If a positive impulse is impressed upon the grid of the 
first tube through its coupling condenser, the plate current through this 
tube increases. The rise in current increases the IR drop through the 
external plate resistance of the tube, causing its plate end to become 
more negative. The negative impulse thus produced is transmitted 
through the second coupling condenser onto the grid of the second tube, 
where it causes a decrease in the plate current of that tube. 

In order to predict the behavior of a resistance-coupled amplifier as 
a video amplifier, a quantitative analysis is necessary. A single stage 
of the amplifier, together with its equivalent circuit, is shown in Fig. 
13.4. The symbols in this figure have the following significance. The 
input voltage is el, and the voltage amplification pt, so that in the 
equivalent circuit the first tube can be represented as a voltage gen-
erator whose output is elit. R, rp, and Rg are the external plate re-
sistance, the internal plate resistance, and the grid resistance, respec-
tively. The condenser C is the coupling condenser, Cp is the capacity 
of the plate of the first tube to ground, and C, is the total input capacity 
of the succeeding tube. 
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It is evident from Fig. 13.4 that the interstage coupling in the re-
sistance-coupled amplifier is an impedance network rather than a pure 
resistance. Similarly, for the other amplifiers shown in Fig. 13.3, the 
coupling is a network and the designation indicates merely the pre-
dominant character of the network over part or all of the working range 
of the amplifier. The coupling network of the resistance-coupled am-
plifier exhibits the characteristics of a resistance only over that portion 
of the total frequency band for which the impedance of the condenser 
C is small compared with R, and the impedance of the tube capacity 
is large in comparison with R. 

COI 

Equivalent circuit 

Fig. 13.4. Simple Resistance-Coupled Stage and Its Equivalent Circuit. 

The response of this network to a voltage applied to the grid of the 
first tube can be determined from the circuit constants. If the voltage 
el is applied at the first grid, the voltage e2 appearing at the grid of the 
second tube will be * 

where 

and 

e2 = 
Z1Z2Atel 

ZiZ2 rpZi rpZ2 

R, — jwC,R,2 
Z1 —   

1 4_ w2cg2Rg2 

R — jwC,R2 
Z2 = 

1 + W2Cp2R 2 

X, = 1/(coC) 

— j(rpX, X,Zi) 
(13.1) 

It is apparent that the output voltage e2 is not independent of the 
frequency f = co/(24, and that therefore the response of the amplifier 
may not be flat over the frequency band required by the video signal. 

*To conform with electrical engineering practice, j is used instead of i to ex-

press V —1 in this and in subsequent chapters. 
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Since for an amplifier of this type C» C„ or Cg, and R, is very large, 
the expression given in Eq. 13.1 reduces to 

peiR 
e2   

R rp 

over the middle range of frequencies (i.e., frequencies such that 
1/(C,) and 1/ (wC„) are large compared with R, and 1/ (wC) is small 
in comparison with Re). At the two extremes e2 falls off for a given 
input voltage, and, furthermore, there is a varying phase relation be-
tween the input and output voltages. 

Instead of evaluating Eq. 13.1 directly, which leads to a rather 
cumbersome algebraic expression, more information as to the effect of 
the various circuit constants on the fre-
quency response is obtained if approxi- eiger—iP 
mations are made which permit a simple 
evaluation of the response at the highest T 2 

and lowest frequencies within the trans-
mitted band. Fig. 13.5. High-Frequency Equiv-

alent Circuit of a Resistance-
It is well known that an amplifier Coupled Stage. 

tube may be represented by a con-
stant current generator shunted by the internal impedance of the tube. 
Representing the transconductance by gm, the current output of this 
generator is given by the relation 

= eigm 

Furthermore, since the television amplifier must operate at low fre-
quencies, the coupling condenser C must be large and will, therefore, 
present negligible impedance at the upper frequencies. At these fre-
quencies the equivalent circuit can be represented with fair accuracy 
by Fig. 13.5. In this figure C, = C„ C„ is the total shunt capacity, 
and Re is the effective shunt resistance of R, rp, and Re in parallel, 
namely: 

RrpRg 

Rrp Rgrp RgR 

The output voltage e2 under these conditions is 

e2 = eig„,Z 

Re — jcoCtRe2 
 elgm I ± w 2ct2R.2 

(13.2) 
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The magnitude of the gain as a function of frequency is, therefore, 

Reg. 
G = 

N/1 ± 472f2C12Re2 
(13.3) 

whereas the phase angle is 

4, = — arctan (27fCtRe) (13.4) 

.10 

g 0.6 

2. 0.4 

ce 
0.2 

1.0 

0.8 

0 1 1.0 10:0 

f/fo 

Fig. 13.6. Response of the Coupling Shown in Fig. 13.5. 

For convenience, a certain maximum or critical frequency fo will be 
defined by 

1 
fo —  

IrCtRe 
(13.5) 

Later, when considering the correction of the amplifier at high fre-
quencies, the reason for this will become apparent. The magnitude 
and phase angle of the response in terms of this critical frequency are 

Reg. 
G =   (13.6) 

Vi+ (No)2 
= — arctan (f/fo) (13.6a) 

These are shown plotted as a function of frequency in Fig. 13.6. 
At very low frequencies the impedance of the coupling condenser C 

cannot be considered negligible, whereas the shunt load impedance due 
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to the capacity of the tube and wiring becomes so high that it can be 
neglected. The equivalent circuit for this case will, therefore, be that 
given in Fig. 13.7. The output voltage 
of this circuit will be e g nr ipf 

e2 = ejgmRa 
(Rg + Ra) — jXc 

where 

Rg 

Rr, 
= P 

+ 

1 R 

Fig. 13.7. Low-Frequency Equiv-
alent Circuit of a Resistance-

Coupled Stage. 

Since Ra, in this type of amplifier, is small compared with R,, 

(R, + jXc\ 
e2 = eigRgRa R82 ± Xc2) 

The magnitude of the gain is, therefore, 

and the phase angle is 
Xc 

= arctan — (13.9) 
Rg 

where X, = 1/(274C). These two functions are shown in Fig. 13.8. 
It is clear from the foregoing that it may be necessary to correct 

both the low-frequency and the high-frequency response of this type of 

(13.7) 

1 
G = g,aRgRa (13.8) 

R + X62 
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Fig. 13.8. Response of Coupling Shown in Fig. 13.7. 

amplifier if it is to be used for a very wide frequency band. The extent 
to which this correction is required depends on the characteristics of 
available amplifier tubes. 
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13.5 Vacuum Tubes Suitable for the Video Amplifier. It is evident 
from Eqs. 13.5 and 13.6 that the most important considerations in the 
choice of suitable tubes for the video amplifier are the transconductance 
and the capacity of the tube. An approximate criterion on which to 
base judgment of the merit of a tube for this purpose is the ratio of 
transconductance to capacity. However, this criterion must be used 
with caution because the wiring capacity is added to the tube capacity, 
which decreases the dependence of gain on tube capacity alone. 
Table 13.1 lists a few of the available types of tubes in order to 

estimate their performance in a resistance-coupled amplifier. Values 

TABLE 13.1. AMPLIFIER TUBE DATA 

Capacity, micromicrofarads Plate 
Transcon- Resist-

Tube Grid- Plate- Grid- ductance, ance, 
Type Ground Ground Plate micromhos ohms 

6C5 3.0 13 2.0 2,000 10,000 
6C6 5.0 6.5 1,200 1,000,000 
954 3.4 3.0 1,400 1,500,000 
955 1.0 0.6 114. 2,000 12,500 
6AK5 4.0 2.8 5,100 690,000 
6AG5 6.5 1.8 5,000 800,000 
6AB7 8.0 5 5,000 700,000 
6AC7 11 5 9,000 1,000,000 
6AG7 13 7.5 11,000 130,000 
6AU6 5.5 5.0 5,200 1,000,000 
6BQ7(%) 2.85 1.35 1.15 6,000 5,800 
6CB6 6.3 1.9 6,200 600,000 
6CL6 11 5.5 11,000 150,000 

are given for the grid-to-cathode, plate-to-ground, and grid-to-plate 
capacities, and also for transconductance and plate resistance. The 
first tube listed is a triode. The total input capacity is, therefore, the 
gria-to-ground capacity plus the grid-to-plate capacity times the 
voltage gain of the tube. If the gain of this stage is large, the input 
capacity is high owing to the reflected capacity. This fact excludes 
in general the use of triodes in video amplifiers. An exception to this 
statement occurs in the first stage of a video amplifier, where, from 
the standpoint of signal-to-noise ratio, it may be desirable to use a 
triode. This exception will be discussed in greater detail in a later 
section. 
The second tube, a pentode, is much more satisfactory. The total 

shunt capacity due to the tube electrodes is 11.5 micromicrofarads. 
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This leads to a figure of merit of 1200/11.5, or, approximately, 100. 
The next tube, an acorn pentode, played an important role in earlier 
camera amplifiers. Its figure of merit is about 220. There follows an 
acorn triode, the RCA 955. Here again the high reflected capacity 
limits its applicability in this type of amplifier. However, it can ful-
fill certain useful functions because of its very low static capacity. 
The remaining tubes listed were developed, largely, for television pur-
poses. They are designed to meet the requirements of wide-band am-
plification. The figures of merit of these tubes, as determined from the 
data in Table 13.1, are 

6AK5 750 
6AG5 600 
6AB7 380 
6AC7 560 
6AG7 540 
6A1J6 500 
6BQ7 135 
6CB6 760 
6CL6 660 

The calculated gain of a single stage will serve to indicate the per-
formance of various members of this group of tubes. For this purpose 
Eq. 13.6 is used, and a frequency is assumed such that f/fo is small 
compared to 1. The gain under these conditions will be merely Reg., 
where 

1 gni 
Re =  , so that G —  

27Cifo 27Cefo 

Furthermore, a wiring capacity of 5 micromicrofarads has been added 
to the tube capacity to obtain the total capacity Ct. The results are 
tabulated in the following table, assuming fo to be 4.5 megacycles. The 

TABLE 13.2. CALCULATED GAIN OF AMPLIFIER STAGE 

Type Cie R8 Gain 
6C6 16.514 2100 2.6 
6AK5 11.8 1.4 3000 15.3 
6AC7 21 wif 1700 15.1 
6AU6 15.5 µµf 2300 11.9 

superiority of the special television tubes is very apparent; they have, 
accordingly, replaced all other types for the low-level stages of video 
amplifiers. 
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13.6 High-Frequency Correction. The gain per stage of a simple 
resistance-coupled amplifier is given by Eq. 13.6. This equation shows 
that the gain has dropped to 70 percent of its intermediate-frequency 
value by the time the applied frequency has reached the characteristic 
frequency fo. An amplifier with this characteristic would be service-
able only over a frequency range well below fo. In order to accom-
modate the wide band required by the video signal, fo must, therefore, 
be very high. However, fo can be increased only by decreasing the 
coupling resistor R, since the shunt capacity is fixed. This, of course, 

-I-B 

i p= el gm 

(a) 

Fig. 13.9. Response Correction by the Addition of an Inductance to a Resistance-
Coupled Stage. 

(b) 

decreases the intermediate-frequency gain. It is obviously desir-
able to compensate the stage in order to improve its response at high 
frequencies. 
The inclusion of a small inductance in series with a load resistance R 

is one of the simplest methods of obtaining partial correction of the 
response. This circuit, together with its high-frequency equivalent, 
is given in Figs. 13.9a and 13.9b. The voltage amplification for this 
stage is 

e2 
= Z (13.10) 

where Z is the impedance of the coupling net at the frequency f. By 
ordinary circuit calculation methods this impedance is found to be 

2:fct + j' G raft 41r2f2L2 R2) 

2/rfet [R2 ± (2rfL 1 2 \21 
1:K) 

(13.10a) 
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The absolute value of the gain is, therefore, 

\I R2 L 472f2L2 R2)2 

47t2f2Ct2 cg 
G — g„, 

2rfC,[R2 (27fL 1 2 )2] 
11C, 

whereas the phase angle is given by 

L/C t — z172f2L2 — R2 
= arctan  (13.11a) 

R/(27fCt) 

At intermediate frequencies such that 1/(27rfC,) >> R and R» 27rfL, 
the gain becomes 

= g,„R 

As expressed by Eq. 13.11, the effect of the various circuit constants 
on the gain is not immediately apparent. A simplification can be 
effected by the substitution 

1 
fo   K —  

22-CgR CiR2 

In terms of fo, K, and G, Eqs. 13.11 and 13.11a yield for the gain as 
function of frequency 

G 

and for the phase angle 

K 2 (f)2+ 1 

K 2 (p4 - (2 K — 1) (1112  ) + 1 
o 'fol 

4, = arctan —f [(K — 1) — 
fe 

(13.12) 

(13.12a) 

The value of K giving a gain ratio of unity at f = fo can be seen from 
Eq. 13.12 to be K = 0.5. This value is obtained by using the following 
circuit constants, as derived from the definitions of fo and K: 

1 
R —  

IrfoCt 

1 
L =  

872f02Ct 
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The response under these conditions is not flat but rises to a value 
somewhat greater than unity at frequencies slightly below fo and then 
falls rather rapidly. The time delay is not constant, which is a more 
serious fault than the slight rise in the response. 

More favorable response char-
acteristics can be obtained with 

.14  other circuit constants. The 
e..12  most nearly flat response is to 
rem Ç  be had if K = 0.41; K = 0.32 
a   gives the most nearly constant 

.08 
time delay. In practice, a corn-

1.4 11111 promise value of K is generally 
1.2 liii K=0 50  used. Figure 13.10 gives a lam-
s 1•0 ily of response curves corre-

O .  
Et° 0.8 sponding to various K values. 

34 \1 liii 13.7 The General Coupling 
à 0.6  

Network. The resistance-coupled 
0.4  amplifier stage with a correcting 
0.2 fl element added to it is a special 

case of the general two-terminal 
coupling network. Although to 
date only a comparatively few 

Fig. 13.10. Families of Response Curves 
for Coupling Circuit Shown in Fig. 13.9. members of this class of networks 

have been thoroughly examined, 
nevertheless valuable results have already been obtained and interest-
ing generalizations have been reached. 
An amplifier stage with a generalized two-terminal circuit network 

is shown in Figs. 13.11a and 13.11b. One limitation imposed on this 
network is that the tube capacities, Ci, must appear across the input 
of the circuit as shown in Fig. 13.11c. H. A. Wheeler * has shown, 
without rigorous proof, that, if Z is the most general two-terminal filter 
possible, the response giving a flat characteristic over a bandwidth from 
a very low frequency to the characteristic frequency fo is limited to 
G = g„./ (7rfoCt). Actually, this response cannot be fully realized in 
practice. 
The response of the general circuit (Fig. 13.11a) is, of course, 

G = g.Z(.1.) 
and its constancy is determined by the constancy of the impedance 
Z(f). The general conditions of constancy for a given network can be 

0.1 1.0 

•174 

*See Wheeler, reference 11. 

10.0 
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easily determined.* The square of the impedance is expressed as a 
ratio of power series of the frequency, as shown: 

4 
Z(f)12 = 1 Z(0)12 1 + alf2 a2f 

1 -I- bif2 b2f2 b3f6 -F • • • 
(13.13) 

If now the coefficients of terms of like powers in the numerator and 
denominator are equal, the response is flat. Similarly, the derivative 
of the phase response can be expressed as a ratio of two polynomials, 

(a) 

et gm= 

(b) 

cf 2 

(c) 

Fig. 13.11. Two-Terminal Network as Amplifier Coupling. 

and a correspondence of coefficients of like terms is the criterion for a 
constant time delay.t 
Equation 13.12 describes the amplitude response of the circuit dis-

cussed in section 13.6 by a fraction of the type shown in Eq. 13.13. 
The fact that the denominator contains (f/io) 4) whereas the numerator 
does not, shows that this type of coupling net cannot be made truly 
flat. However, for the range of frequencies over which (f/f0) 4 may be 
neglected in comparison to (f/f0)2, the amplifier response will be con-
stant if 

or 
= 1 — 2K 

K = 0.414 

* G. V. Braude showed that, if the impedance is developed as a Taylor's series 
and the coefficients are equated to zero, the response is flat. Tellegen and Verbeck 
originated the simpler method described, and showed it to be equivalent to 
Braude's method. J. Tech. Physics, U.S.S.R., Vol. 4, Nos. 9-10, 1934. 
t See Herold, reference 10. 
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If this value of K is introduced into Eq. 13.12, the amplitude response 
at fllo = 1 is found to be 93 percent. 
The phase angle for this circuit was given by Eq. 13.12a, which is 

—arctan M[1 — K (fT)2]} 
o o 

Differentiating Eq. 13.12a and equating coefficients, the condition for 
constant delay is fulfilled when 

K3 + 3K — 1 

K 0.32 

It has been estimated that, if the amplitude response at the maximum 
frequency in the video signal does not fall below 90 percent of the 

Fig. 13.12. Coupling Network, Including Inductance and Capac'ty for Response 
Correction. 

intermediate-frequency gain, it may be considered satisfactory. If the 
value K = 0.37 is used, the amplitude response at f/fo = 1 will be about 
90 percent of that at intermediate frequencies, and the departure from 
constancy of time delay over this region will be 0.004/fo. This is to be 
compared with a drop of the amplitude response to 90 percent at 
///o = 0.48 accompanied by 0.005//o delay error for the circuit without 
the inductance (Fig. 13.4). 
A condenser C2 placed across the inductance, as shown in Fig. 13.12, 

increases the frequency range over which the gain remains above 90 
percent. By the methods described above, it can be shown * that, for 
K = 0.38 and C2 = 0.30C, the range of frequency is 1.25/0 and the time 
delay variation 0.008/fo. 
A four-terminal network, as shown in Fig. 13.13, may also be used 

as interstage coupling. An advantage is gained in this case in that the 
tube capacities are not lumped but are at the two ends of the net. 

*See Herold, reference 10. 
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Wheeler has shown by very general methods that a maximum ampli-
tude response of 

gm  
G= 

irfoN/Cyj,—,C, 
(13.14) 

is obtainable with a flat characteristic when the impedances at the two 
ends of the net are properly matched to the respective capacities. 

+17a-vc 

Fig. 13.13. Four-Terminal Network as Amplifier Coupling. 

A ir network with an added inductance * in series with the load 
resistor, as shown in Fig. 13.14, represents a typical four-terminal 
coupling network. The circuit constants giving flat response are 
L1 = 0.12CR2, L2 = 0.52CR2, Cp = 0.34C, and C, = 0.66C. With 
these constants, the response does not drop below 90 percent up to 
f/f0 = 1.8, and the delay error is limited to 0.00910 in the same range. 
Circuits similar to that shown in Fig. 13.14, eventually with a resistance 

Fig. 13.14. Simple Embodiment of the Four-Terminal Network as a Coupling 
Means. 

large compared to the load resistance shunting the series inductance, 
find extensive application in video amplifiers. 
The problem of interstage coupling from the standpoint of two-

terminal and four-terminal filter theory has been investigated by 
Wheeler.f Considered from this point of view, the two-terminal 
coupling becomes a low-pass filter whose input impedance determines 
its effect on the response. A filter of constant-k sections, concluded 

*See Braude, reference on p. 499, and Herold, reference 10. 
t See Wheeler, reference 11. 
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with an m-derived half section and giving an image impedance ap-
proximately matching the terminal resistor R (which in this case is 

Fig. 13 15. Constant-k Network. 

the external plate resistor), is shown in Fig. 13.15. Such a filter, if 
made up of a large number of sections, has an impedance given by 

I z I 

and a phase angle 

= 

\11 — (1 — n2) (-f.1---)2 
o 

n —1 
fo aretan 

(13.15) 

(13.15a) 

where fo is 1/ (27rRC). The total tube capacity in this case is 
(1 n)C = C. The impedance for various values of n is shown in 
Fig. 13.16 together with the phase angle. The amplitude response 
becomes perfectly flat when n is equal to unity, and under these con-
ditions the gain is 

29m 
G = gmR = 

27rfoCt 

Under conditions of maximum constant gain, the time delay is not 
constant. In order to maintain as nearly uniform delay as possible, 
n must be somewhat greater than 1, and, as is apparent from the 
form of the expression for Z, the response is not constant under these 
conditions. 

It has also been shown that the three two-terminal coupling circuits 
which have been described above are elementary forms of this type of 
filter. With optimum circuit constants the circuit shown in Fig. 13.4 
has an approximately uniform gain of 20 percent of that of the ideal 
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Fig. 13.16. Characteristics of Network Shown in Fig. 13.15. 
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two-terminal network. The circuit of Fig. 13.9 is a single constant-k 
half section and gives 55 percent of the ideal response. Figure 13.12 
is an m-derived section and is capable of yielding 70 percent. It is 
interesting to note that a circuit which includes a constant-k half sec-
tion and an m-derived half section will give a gain which is 95 percent 
of the theoretical maximum. 
Another approach toward obtaining large bandwidth with tubes of 

given characteristics employs "distributed amplification," discussed 
briefly in Chapter 15, p. 654. Here the input and output circuits form 

parallel low-pass filter chains with equal 
time delay per section, joined by one am-
plifier tube per section; the filter capacities 
are provided by the tube capacities. In 
this manner gain can be obtained at arbi-
trarily large bandwidths, simply by the 
addition of tubes and filter sections, as 
long as the attenuation in a filter section 
is less than the signal enhancement by 
an amplifier stage. However, the require-

ments of the video amplifier are generally sufficiently modest to make 
this refinement unnecessary. 
Although high theoretical efficiencies should be obtainable with these 

more complex circuits, and are in fact realized, they are limited by 
factors such as the distributed capacity of coils and unwanted re-
sistance losses. Four-terminal networks of the type shown in Fig. 
13.14, and eventually of even greater complexity, find wide employment 
in video amplifiers. 
Negative feedback provides a more general method of improving 

amplifier response. This type of feedback consists of returning the 
output voltage to the grid through a suitable network, in such a way 
that it opposes the input voltage. Figure 13.17 illustrates such a cir-
cuit schematically. If it is assumed that the gain of the amplifier is 
G1 and the attenuation of the return network is ig (either G1 or fl, or 
both, may be complex), the following relation exists between output 
voltage e2 and input voltage el: 

e2 = Mel — 0e2) 

The net gain of the amplifier with feedback is, therefore, 

e2 Gi  
— = G — (13.16) 
el 1 ± Gil3 

Fig. 13.17. Block Diagram of 
Feedback Amplifier. 
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If, now, the voltage feedback is large compared with the input voltage, 
or, in other words, if the term G1j is large compared with 1, the net gain 
becomes 

G 1/i3 

Thus the effective gain becomes independent of the properties of the 
amplifier and is determined solely by the characteristics of the return 
network. For example, if an amplifier has a gain of 2000 at inter-
mediate frequencies, and 1000 at the maximum frequency, and the 
loop has an attenuation of 0.01 independent of frequency, the net gain 
would be 

2000 
G — = 95 at intermediate frequencies 

1 + 20 
and 

1000 
G = — 91 at maximum frequency 

1 -I- 10 

The effective gain is therefore nearly constant in spite of the 2-to-1 
change in amplifier response. 

Actually, because of the difficulty in stabi-
lizing such an amplifier over the wide fre-
quency band required for the video signal, it 
is used in practice only in relatively simple 
forms. A frequently encountered simple —I 
feedback circuit is shown in Fig. 13.18. The 
feedback here cannot be made sufficient to 
render the net gain independent of the ampli-
fier characteristics; consequently, the return 

Fig. 13.18. Simple Feed-
network in the cathode circuits is not made back Circuit for Correct-

fiat but is given properties compensating for ing Frequency Response. 

the errors in the amplifier. The return net 
shown consists of a resistor shunted with a small condenser, making the 
negative feedback at high frequencies less than at low, compensating 
for the falling gain of the amplifier. 

13.8 Low-Frequency Response. The television amplifier must not 
only respond to high frequencies, but must also be capable of amplify-
ing signals down to below frame frequency of the picture being trans-
mitted. The frequency range should theoretically extend to zero fre-
quency if pictures of moving objects are to be perfectly transmitted. 
However, if an amplifier is good to a little below repetition frequency 
and very low frequencies corresponding to the average light are re-

Feed back 
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inserted by methods which will be described later, the error introduced 
is negligible. 
According to Eqs. 13.8 and 13.9 the expressions * for the response of 

a resistance-coupled stage at low frequencies are 

1 
G = gmR,R 

Rgm 

/R,2 -F Xe2 N/1 (Xe2/R,) 

Xe 
= arctan — 

R, 

1 
Xe —  R «I., and R, 

where R and R, are the plate and grid resistors and C is the coupling 
capacity. 

If the choice of C and R, were not limited, the gain could be made 
constant down to any desired frequency. However, the choice of R, 
is restricted by the grid characteristics of the tube in question, and in 

Fig. 13.19. Circuit for Improving Low-Frequency Response. 

general cannot exceed about 500,000 ohms. The coupling condenser is 
limited by the fact that the physical size of a large capacitor intro-
duces a large shunt capacity between grid and ground, and thus, as 
has been shown, has a very adverse effect upon the high-frequency 
response. A practical limit to the value of the coupling condenser may 
be taken as 0.1 microfarad. 
Assuming a frame frequency of 30 cycles, the impedance of a 

0.1-microfarad coupling condenser will be about 50,000 ohms. This 
means that the gain will be dropped one-half percent of its value for 
intermediate frequencies. The phase delay, however, will be quite 

*These apply equally to the circuits discussed in sections 13.6 and 13.7 with the 
exception of those employing negative feedback. 
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large, being about 54O-4 second. In other words, a sine wave of this 
frequency impressed upon the grid will be delayed nearly 3 percent of 
the vertical distance on the screen for each stage. This delay can, to 
some extent, be corrected by the filter shown in Fig. 13.19. 
The correction factor to be applied to the gain as a result of the 

circuit illustrated is 

K
{[RR? X,12(R R1R)1)]2 (XciR12)21 

=   
RRi2 Xci2R 

where 'id = 1/(2eCi) and the term 

= — arctan 
RR? -F X,12(R + R1) 

Xcirel2 

(13.17) 

(13.18) 

is added to the phase angle. 
As before, R is determined by the high-frequency response desired. 

This expedient does not yield complete correction, but, by properly 

F O 
line 

choosing R1 and C1, the response at frame frequency can be made suf-
ficiently good, from the standpoint of both phase and gain, for practical 
picture work. 

Since this type of amplifier is made to respond to low frequencies, 
great care must be taken to decouple the common high-voltage supply, 
so as to avoid low-frequency relaxation oscillations or motor boating. 
It is often found necessary to place a condenser of 1000 or more micro-
farads across the plate supply of such an amplifier. 
Another method used, either alone or in conjunction with a large 

condenser, to lower the impedance of the voltage supply, is a vacuum-
tube voltage regulator. One form of this regulator is shown in Fig. 
13.20. The regulator tube T is arranged so that, as its plate current 
increases, the IR drop across the resistance R decreases the output 
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voltage e. The grid potential with respect to the cathode is determined 
by the potential across Rb of the voltage divider. If now, for any 
reason, e tends to increase, the grid of tube T becomes more positive, 
causing the plate current to increase, which produces a drop along R 
opposing the increase of e. Greater sensitivity can be obtained if the 
single tube T is replaced by several stages of amplification. This type 
of constant-voltage plate supply is very useful for television work. 

13.9 Overall Amplifier Response. The response of only a single 
stage of amplification has been considered so far. In practice, the corn-

7 
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Fig. 1321. Response of Multi-Stage Amplifiers. 

0 1f,/  

(a) 

plete amplifier consists of a great many cascaded stages, and the overall 
response is the important consideration. If the amplifier consists of 
identical stages and there is no accidental regeneration resulting from 
improper shielding, the overall gain will be the gain of a single stage 
at each frequency raised to a power equal to the number of stages, 
whereas the time delay will be the product of the delay for each stage 
and the number of stages. The amplitude and delay curves * for 16, 

*See Bedford and Fredendall, reference 12. 
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32, and 64 stages of amplification coupled as shown in Fig. 13.9, with 
K = 0.5 and K = 0.44, are given in Fig. 13.21. 

It is often advantageous to employ stages which are not identical 
but differ in such a way that they tend to mutually compensate their 
individual defects. Thus, a filter-coupled stage which has a flat re-
sponse but a positive time delay error over part of the useful frequency 
band can be used with another constant gain stage which has a nega-
tive delay error over the same portion of the band. If the character-
istics of the individual stages differ, the overall gain is the product of 
the gains at each frequency, and the total delay error is the algebraic 
sum of the individual errors. 

In amplifiers having a great many stages, as at the pickup, monitor-
ing, and modulating units of a transmitter, it was formerly the practice 
to use the complex coupling circuits required for high gain only in the 
initial stages, that is, up to the point where the signal level was well 
above the level of the noise generated by the amplifying tubes and 
coupling circuits. The remaining stages were simple wide-band stages 
of low gain, requiring little frequency compensation, simplifying the 
problem of maintaining constant gain and delay characteristics for the 
amplifier as a whole. Improvements in design and circuit components 
make it practical now to employ high-gain stages throughout, reducing 
the total number. 

13.10 Frequency Response Characteristics and Picture Quality. 
The analysis of the various amplifier circuits discussed in this chapter 
yields response characteristics in terms of amplitude and phase angle 
as function of frequency. It is difficult even after considerable ex-
perience to estimate directly from such response curves the quality of 
the picture that will be reproduced. Consequently, it is desirable to 
express the response characteristic in a form which can be more con-
veniently interpreted in terms of picture quality. 
The response of an amplifier to a voltage step is a very convenient 

indication of its behavior as a picture amplifier. The application of 
the gain and phase curves to determine the corresponding transient 
response involves the use of a Fourier integral. Furthermore, here, as 
elsewhere, the treatment is greatly simplified by considering high- and 
low-frequency response separately. 
The high-frequency transient response requires a knowledge of only 

the upper portion of the gain and phase curves, and assumes that from 
the intermediate frequencies down to zero frequency the gain and delay 
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are constant. On the other hand, the low-frequency analysis assumes 
that the upper end of the response spectrum is perfect. 
Let it be assumed that the impulse shown in Fig. 13.22a is applied 

to the input of the amplifier. For convenience, the height of the voltage 
step is taken as unity. Therefore, the input signal can be expressed as 

Mt) = 0, --co < t < 0 

.fi(t) = 1, 0 < t < co 

The Fourier representation of this function is 

1 1 r sin 27ft 
Vo = — —  df 

2 7 o f 

This equation can be interpreted to mean that the frequency spectrum 
of the voltage impulse applied to the input of the amplifier consists of 

(a) 

Fig. 13.22. Frequency Distribution of Unit Voltage Step. 

a continuous distribution whose amplitude is proportional to 1/f. This 
distribution is shown in Fig. 13.22b. The fact that the amplitudes be-
come infinite as f approaches zero causes no difficulty when a-c ampli-
fiers are considered. As far as the low-frequency portions of the re-
sponse characteristics are concerned, the gain of the amplifier becomes 
zero before zero frequency is reached. For the high-frequency analysis 
this portion of the spectrum is unimportant. 

After passing through the amplifier the frequencies represented in 
the spectrum will be amplified by amounts which can be determined 
from the gain curves and will also be delayed by known phase angles. 
Consequently the output frequency spectrum will not be identical with 
the input spectrum. It will, however, represent some form of voltage 
impulse. The Fourier integral giving the form of this impulse is 
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A(0) 1 f °° A(f) cos OW . 
V = 4- —  sin 27rft df 

2 T 0 f 
1 f- AU) s f in o(f) 

r 
± —  cos Irft df (1319) 

o  
where A (f) is the gain of the amplifier as a function of frequency and 

(f) is the phase shift. 
In view of the oscillatory character of the integrands, a numerical 

evaluation of the integrals in Eq. 13.19 is extremely laborious. As 
pointed out by A. V. Bedford and G. L. Fredendall,* the desired infor-
mation can be obtained much more simply by considering the response 
of the amplifier to a square wave with a fundamental period longer 
than the time during which the response of the amplifier to a step 
voltage deviates appreciably from the final value. Empirically, the 
highest frequency fp for which the gain and phase delay are sensibly 
constant may be employed as square-wave frequency for any real 
amplifier. The Fourier series for the square wave has the form 

1 2 1 1 
Vo = — — { sin 2irfpt — sin 6irfpt — sin 107rfpt + • • • } (13.20) 

2 r 3 5 

so that the response of the amplifier to the square wave may be written, 
employing the same notation as for Eq. 13.19: 

A(0) 2 , 
V = IA(fP) sin [27rfpt efp)] 

2 T 

*A(3fP) sin [67fpt (i)(3.fp)] 

+kA(5f) sin [10rfpt 4)(5fp)] + • • •1 (13.21) 

[A(0) = 

Since fp is chosen so as to lie reasonably close to the upper boundary of 
the transmission band of the amplifier, a relatively small number of 
terms will generally suffice to give a faithful representation of the re-
sponse to the square wave and, hence, to the voltage step represented 
by the rise of the square wave. 

Figure 13.23 shows the response of 16, 32, and 64 amplifier stages of 
the type shown in Fig. 13.9 to a voltage step, calculated by Bedford 
and Fredendall by utilizing a square wave with a fundamental fre-
quency 0.44/ (27r-VLCt). Figure 13.23a shows the transient response 
curves for the three amplifiers having the frequency characteristics 

*See Bedford and Fredendall, reference 12. 
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given in Fig. 13.21a, where K = 0.5; Fig. 13.23b shows similar curves 
for the response given in Fig. 13.21b for K = 0.44. It is immediately 
apparent that, if the rest of the system is assumed to have an ideal 
response, the amplifier producing the curves in Fig. 13.23a cannot be 
used because of the extreme overshoot which would result in a dark 
line following every change from black to white in the picture, or a 
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Fig. 13.23. Transient Response to Unit Step of Amplifiers with Characteristics 
Shown in Fig. 13.21. 

white line following a change in the opposite direction. The transient 
response shown in Fig. 13.23b will, however, be usable since the over-
shoot is only about 10 percent, which is not objectionable. The "region 
of blurring" is greater for the second amplifier. 
As will be seen in the next section, the analysis of the transient re-

sponse to a unit voltage step may be extended to include the low-fre-
quency portion of the amplifier spectrum. However, from the point of 
view of picture reproduction the response of the amplifier to a square 
wave of field frequency (representing a stationary horizontal bar) or 
of slightly less than field frequency (a horizontal bar moving in the 
vertical scanning direction) yields the needed information more di-
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rectly. If Ai and Di are the gain and time delay, respectively, at inter-
mediate frequencies, the response may conveniently be written in the 
form 

V(t) = AiVo(t — Di) 

ao 2 

„=0 (2n ± 1)r 
B2n+i sin (27[2n ± l]fpl — 02n-Fi) (13.22) 

with 

B„ = {[A(nfp) cos (fr(nfp) — Ai cos (2/rnfpDi)12 

+ [A (nip) sin (1)(nip) + Ai sin (2irnzfpDi)121 
and 

— A (nfp) sin ije(nfp) — Ai sin (271-nfpDi) 
= arctan  

A (nfp) cos 4)(nfp) — Ai cos (27nfpDi) 

The first term represents the undistorted response of the amplifier, the 
sum, the correction required by the fact that the actual response is 

Applied wave 

f. Frequency 

> T > 1 
fc 

Amplifier output 

Fig. 1324. Effect of Sharp Low-Frequency Cutoff on the Reproduction of a 
Square Wave with Fundamental Frequency below Cutoff Frequency. 

nonuniform at low frequencies. The higher terms of the sum vanish 
since, by assumption, the gain and delay are constant for intermediate 
and high frequencies. For infinitely sharp cutoff at the frequency fo, 

fp < fo < 2fp, the correction consists of a superposed sine wave —2Ai 
7r 

sin (27rfp(t — Di)). This is shown in Fig. 13.24. In any true amplifier 
there is a gradual variation of both gain and phase delay with frequency, 
and the spurious shading effects are much less drastic. Thus Fig. 13.25 
shows the response of a simple uncorrected network with a 500,000-
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e 

,Rg 

C = 0.0158 1...d 
Rg R = 530,000 

(Rg>> R) 

Amplifier output 

e2 
Applied wave 

T = 1/60 sec 

1/60 sec 

Fig. 13.25. Response of Uncorrected Coupling Network to Square Wave at Field 
Frequency. 

ohm grid resistance and a 0.016-microfarad blocking capacitance to a 
60-cycle square wave. Equation 13.22 yields in this special case 

gmRRg 
At =  Di = 

R, + R 

B„ — .v472n2fp2c2(Rg f)2 + 1 

O Ai = arctan 2irnf„C(R, + R) 
+ 1 

arctan 3.16n 

Ai 

so that 

V(t) =-- Ail Vo(t) + 0.192 cos (120irt ± 17°32') 

-1- 0.022 cos (360irt ± 6°01') -1-- 0.008 cos (6007rt ± 3°37') 

+ 0.004 cos (8407rt + 2°35') + • • • 1 

The very low coupling capacitance has been chosen to demonstrate 
the effect more clearly. With, e.g., 0.1 microfarad the first term would 
have been only 0.05 cos (120.fft ± 2°52'). If amplitude and phase re-
sponse are corrected in the manner described in section 13.8, the 
spurious shading is further reduced. Since gain and phase character-
istics of real amplifiers vary smoothly with frequency, an amplifier 
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which gives undistorted response down to frame frequency will have 
reasonably good response also for somewhat lower frequencies and thus 
reproduce moving, as well as stationary, horizontal bars without undue 
shading. 

13.11 Amplifier Response by Laplace Transformation. In the pre-
ceding section a convenient method has been outlined for inferring the 
response of an amplifier to a unit voltage step from its reaction to a 
square wave of suitable fundamental frequency. In this manner a 
close approximation to the step response can be calculated simply and 
rapidly for an amplifier of arbitrarily many stages, provided that its 
gain and delay are known as functions of frequency. The method of 
the Laplace transformation is usually somewhat less simple to apply, 
particularly for an amplifier of many stages; on the other hand, it 
yields an exact expression of the step response, in analytical form. The 
Laplace transformation makes it possible to reduce the solution of the 
differential equations governing the currents and voltages in a coupling 
network resulting from a step input to a series of algebraic operations 
similar to those required to calculate the stationary response of the net-
work to a sinusoidal input. Furthermore, since an arbitrary transient 
can be constructed by the superposition of step functions, the method 
of the Laplace transformation is applicable to arbitrary transients. 

If we consider a function f (t) which is zero for all values of t < 0, 
its Laplace transform is defined as 

co 
F(s) = { f =. (t) di 

./0 

Furthermore, integrations by parts show that: 

«,C (611t)d = — f (0) ± sF(s) 

(d2f) df = — (0) — sf (0) + 8.2F (s) 
dt2 

d2f df 2 (0) — (0) — s2f (0) s3F(s), etc. 
\del - - dt2 di 

(13.23) 

(13.24) 

Since, also, obviously 

£{f1(t) af2(01 = oel.ii(t)1 cLe {Mt)} = Fi(s) aF2(s) (13.25) 

it is seen that the Laplace transformation converts any linear differ-
ential equation with the independent variable t into a simple algebraic 

WorldRadioHistory



516 Video Amplifiers [Chap. 13 

equation with the variable s. If this algebraic equation is solved for 
F(8), the function of t corresponding to F(s) is obtained by applying 
the inverse Laplace transformation: 

f 
f (t) = IF(s)) = — eiF(s) ds (13.26) 

2/ri 

where y is any positive number, so that the integration is carried out 
along some ordinate axis in the positive (right-hand) half of the com-
plex plane for s.* In the circuit problems to which we wish to apply 
the Laplace transformation F (s) quite generally has the form of a 
ratio of two polynomials in s, the denominator being of higher order 

Im
ag

in
ar

y 
ax

is
 

s = 0 -y Real axis 

-- —I = +  y 

Fig. 13.26. Integration Loop for Evaluating Inverse Laplace Transformation. 

in s than the numerator. If the denominator is factored appropriately, 
it is thus permissible to write 

G(s) 
F(s) — 

JI (s — 
(13.27) 

where the ai are the roots of the denominator whose real parts are less 
than or equal to zero, the ni are integers, and G (s) is a function which 

*The reader can readily verify the validity of the inverse transformation (13.26) 
by substituting the expression for F(s) from Eq. 13.23; is any real number for 
which 

hm f E-71(1) dt < oc 
T 00 0 

the existence of a number y being the condition of transformability for the func-
tion f(t). In the examples given here this condition is fulfilled for any positive y. 
For further details regarding the Laplace transformation, see, e.g., J. A. Stratton, 

WorldRadioHistory



Sec. 13.111 Laplace Transformation 517 

is regular throughout the negative complex half plane (Re (s) 0). 
Since for this form of F (s), nothing is added to the value of the in-
tegral in Eq. 13.26 by adding a loop about the negative complex half 
plane as indicated in Fig. 13.26, this integral (y being chosen arbi-
trarily small) may be regarded simply as a contour integral about the 
complex half plane. It is thus possible to apply Cauchy's integral 
theorem, to the effect that the value of an integral about a closed loop 
in the complex plane is equal to 27ri times the sum of the residues of 
the poles of the integrand in the interior of the loop. Thus Eq. 13.26 
becomes 

(t) = E  1  r dni-1) 
(n1- 1)! Las(ni--1) le`(8 — ai)"F(8))] s=ai (13.28) 

In particular, if all the roots of the denominator are different (nt = 1) 

G(at) at 
At) = E fl (ai — ai) (13.29) 

The application of the procedure just outlined is best illustrated by 
determining the response to a unit step for an actual circuit, such as that 
shown in Fig. 13.9b. The Laplace transform for the step function 

= 0, t < 0; = 1, t > 0 

is readily evaluated and found to be 

= 1/s 
dq2 

Furthermore, if j1 is the current through L and R, i2 = — , that 

through Ct, and e2 is the input voltage for the next stage, the following 
relations are satisfied: 

di1= gmei 

. q2 
L — + Ri1 = — = e2 

dt C t 

If the second equation is differentiated once and i2 is substituted from 
the first equation, 

gmel 
L — R — + — = 

dt2 dt Ct Ct 

reference 23, pp. 309-321; Churchill, reference 24; and, for its specific application 
to television amplifiers, McLachlan, reference 25. 
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di' 
At t = 0, — = = 0; hence, if Ft(s) denotes the Laplace transform 

dt 
of i1, an application of the Laplace transformation to the above differ-
ential equation leads to 

( 1 \ 
Ls2 -I- Rs + —ct)Fi(s) = 

so that 

Fi(s) 
s(LCis2 RCis -I- 1) 

and the Laplace transform of e2 becomes 

F2(s) = LsFt(s) + RF(s) — 
s(LCts2 + RC ts + 1) 

The roots of the denominator of F2(s) are seen to be 0, A, and B, where 

g„,(Ls + R) 

R 1 R2 R Ii R2 
A = --+j ---; B= ---j --

2L J LC t 4L2 2L LC t 4L 

If Eq. 13.29 is applied, the response of the network thus becomes 

e2 = 
g„, R LA + R At LB ± R Bit 

LC t I AB ± A(A — B) e + B(B — A) e 1 

Substitution of the values for A and B leads, after a certain amount of 
algebraic manipulation, to 

R 

e 2L I 1 R2 
e2 = gmR[1   

1 cos R2 

RC t Ni LCt — 4L2 

arcsin (1 — R2Ct)} (13.30) 
2L 

or, in the notation introduced in section 13.7, 

2K irfot   
e2 = gmR[l V4K — 1 e-(Tmlic cos N/41c. — 1 

— arcsin (1 217] 
2K 
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This variation is shown in Fig. 13.27 for particular values of the con-
stants. For moderate values of t it is practically identical with the 
result obtained by the square-wave analysis described in the preceding 
section. It may be noted that, as follows from and examination of 
Eqs. 13.28 and 13.29, quite generally the transient term depends on 
time only through a sum of decaying exponentials which may even-
tually be multiplied by sinusoidal functions and powers of t. 

K = 0.50 

r— 
= 0.44 

I I I I 
0 1 2 3 4 5 

o 1 
t in sec 

2 

C', 

27rfo= 

K = ceLR, 

6 7 27rfot 

3 .10-7 sec 
for fo= 4.106sec-1 

Fig. 13.27. Response of Coupling Circuit Shown in Fig. 13.96 to Unit Voltage 
Step. 

It is perfectly possible to treat the complete network, including 
blocking condenser, tube capacitances, and inductance compensation 
at high frequencies simultaneously in deriving the response to a voltage 
step. However, this requires the solution of a third-order algebraic 
equation and leads to unduly complicated expressions for the constants 
appearing in the formula for the response. The fact that the effects of 
the blocking condenser impedance appear only a relatively long time 
after the impression of the voltage step—in fact, a time so long that 
the effects of the tube capacities and the compensating inductance on 
the response have decayed completely—permits once more a separate 
treatment. The "long-time" response of the network is again given by 
the equivalent network in Fig. 13.25. In the same manner as before, 
the Laplace transform of the response is readily found to be 
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F2(s) — 
Rg +R 1 

s +  
(Rg + R)C 

and the corresponding value of the step response (by Eq. 13.29) is 

RgR 
e2(t) = gin Rg + R (Rg-FR)C 

This response, which might, of course, have been derived in more ele-
mentary fashion, is plotted, for comparison with the square-wave re-
sponse in Fig. 13.25, in Fig. 13.28. The complete response curve for the 

520 Video Amplifiers 

RgR 1 

[Chap. 1:3 

C = to 

gmei 

C= 0.1 i.tf 

0.01 0.02 0.03 0.04 
t in sec —*-

Fig. 13.28. Response of Uncorrected Coupling Network Shown in Fig. 13.25 to 
Unit Voltage Step. 

(13.31) 

compound network would be obtained by replacing the initial portion 
of the curve in Fig. 13.28 by the curve in Fig. 13.27. It should be noted 
that the "equivalent resistance" R in Eq. 13.30 is identical with the 
quantity RgRAR, + R) in Eq. 13.31. 

In conclusion, we may outline the method employed for applying the 
Laplace transformation to an amplifier consisting of a number of stages. 
Let g,, be the mutual conductance of the nth tube, f.4.1(t), with the 
Laplace transform F,,±1 (s), be the response of the nth coupling network 
for a unit step voltage input to the amplifier. Since the input to the 
second stage may be regarded as a superposition of successive voltage 

de2 
steps of height (—dt dt' the output of the second stage may be written 
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e3(t) = g2 de2 f 13« — r) — (r) dr 
de 

(13.32) 

Furthermore, the relation 

if — TA(T) dr} = F 1(8) • F2(s) (13.33) 
o 

follows from the definition of the Laplace transform (Eq. 13.23) in ele-
mentary fashion. Hence Eq. 13.32 yields 

£(e3) = glg2sF 2(s)F 3(s) 
and, generally, 

.e(en-F1) = 8n-1 II gnF n+1(8) (13.34) 

The time variation of e l may then be obtained by an application 
of Eq. 13.28. It is readily seen, however, that the expressions obtained, 
in particular, for a large number of identical stages become decidedly 
involved, so that the procedure outlined in section 13.10 is preferable 
here. 

13.12 Additional Frequency Correction. All pickup devices at 
present in use in practical television systems give a response which is 
more or less dependent on frequency. This situation arises partly from 
the electrical characteristics of the device, and in part from the aper-
ture defect. In order to obtain undistorted image reproduction it is 
necessary to correct the amplifier circuits in such a way that the overall 
response is flat. 
Such compensation is necessary with the iconoscope. The electrical 

characteristics of this tube are those of a constant current generator 
shunted by a capacitance or, more exactly, a voltage source in series 
with a resistance of several megohms with a condenser of about 10 
micromicrofarads across the output. The capacity is, of course, in 
parallel with the resistance coupling the tube to the video amplifier. 
Since the coupling resistance must be high in order to maintain a high 
signal-to-noise ratio there will be an attenuation of the signal at high 
frequency. Smaller coupling resistances are permissible with pickup 
tubes of relatively high level signal output, such as the image orthicon. 

Scanning with a finite aperture always results in a decrease in signal 
at the higher frequencies. If the scanning aperture is very small the 
frequency distortion produced may be negligible over the working range 
of the video amplifier. However, in most practical pickup tubes aper-

WorldRadioHistory



522 Video Amplifiers [Chap. 13 

turc defect cannot be neglected. It has already been shown in Chapter 
5 that the effect of the aperture on the signal is equivalent to that of a 
filter in series with an ideal signal generator. This equivalent filter 
has an attenuation which increases with frequency, but produces no 
change in phase delay. 
To compensate for the impedance characteristics and aperture defect, 

a circuit network with a frequency attenuation characteristic corre-
sponding to the inverse of that of the pickup tube device must be pro-
vided in the amplifier. This network is not necessarily separate from 

those used to compensate the f re-
r, quency response of the amplifier 

itself, and, in fact, the correction 
is often made by overcompensat-
ing one or more of the amplifier 
stages with the circuits described 
in the preceding sections. Occa-
sionally, however, it is advisable 
to use a separate filter for this cor-

Fig. 13.29. Phase-Correcting Network. rection, and in this case a high-
pass filter (either dissipative or 

nondissipative) can be designed on the basis of circuit theory to fit the 
attenuation requirements. 

Since the attenuation due to aperture defect occurs without phase 
changes, and most filters used to compensate for this attenuation intro-
duce a degree of nonuniformity in the delay characteristics, a phase-
correcting network may be necessary. In general, these nets are de-
rived from the basic lattice network shown in Fig. 13.29. If the con-
stants of such a network are so chosen that 

= LIC 

the attenuation will be constant while the phase, which is given by 

2R 
O = arctan 1 (13.35) 

211C 

is a function of frequency. The phase angle as a function of fgo, 

where fo = 1/ (27r-V LC) , is given in Fig. 13.30. Other types of phase 
variation can be obtained by substituting various combinations of in-
ductance and capacitance in the bridge arms. 

22-fL — 
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With the aid of either the amplifier compensating circuits or, where 
necessary, a high-pass filter and a phase-compensating net, it is possible 
to meet the requirements of overall uniformity in amplitude and delay 
as a function of frequency. 

180 

150 

E., 120 

60 

30 

0 = — 2--ff 

— 7° 

0 2 4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 

Fig. 1320. Phase Response of Network Shown in Fig. 13.29. 

13.13 Nonlinear Amplification. All vacuum-tube amplifiers have 
a nonlinear voltage response. The nonlinearity can be made very 
small if the voltage swing on each stage is kept within the so-called 
linear portion of the tube characteristic, but it can never be eliminated. 
As has been seen in the foregoing chapters, both the iclnoscope and 
the kinescope are likewise nonlinear in their response. As a result, the 
overall amplitude characteristic of the complete system, also, is in-
variably nonlinear. The effect of this nonlinearity is to distort the 
contrast values in the reproduced picture, as has already been pointed 
out in Chapter 5. The response of a typical iconoscope-kinescope 
system to a series of bright bands having equal increments of light 
intensity is shown in Fig. 13.31. 

Fortunately, the eye is accustomed to seeing under such a wide range 
of contrast conditions that a contrast distortion even greater than that 
shown in Fig. 13.31 would be entirely unnoticeable. In this respect the 
eye differs greatly from the ear, which is very sensitive to nonlinear 
distortion. Nonlinearity compensation does become desirable, however: 

1. With a linear pickup device, such as the flying spot scanner; here 
the compression in the low lights effected by the power-law transfer 
characteristic of the kinescope tends to destroy detail in the shadows. 
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2. With kinescope recording and retransmission; here the recording 
and the subsequent iconoscope film pickup process add their transfer 
characteristic, which, uncorrected, resembles Fig. 13.31, to that of the 

system for direct television trans-
mission. This has, in particular, 
the effect of washing out the high-
lights, such as the faces of the 

s 50 -  actors. 
3. In color television, where non-

e 
linearity distorts the rendition of ° 
color values as well as brightness 
values. 

In all instances the correction can 
be effected by the insertion of a 
nonlinear amplifier stage. Its corn- _ 

o Light intensity (object) plexity will, in general, depend on 
Fig. 13.31. Nonlinearity of a Typical the accuracy with which a linear 

Iconoscope-Kinescope System. overall response must be realized. 
The required accuracy is greatest 

for color television. Networks suitable for simulating any desired 
transfer characteristics will accordingly be discussed in greater detail 
in Chapter 19. 

ip 
Correcting tube 

eg 

B 

Fig. 13.32. A "Rooter" Amplifier. 

If, with a linear pickup device, only a rough compensation for the 
power law variation of kinescope screen brightness with grid voltage 
is required, this can be accomplished with a tube whose plate-current 
versus grid-voltage characteristic exhibits a similar power-law varia-
tion. An appropriate circuit is shown in Fig. 13.32. The cathode of 
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the correcting tube, whose plate and grid are grounded with appropriate 
fixed bias, is connected to the plate of a high-plate-impedance pentode 
amplifying the video signal. The desired signal, precompensated for 
the kinescope characteristic, then appears between the cathode and the 
grid of the correcting tube. This may be seen readily. 

If n is the exponent in the power law representing both the kinescope 
characteristic and the grid-plate characteristic of the correcting tube, 

ip = ke," 

However, the plate current i, of the correcting tube is also the plate 
current of the pentode, with mutual conductance gni. Hence, 

gmei = keg" and eg = k'1n/ig 

n normally has values between 2 and 3. Since the compensating am-
plifier effectively extracts a root of the input signal, it is commonly 
known as a "rooter amplifier." * 

Fig. 13.33. Nonlinear Stage in Orthogam Amplifier (Schematic). 

An unavoidable drawback of the rooter amplifier is that, in expand-
ing the contrast range in the shadows, it also accentuates the noise in 
the darker portions of the picture. 

*See, e.g., Oliver, reference 27. 
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The expansion of the contrast range in the highlights, required in an 
iconoscope-kinescope chain, may be accomplished with an "Orthogam 
amplifier" developed by Goodale and Townsend.* Figure 13.33 shows, 
schematically, the nonlinear compensating stage. Two diodes with re-
sistors in series shunt the cathode circuit. They are inactive until the 
signal voltage across the cathode circuit equals their bias setting. 
Above this point (or, rather, these two points) their series resistance 
shunts the cathode circuit. At these higher signal levels the degenera-
tive feedback is correpondingly reduced, and the gain of the stage is 
increased. 

13.14 Noise Considerations. The importance of noise in relation 
to the picture signal has already been mentioned in the discussion of 
the operation of various pickup tubes. It has been shown that the 
limit to the sensitivity of the pickup tube is determined by the noise 
generated either by the tube itself or by the amplifier. Observations 
were cited in Chapter 9 which indicated that for a completely satis-
factory picture the ratio of the voltage generated by the highlights and 
the root-mean-square noise voltage must be at least 30; in other words, 
a signal-to-noise ratio of 30 or better is required. It was also pointed 
out that a picture having a signal-to-noise ratio of 10 could be con-
sidered usable. 
The basic noise in a television system is generated by the pickup 

tube and, eventually, in the first few amplifier stages. Additional noise 
may be introduced at other points in the system as, for example, at the 
input of the radio receiver used to pick up the television signal, but this 
added noise is not fundamental and may be eliminated by improving 
the receiving antenna, increasing the transmitter power, etc. 
Where an iconoscope or image orthicon is used as the pickup device 

the noise generated by the tube itself is determined primarily by the 
current in the scanning beam. By using a low beam current the noise 
generated by the iconoscope can be reduced to such a value that it 
can be neglected in comparison with that produced by the amplifier. 

With a normal iconoscope there is an optimum beam current for which 
the magnitude of the picture signal is a maximum. If the tube is 
operated below this optimum, signal output is reduced, but there is an 
even greater decrease in spurious signal, so that the overall picture is 
improved if the noise level of the amplifier permits operating in this 
range. The lower limit beyond which the beam current cannot be re-

* See reference 28. 
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duced in the normal iconoscope is determined by the current required 
to discharge the mosaic completely. If this minimum beam produces a 
noise which is much in excess of the amplifier noise (a condition never 
realized with the present thermionic amplifiers), a further decrease in 
beam current without loss in efficiency can be effected by reducing the 
capacity per unit area of the mosaic, as was explained in Chapter 10. 

In the image orthicon the multiplier gain is generally adjusted so 
that the noise output of the tube overshadows the amplifier noise. 
Here, too, the lower limit of the beam current is set by the requirement 
that the target be discharged completely by the beam. 
There are two fundamental sources of noise in a vacuum-tube ampli-

fier after such avoidable sources as poor connections or insulation, bad 
batteries, microphonics, and external pickup have been eliminated. 
These are the noise generated by the thermal agitation in the resistors 
and the emission noises in the vacuum tubes. 

13.15 Thermal Noise of Resistors. It has been shown experimen-
tally by Johnson,* after whom the effect has been named, and theo-
retically by Nyquist * that a resistor, regardless of the material of 
which it is made and independent of the current flowing through it, 
generates an emf across its terminals owing to the fact that its con-
duction electrons are in thermal equilibrium with the atoms. It can 
be shown that this noise is made up of purely random fluctuations, and 
that, like shot noise discussed in Chapter 1, the noise power is dis-
tributed uniformly over the entire frequency band. Furthermore, the 
mean square voltage is proportional to the resistance of the resistor or, 
in the case of a complex impedance, to its resistive component. Finally, 
the power is found to be proportional to the absolute temperature of 
the resistive elements. 
The relation between the voltage generated and the above-men-

tioned factors can be formulated as follows: 

= 4kRT(f2 — fi) (13.36) 

where k is Boltzmann's constant; T, the absolute temperature; E2, the 
mean square voltage; 12 and h, the upper and lower limit, respectively, 
of the frequency band over which measurements are being made; and R, 
the resistance. 
At room temperature this expression becomes 

= 1.6 10'R(12 — fi) volts2 (13.37) 

*See Johnson, reference 15; and Nyquist, reference 16. 
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13.16 Tube Noise. Three types of noise can occur in vacuum 
tubes. They are flicker effect, shot noise, and space-charge limited 
noise. In addition, there is noise due to ions, secondary emission, and 
leakage, but in a well-designed tube used for television purposes these 
last are negligible. 

Flicker effect is caused by changes in emission over small parts of 
the cathode, apparently due to chemical and crystal-structure changes 
of the emitter. The fluctuations resulting from this effect are impor-
tant over a rather narrow frequency band at the lower end of the spec-
trum and become negligible over 1000 cycles. In general, it is not a 
serious obstacle in television work. 

Shot noise has been discussed in detail in Chapter 1. In a tempera-
ture-limited vacuum tube this type of noise predominates over all other 
tube noises. It can be quantitatively expressed in terms of the emis-
sion current / by the following equation: 

-721.= 2e(J2 — (13.38) 

When a tube is operated under space-charge limited conditions, there 
is a reaction between the fluctuations in emitted electron current and 
the height of the potential barrier at the virtual cathode which reduces 
the effect of shot noise in the anode current. This does not mean, how-
ever, that the current output from the tube will be free from statistical 
fluctuations. Theoretical investigation * of this effect has led to a 
quantitative explanation under certain operating conditions. An ap-
proximate rule applicable to screen-grid tubes states that the mean 
square fluctuations in the plate current will be equal to the tempera-
ture-limited shot noise of a current equal to that reaching the screen.t 
In general, triodes exhibit a lower noise level than the equivalent multi-

grid tubes. 
Tubes are frequently rated for their noise characteristics in terms 

of an equivalent noise resistance, which is determined as follows. The 
mean square plate noise current is divided by the square of the trans-
conductance. This yields the mean square voltage which, impressed 
on the grid, would produce the same noise output in an identical "noise-
less tube." The equivalent noise resistance is the resistance whose 
thermal noise voltage at room temperature is equal to this voltage. 
This gives a rating which is independent of the frequency band in-

* See Thompson, North, and Harris, reference 19. 
1' The rule can be applied only to tubes in which the screen-grid current is 

large; it is not applicable to such tubes as the RCA 6L6. 
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volved and the gain of the tube. For example, if upon measuring the 
plate current fluctuations of a 57-type tube, whose transconductance is 
1200 micromhos, over a 10-kilocycle band, the noise is found to be 
3.4 x 10 -12 ampere2, the rating in terms of equivalent ohms across the 
grid will be 

— 
V2 = 2 = 2.4 X 10-12 VOlt2 

gm 

2.4 X 10-12 
Rt =  — 15,000 ohms —  1.6 X 10-20 X F 1.6 X 10-20 x 104 

For screen-grid tubes falling within the scope of the rule given above 
the equivalent noise resistance will be given by 

32 X 10-20i. àf 
R   = (13.39) t  

1.6 X 10-2° eg,,,210-12 

where i3 is the screen current in amperes and g,,, is the transconductance 
in micromhos. 
The noise rating * of a few characteristic tubes are listed in Table 

13.3. 

TABLE 13.3. NOISE RATING OF AMPLIFIER TUBES 

Tube Noise Mode of 
Type Rating, Rt Operation 
6AC7 220 triode 
6AC7 720 pentode 
6AK5 385 triode 
6AK5 1880 pentode 
6AU6 2660 pentode 
6AG5 1650 pentode 
6J6(%) 470 triode 
6L6G 600 triode 
6L6G 1050 pentode 

13.17 Signal and Noise in the Video System. The performance 
of an amplifier can be predicted from a knowledge of the fluctuation 
characteristics of the tube and coupling circuits. If the gain of the 
first stage of the amplifier in question is more than three or four, the 
only noise which produces any appreciable effect upon the signal-to-
noise ratio will be that of the coupling resistance and that generated 

*For a more complete listing see, e.g., F. Langford Smith, Radiotron Designers 
Handbook, 4th Edition, 1952. See also Kauzmann, reference 21. 
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by the first tube. Where the gain of the stage is less than three, the 
noise of the first interstage coupling circuit and the second tube must 
be taken into account. 
The problem considered in this section relates specifically to the 

iconoscope and its associated video amplifier. Although the reasoning 
employed is applicable to any pickup system, the employment of a 
secondary-emission multiplier ahead of the amplifier, as in the image 
orthicon, minimizes the influence of amplifier noise, reducing the im-

portance of the following considera-
tions. 

There are a number of ways in 
which the iconoscope may be coupled 
to the amplifier. The simplest form 
of coupling consists of a resistance 
between the signal lead and ground. 
The shunt capacity of the icono-
scope and grid of the first tube is 
in parallel with this resistor. Unless 
the resistance of the resistor is quite 
low, this capacity has an important 
effect on both the frequency response 
and the signal-to-noise ratio. In 
Chapter 9 the signal-to-noise ratio 

Fig. 13.34. Iconoscope Coupling of an iconoscope coupled with a 

10,000-ohm resistance was esti-
mated, leaving out of consideration the shunt capacity. However, 
since the frequencies involved are as high as 4 or 4.5 megacycles, the 
effect of this capacity cannot be neglected, unless the coupling re-
sistance is no greater than 2000 ohms. 
Where the coupling resistance is greater than 2000 ohms, the simple 

coupling shown in Fig. 13.34a should be represented by the effective 
circuit shown in Fig. 13.34b. The impedance of this circuit is 

(a) Low resistance coupling 

(b) Effective circuit for 
high resistance coupling 

Circuits. 

z   R — 271-ifCR2 — 1 ± 47r2f2C2R2 (13.40) 

Hence, the magnitude of the signal impressed on the grid of the first 
tube is 

Ri. 
vi = I zi = V1 ± 41.2f2C2R2 
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where i„ is the signal current from the iconoscope. In order to correct 
for the attenuation of the signal with increasing frequency, the amplitude 
response of the video amplifier must have the following form: 

1/1 472f2C2R2 
G=B  

The signal voltage output is independent of frequency and is given by 

V. = Bi. (13.41) 

The resistive component which determines the noise generated by the 
coupling impedance is 

1 + 4r2f2C2R2 

This, together with the equivalent noise resistance of the first tube, Rt, 
determines the noise input to the amplifier. The input noise in the 
frequency range f to f + df is 

dV2 = 4kT  R 
471.2f2c4B‘ 

In passing through the amplifier, the noise voltage is amplified in the 
normal manner. Therefore, the mean square noise voltage appearing at 
the output of the amplifier over a frequency band extending from 0 to f is 

VN2 = f 4kT  R  + Rg)B2(1 4T2f2c2B2) 
 df 

1 + 4,78.2f2c2B2 R2 

4kTB2 [ 4r2c2R2Rif3] 

R2 
  (R + Rt) f +  (13.42) 

3 

The signal-to-noise ratio is obtained by dividing Eq. 13.41 by the rms 
noise voltage from Eq. 13.42: 

vs 
s — 

VN2 

Ri. 
2 

1/4 FT „\I(R + Rt)f + C2R2Rgf3 
4 
3  

If the coupling resistance R is small compared with the impedance of the 
shunt capacity, Eq. 13.43 reduces to 

S — 
V4kT(R + Rt)f 

Ri. 

(13.43) 

(13.43a) 
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which is identical with the expression for the signal-to-noise ratio found 
in Chapter 9. On the other hand, when the resistor R is very large, the 

equation becomes 
  i„ 

S = V3/(kT) c Rip (13.43b) 

It is interesting to note that the coupling resistance does not enter into 
the expression for the signal-to-noise ratio when this resistance is large. 
For comparison, the two cases are evaluated for the following repre-

sentative conditions: 

Bandwidth f = 4.5 megacycles 
Shunt capacity C = 15 micromicrofarads 
Equivalent noise 

resistance RI = 1000 ohms 

Case I. (Eq. 13.43a). The resistance coupling of the pickup tube and 
amplifier must be less than the capacitative reactance. To meet this 
requirement R is assumed to be 2000 ohms. The signal-to-noise ratio is 

2000i, 

S — V4kT • 4.5.106(1000 -F 2000) 

= 1.4. 108i, 

Case II. Where the coupling resistance is of the order of 200,000 
ohms, the expression giving the signal-to-noise ratio is given by Eq. 
13.43b. Under the conditions given above this has the value 

1 /  
= — V 3/(kT)  

47 15 •10'2V1000 .91. W'8 

= 4.8. 108i, 

The coupling employing a high resistance and an amplifier corrected 
for the attenuation at high frequencies can be seen from these examples 
to give more than three times the signal-to-noise ratio. The increased 
complexity of amplifier design required for complete correction has not 
proved a serious obstacle to its adoption. 

13.18 Blanking and Signal Insertion. It has already been pointed 
out that the complete video signal must contain the information neces-
sary to synchronize the scanning pattern at the receiver in addition to 

the picture signal. 
The signal obtained directly from the pickup tube does not contain 

all the required information. To the pickup tube signal must be added 
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not only the synchronizing impulse whose formation is discussed in the 
next chapter, but also information as to the average illumination fall-
ing on the scene, since the tube is, in general, an a-c device. Further-
more, a disturbance is generated during the return time of the scan-
ning beam, which must be removed from the signal output of the tube. 
The disturbing signal can be removed by rendering the amplifier 

inoperative during the return time of the beam. This process is com-
monly known as blanking the amplifier. Blanking may be accom-
plished by driving the grid of one stage of the amplifier below cutoff 
for the length of time it is desired that the amplifier be inoperative. 

Video 
signal 6L7 +B 

Blanking 
signal 

Fig. 13.35. Balanced Blanking Circuit. 

As a consequence of biasing the blanking stage to cutoff, a pulse is gen-
erated. Since this pulse is unidirectional and positive, excess portions 
can easily be removed by arranging the bias of the succeeding stage 
in such a way that the tube is saturated during the blanking interval, 
or by the use of any one of the many conventional limiters. A second 
way of blanking the amplifier is shown in Fig. 13.35. This makes use 
of an additional compensating tube which balances out the effect of 
the blanking signal on the succeeding stages. 
The addition of an impulse is an alternative to rendering the ampli-

fier inoperative during the return time for blanking purposes. Thus an 
impulse of large amplitude whose duration is slightly in excess of re-
turn time may be added in the direction of a black signal to the video 
signal. The resulting composite signal is then put through a limiter, 
which removes the top part of the impulse and, with it, the unwanted 
disturbance. 
As was pointed out in Chapter 9, the iconoscope does not yield in-

formation as to the average illumination of the scene. In other words, 
the signal generated by a gray line on a black background will be 
identical with that of a white line on a gray background. The signal 
representing either of these images before and after blanking is shown 
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in Figs. 13.36a and b. To supply the missing information a phototube 
can be placed in the iconoscope camera, so positioned that the light it 
receives is proportional to the average illumination in the picture. The 
output of this phototube, therefore, represents wanted information. 
There are a number of ways of adding this information to the video 
signal. For example, the current from the phototube may be made to 
control an impulse generator in such a way that the amplitude of these 
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Fig. 13.36. Formation of Video Signal with Pedestal Indicating Mean Light Level. 

— r 

impulses is proportional to the average light. This generator is so 
adjusted that the pulse it produces coincides both in time and in dura-
tion with the blanking operation. The impulses from a gray bar on 
black and a white bar on gray are shown in Figs. 13.36c and d. These 
impulses are added directly onto the video signal, resulting in a final 
signal which contains the desired information shown in Figs. 13.36e 
and f. The average illumination may also be introduced by utilizing 
the amplified output of the phototube to control a blanking limiter. 
The addition of an impulse such as that indicating the average illu-

mination, or the synchronizing impulses, may be carried out merely 
by introducing the signal to be added at the bottom of the grid re-
sistor of the stage where the addition is to take place. By inserting the 
signal in this way, additional shunt capacity is not introduced into the 
amplifier. A circuit of this type is shown in Fig. 13.37. 
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Figure 13.38 shows a "clamp circuit" employed for fixing the black 
level in an image orthicon camera. A rectangular pulse coinciding with 
the blanking time is applied to an amplifier tube with equal plate and 

Output 

Video 
signal 

Signal to 
be added 

vo 

Fig. 13.37. Simple Injector Circuit. 

cathode resistances. The pulse voltages appearing across these resist-
ances, which are equal in amplitude and opposite in polarity, are 
applied to the two sides of a double diode in such a direction as to 

Video 
signal 

+B Pulse 

Fig. 13.38. Double-Diode Clamping Circuit. 

render them conducting. Under these circumstances the two diode 
sections form a Wheatstone bridge with the resistances R1 and R2, and 
the junction point A is held at the potential of the center point B irre-
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spective of the video signal transmitted from tube VI. Between pulses 
the charge on the condenser C1 and C2 biases the diodes to cutoff, and 
the video signal is transmitted from tube V1 to the grid of tube V2 with-
out interference. 

13.19 Video Cable. Often it is necessary to interconnect two re-
motely placed amplifiers. This requires a cable that can carry an 
extremely wide frequency band. Such a cable may consist of a small 
conductor in a relatively large metal shield. The conducting core is 
separated from the shield by means of small, low-loss insulators spaced 
at intervals of a few inches. In this way, the capacity per unit length 
is made much smaller than it would be if the space between the shield 

Fig. 13.39. 

i Ir 

B=50 
to 

100W 

+B 

Plate-Coupled Driving Circuit for Cable. 

and the conductor were filled with an insulating material. Further-
more, such a cable has a very low leakage conductance for a given 
length. 
The capacity of this type of cable is between 15 and 25 micromicro-

farads per foot. Where short lengths are used, as for example between 
the preamplifier and the monitoring amplifier, the capacitative imped-
ance is high enough so that, if the load at the output end has a fairly 
low impedance, the frequency and phase distortion produced by the 
cable is quite small and can be compensated by the peaking means 
described in earlier sections. 

In order to couple the output of an amplifier efficiently to the cable, 
the output tube must be capable of driving a low impedance. Because 
of the size of the coupling condenser that would be necessary with the 
conventional arrangement of load resistance and capacitor, the cir-
cuit shown in Fig. 13.39 is commonly employed. The connection indi-
cated requires that the core of the cable be at the plate potential of 

the driver tube. 
The cathode-coupled circuit shown in Fig. 13.40 is very well adapted 

to driving a low impedance. A tube coupled in this way cannot have 
more than unity voltage gain. However, because of the low impedance 
into which the output tube must work, the gain of this stage will, in 
general, be far below unity, irrespective of the circuit. 
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Where a long cable is necessary the problem of its termination is 
much more difficult. The termination must correct for the attenuation 
at high frequency and for the form of the phase delay. It must also 
match the impedance of the cable in order to avoid reflections. In 

+B 

Fig. 13.40. Cathode-Coupled Driving Circuit for Cable. 

other words, the termination must equal the surge impedance so that 
the cable will act as though it were infinite in length. 
The surge impedance of a cable is given by 

r jcoL 
=  
g + jue 

where r and g are the resistance and leakage conductors per unit length, 
L and C the inductance and capacity also per unit length. This be-
comes invariant with frequency if: 

r L 
- = — 
g C 

However, it is not practicable to make a cable having this character-
istic as the leakage conductance would have to be so high that the 
loss would be extremely great. Therefore, the input impedance of the 
terminus must vary with frequency so as to match the surge imped-
ance, and then the attenuation of this unit must vary with frequency 
in order to produce constant overall response. This usually requires an 
attenuation which decreases with increasing frequency. The surge im-
pedance of a television cable such as described is about 80 ohms and 
increases to a very high value at low frequencies. 

13.20 The Complete Amplifier. In order to knit together the var-
ious elements discussed in this chapter, Fig. 13.41 is given, showing a 
circuit diagram of a typical camera amplifier used in television work. 
The complete amplifier is shown as a block diagram in Fig. 13.42, to-
gether with the signal injection points. 
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This chapter does no more than outline the basic principles involved 
in video amplifier design. It is not intended that this summary should 
be used in the actual design and construction of an amplifier, as a 

Fig. 13.42. Block Diagram of Complete Amplifier, Including Injector and Blank-
ing Units. 

treatment of the details of this problem obviously requires a textbook 
in itself. Those interested are referred to the many original articles on 
this subject, some of which are listed in the bibliography immediately 
following. 
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14 
Scanning and 

Synchronization 

The complete deflection system for scanning consists of two pairs of 
deflecting coils or plates, two sawtooth generators, and two discharge 
impulse oscillators. One set of these elements operates at horizontal 
or line frequency, the other at vertical or field frequency. Both trans-
mitter and receiver are, of course, equipped with such systems, which 
must be exactly synchronized. Synchronization is accomplished by 
transmitting, along with the picture, synchronizing signals which, by 
suitable circuits, can be separated into vertical and horizontal syn-
chronizing impulses. These impulses are used to actuate or control 
the respective deflection generators at the receiver. In practice the 
synchronizing signal controls not only the receiver scanning, but also 
the deflection circuits of the camera tube; in other words, the deflecting 
system at the camera tube does not generate the synchronizing impulse, 
but rather both camera and receiver deflection are controlled by an 
independent synchronization generator. 

In the United States a ratio of frame frequency to scanning line 
frequency of 525 and a frame frequency of 30 pictures per second are 
prescribed by the Federal Communications Commission. Since inter-
laced scanning is used, the frequency of the vertical deflection is 60 
cycles per second, two vertical strokes constituting a single complete 
picture period. The frequency of 30 frames per second was chosen 
originally because most of the electrical power used in the United 
States is generated at 60 cycles and, by making the frame frequency 
a simple submultiple of this, much trouble from "hum," that is, a-c 
ripple, can be avoided. For similar reasons the British Broadcasting 
Company has adopted a repetition rate of 25 frames per second and 
a vertical deflection frequency of 50 cycles per second. As has already 
been mentioned, the higher field frequency of 60 cycles has proved 
advantageous in permitting higher picture brightnesses without per-
ceptible flicker. 

14.1 Requirements of Scanning. The theory of scanning in rela-
tion to the analysis and synthesis of the picture itself was taken up in 
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some detail in Chapter 5. From this consideration it is quite evident 
that the success of the transmission of the picture depends upon an 
exact correspondence in the position of the scanning beam in the 
camera tube and the kinescope. In order to maintain this correspond-
ence of position it is necessary to employ rather special synchronizing 
and scanning equipment. This equipment and its operation form the 
subject of the present chapter. 
The treatment of the problem divides itself naturally into three 

parts: first, the means of producing the motion of the spot in the re-
ceiving and transmitting tubes; second, the generator required to sup-

ply the power for producing the 

2 5 1 motion of the spot; and, finally, 
6 3 methods of synchronizing the 2 4 

5 7 transmitter and receiver. How-
6 3 

8 4 ever, before taking up these 
topics, some of the principles of 

Fig. 14.1. Sequential and Interlaced scanning will be reviewed in 
Scanning, order better to formulate the 

problem as a whole. 
In any television system using a storage camera tube and a kine-

scope at its two terminals, scanning consists of causing the electron 
beam to sweep over the image area (either target or fluorescent screen) 
in a series of straight parallel lines. The pattern thus generated is 
illustrated in Fig. 14.1. These lines may be laid down in sequence or, 
in accord with the more common practice, may be interlaced, i.e., laid 
down in the order 1, 3, 5, etc., 2, 4, 6, etc. 
A perfect scanning pattern will be defined as one in which the fol-

lowing conditions are fulfilled: 

Sequential scanning Interlaced scanning 

1. The beam moves at a constant velocity along each line. 
2. The lines are straight. 
3. The lines are equally spaced. 
4. The lengths of the lines are equal. 

If the beam at the camera tube sweeps out a perfect pattern, then, in 
order that the received picture be a geometrically exact reproduction 
of the image being transmitted, it is necessary that the scanning pat-
tern on the viewing tube or kinescope also be perfect. Furthermore, 
the scanning beam at the transmitter and receiver must start and reach 
the end of the picture simultaneously. That these are sufficient condi-
tions is obvious and requires no further explanation. 
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On the other hand, if the pattern at the camera tube is distorted, an 
exact reproduction of the image can be obtained at the kinescope only 
if its scanning pattern is distorted in an identical manner. Figure 14.2 
illustrates a camera tube pattern whose shape is distorted owing to 
varying lengths of the scanning line, and shows the images obtained on 
a perfect and on a similarly distorted kinescope pattern. As far as 
geometrical fidelity of the image is concerned, a television system with 
both the transmitting and receiving patterns distorted is perfectly pos-
sible. However, since a rectangular picture area is considered desir-
able, the use of a distorted pattern does not permit the fullest use of 

Iconoscope Kinescope 

Distorted scanning Undistorted patte n Pa tern distorted to 
pattern of transmitter at receiver resulting cor ect image shape 

in distorted image 

Fig. 14.2. Effect of Distorted Pattern on Reproduced Image. 

the available picture area. Similarly, if the scanning pattern at the 
transmitting tube is not perfect on account of a varying velocity of the 
beam along the scanning line, a geometrical distortion of the received 
picture will occur at the kinescope unless its scanning beam likewise 
moves with a nonuniform velocity. Similar nonuniformity in both 
patterns, although causing no geometrical distortion in the received 
image, is undesirable because it leads to unequal horizontal resolution 
in different parts of the picture. This is a consequence of the fact that, 
the higher the velocity of the scanning beam, the lower the resolution 
for a given band of transmitted frequencies. In general, the most 
economical transmission of pictures requires as nearly perfect scanning 
patterns at the receiver and transmitter as are practicable. 

Referring again to Fig. 14.1, it is apparent that the scanning pattern 
is generated by a displacement of the beam, which can be resolved into 
two mutually perpendicular displacements. If the motion of the scan-
ning beam is separated into its vertical and horizontal components, and 
they are plotted as a function of time, sawtooth curves are obtained. 
The period of the sawtooth wave representing vertical displacement is 
the length of time required for the scanning beam to cover the entire 
picture area or, in other words, one field period; the period of the hori-
zontal sawtooth is the length of time required by the scanning beam to 
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produce one line. The ratio of the vertical to the horizontal period is, 
of course, equal to the number of lines making up a single field. Saw-
tooth waves which may represent the horizontal and the vertical dis-
placements are shown in Fig. 14.3. It will be seen that each wave con-
sists of a gradual motion of the beam across the image area and an 
abrupt return to its initial position. Since the only useful portion of 
the cycle is the gradual displacement, it is desirable to make the re-
turn time as short as possible. In practice it is found that the vertical 
return time cannot be made less than about 7 percent of the total 
period, or the horizontal return time less than 15 percent. This return 
time is not entirely wasted as part of it is used for the transmission of 
the synchronizing impulse. 

a 

Horizontal deflection 
( Horizontal return Vertical deflection 

4—Scanning time 4« '<-1 Return time for vertical deflection 

Fig. 14.3. Sawtooth Displacement Componente Required for Scanning. 

14.2 Deflection of Electron Beam. The process of electron beam 
deflection differs materially in the kinescope, iconoscope, and flying-
spot tube, on the one hand, and the low-velocity camera tubes, such as 
the orthicon, image orthicon, and Vidicon, on the other. Finally, de-
flection in the image dissector differs from both groups although it re-
sembles more closely that employed in the low-velocity tubes. In the 
present section only the first type of beam deflection, represented prin-
cipally by the kinescope, will be discussed. 
The electron beam from a properly centered electron gun in a kine-

scope or iconoscope will, if undisturbed, strike the surface of the fluo-
rescent screen or mosaic near its center.* In order to produce scanning, 
the beam must be moved across the screen independently in two direc-
tions at right angles to each other. 
With a conventional gun, such as is described in Chapter 12, one of 

the most satisfactory ways of displacing the spot is to deflect the beam 
through an angle close to the end of the gun, as is shown in Fig. 14.4. 
This deflection of the electron beam can be accomplished in either of 
two ways. An electrostatic field can be established in the region near 

*The angle of the mosaic relative to the axis of the gun positions the unde-
fleeted spot below the center to permit symmetric vertical angular displacement 
in scanning. 
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the end of the gun and parallel to the direction in which the beam is 
to be deflected, or a magnetic field may be set up at right angles to 
the direction of deflection. At present, magnetic deflection for both the 
vertical and the horizontal displacement is employed universally for 
iconoscopes and all kinescopes, with the exception of some small spe-
cial-purpose tubes. Its primary advantage is lowered tube cost. In 
addition, as will be seen below, the deflection energy required increases 
more rapidly with voltage for 
electrostatic deflection than for 
magnetic deflection. Finally, at 
very high voltages, the introduc-
tion of the high-voltage deflection 
plates introduces difficult prob-
lems of tube design. 

It is, nevertheless, of interest to 
give a brief analysis of the action 
of an electrostatic deflection field on an electron beam. Electrostatic 
deflection may be effected by means of a pair of parallel plates, placed 
at the end of the gun in such a way that the electron beam passes be-
tween them. The arrangement is shown in Fig. 14.5. In this figure G1 
and G2 are the first and second anodes of the gun and A—B, A'—B' are 
the two deflecting plates. A potential difference between the plates 
produces the electrostatic field which deflects the beam. Idealized field 

lines are shown between the 
plates. In order to calculate the 
deflection produced by these 
plates, three simplifying assump-
tions will be made: first, that 

G2 the length d of the plates is small 
compared with the distance be-
tween the center point of the 
plates and the fluorescent screen; 

second, that the plates are placed far enough from the first anode so 
that there is no interaction between the field of the second lens of the 
gun and the deflecting field; and, finally, that the fringe fields have 
a negligible effect on the deflection. The error introduced by these 
assumptions will be considered later. 
The field E between the plates is given by 

Arrangement of Deflecting 
Plates. 

Fig. 14.5. 

E = 

Beam 
Deflecting 
member 

Gun 

Fig. 14.4. Deflection of Beam in Kine-
scope. 

VA — VA' 

1 
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where VA and VA, are the potentials applied to the deflecting plates and 
is the separation between the plates. This field acts on the electrons 

leaving the gun over a portion of their path equal to the distance d. 
The electron path over this length is parabolic, and the displacement 
à from the axis is 

= 1 (VA — VA d2 

4 \ v 
(14.1) 

where eV = e(VA VA')/2 is the kinetic energy of the electrons 
associated with their axial component of velocity. The ray is, therefore, 
deflected through an angle a, where 

2à 1 (VA — V A,\d 
a tan a = — =   (14.2) 

d 2 v 1 

This deflection produces a displacement y of the spot at the screen 
which, if D is taken as the distance between the screen and the center of 
the deflecting plates, is given by 

y = + a(D = (vA _ V itocl (d D 

2) 2 V 11 

1 (VA — V A dD 
(14.3) 

2 v Ii 

This equation indicates that within the limits of the approximation 
the displacement on the screen is proportional to the potential differ-
ence between the deflecting plates. Therefore, a sawtooth voltage wave 
must be applied to the deflection plates to produce the displacement 
of the beam required for scanning. 

It remains to examine the assumptions on which Eq. 14.3 is based. 
The first two, namely, a distance between plates and screen which is 
large in comparison with the length of the plates and noninterference 
between the focusing fields and deflecting fields, are quite readily ful-
filled in most cases. The fringe fields around the plates, on the other 
hand, cannot be neglected so readily. These fringe fields have three 
major effects. First, they introduce a cylindrical lens into the electron-
optical system of the gun, which may change its focusing properties so 
that the position of minimum spot size is made a function of the deflec-
tion, and, even more important, may distort the shape of the spot. 
Second, they make the displacement of the spot on the screen a lune-
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tion, not only of the potential applied to the deflecting plates, but also 
of any displacement of the beam in the plane of the plates, introducing 
"cross talk" between horizontal and vertical deflection. Third, the 
fringe field may result in a slight departure from linearity in the rela-
tion between deflecting potential and displacement. In order to over-
come these defects, it is necessary to use specially shaped or positioned 
deflecting plates rather than plane, parallel plates. Flaring the plates, 
to match approximately the paths of the beam when deflected through 
the maximum angle, is also desirable from the point of view of maxi-
mum voltage and power sensitivity. 
As has already been pointed out, it is necessary to deflect the beam 

in two mutually perpendicular directions. This can be done by having 
two pairs of deflecting plates, one ahead 

Vertical plates 
of the other, so that between the first Gun I Horizontal plates 

the beam is deflected through an angle 
in one plane and then bent through an 
angle perpendicular to this between the 
second pair of plates (Fig. 14.6). The 
alternative arrangement of a single de-
flecting field produced by both pairs of 
plates (Fig. 14.7a) restricts the freedom in shaping the plates to such 
an extent that it becomes difficult to avoid excessive spot and pattern 
distortion. Good results have been obtained, however, by sawtooth 
interleaving of the deflection plates and applying the deflection voltages 
through the frequency sensitive network shown in Fig. 14.7b.* In this 
manner the lateral fringe fields are effectively eliminated. 
With magnetic deflecting fields the superposition of the two deflect-

ing fields has no adverse effect on spot and pattern and is, in fact, 
universally practiced. The deflecting elements consist of pairs of coils 
without or, more commonly, with cores of magnetic materials; the lat-
ter reduce the current required to achieve a given deflection. 
The deflecting coils are mounted over the tube neck, at a point just 

beyond the end of the electron gun. They form, in general, an integral 
part of the receiver and need not be exchanged with the tube. The 
arrangement of two pairs of air-cored coils on the tube neck is shown 
in Fig. 14.8. The arrangement of the coils in a deflection yoke with 
magnetic core is quite similar; Fig. 14.9 shows a single pair of coils 
with a ring core. The folding of the ends of the coils as shown in the 

*See Schlesinger, reference 21. 

Fig. 14.6. Successive Electro-
static Deflection in a Vertical 

and Horizontal Direction. 
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Fig. 14.7. Combined Vertical and Horizontal Electrostatic Deflection. 

Vertical deflecting coil 
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Fig. 14.8. Simple Form of Air-Core Deflecting Coils. 
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bottom diagram is advantageous 
both for achieving maximum de-
flection sensitivity (deflection for 
a given number of ampere turns 
in the coil) and, particularly, for 
minimizing defocusing of the beam 
for large deflections. Figure 14.10 
shows the external appearance of 
a commercial deflection yoke as 
well as its several components. 
The action of the magnetic de-

flecting field on the electron beam 
can be readily determined if, once 
more, some radical simplifying as-
sumptions are made. The first of 
these is that the magnetic field 
strength H is uniform over a 
region of length d, and zero out-
side this region. This simplifica-
tion entirely neglects fringe field 
effects. The second assumption is 
that the distance D from the 
center of the field to the screen is 
large compared with the length of 
field d and with the displacement 
y on the screen. 
As shown in Fig. 14.11, the elec-

trons move along circular paths 
within the field and emerge travel-
ing in a direction which makes a 
small angle 2 with their original 
motion. In the field-free region 
beyond the deflecting field the 
paths are straight. The electron 
stream arrives at the screen at a 
point displaced an amount y from 
its undeflected position. 
The force acting on an electron at 

motion is 

Beam 549 

o 

(6) 

d 

Folded 
coil end 

Window 

lo 

(c) 

Fig. 14.9. Cross Sections of Single Pair 
of Deflecting Coil with Magnetic Ring 
Core. (a) Transverse section. (b) 
Longitudinal section. (c) Longitudi-
nal section of coil with folded end. 

(Schade, reference 9.) 

right angles to its direction of 

F = eHN/2eVIm (14.4) 
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Fig. 14.10. External Appearance of Commercial Deflection Yoke. (Obert and 
Needs, reference 6.) (Courtesy of Tele-Tech.) 
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Fig. 14.11. Deflection of Beam in Magnetic Field. 
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Therefore, it will move in a circular path of radius: 

1 _   
I? — v 2mV/e 

H 
(14.5) 

The angle a through which it is deflected in traversing the distance d is, 
therefore, 

d Hd 
a sin a = =   

R -Om V / e 

and the displacement à at the end of the circular path 

A = R — R2 — d2 — d2 — d211  
— 2R 2V2mV/e 

The total displacement y is, therefore, 

(14.6) 

(14.7) 

d dH 
y = à + a (D — =   (14.8) 

2 'Om V / e 

It will be noticed that the deflection for a given field H is inversely 
proportional to the square root of the anode voltage, whereas in the 
case of electrostatic deflection it is inversely proportional to the voltage 
itself. As has already been pointed out, this is an important factor in 
favor of magnetic deflection where high beam voltages are required, 
as, for example, in projection tubes. 

Just as for electrostatic deflection, it is not possible to have a sharply 
defined region of uniform field. This can readily be seen from the form 
of the Laplace equations governing the magnetic field in free space. 
The fringing of the field tends to produce aberrations in the electron 
beam and also to distort the scanning pattern. 
An exact analysis of the defects encountered in magnetic deflection 

is highly complex and can be carried out only with reference to a 
specified deflection yoke and gun. However, the origin and nature of 
some of the difficulties can be shown rather easily. 

Figure 14.12 illustrates an electron beam under the influence of a 
nonuniform magnetic deflection field. The lack of uniformity, in both 
diagram a of the plane, including the axis of the beam and the pole 
pieces (of a type not normally employed), and diagram b, which shows 
a cross-section of the beam, has been greatly exaggerated for the sake 
of clarity. Since the cross-section of the beam has finite size, the field 

is not constant over its area, causing different parts of the beam to be 
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deflected different amounts.* Along the diameter from point 1 to 
point 3 in diagram b the field decreases; therefore, the electrons in the 
neighborhood of 1 are deflected more than those near 3, resulting in a 
compression of the spot along this diameter. Furthermore, since the 

Field lines 
Horizontal component 

Pole piece of field 
Vertical component 

of field 
Beam Beam 

3 

Field lines 

(a) 

Longitudinal section 

(b) 

Cross section 

Fig. 14.12. Influence of Nonuniform Field on Electron Beam. 

field is not uniform, the magnetic field lines are curved as shown. As 
a consequence of this curvature, the direction of the field at the top 
and bottom of the beam is not the same. Considering points 2 and 4, 
there are, as well as the field components producing the desired de-
flection, components parallel to the direction of deflection. This causes 

the electrons in the top portion of 
the beam to be bent upward, and 
those in the lower section downward. 

13' BR 131 The net effect, therefore, is that the 
beam is compressed in the plane of 
deflection and expanded at right 
angles to it, resulting in an elliptical 

(b) spot. If the beam is not in the 
Fig. 14.13. Cause of Scanning Pat- median plane between the two poles, 
tern Distortion by Nonuniform the effect is more complicated, but 

Field. 
also leads to an elliptic spot whose 

major and minor axes may be rotated at arbitrary angles with respect 
to the direction of deflection. 
That the nonuniform field distorts the scanning pattern can be read-

ily seen from Fig. 14.13, which again shows a section of the horizontal 

*Strictly speaking, it is not the magnetic field in a particular beam cross-section, 
but rather the line integral of the transverse field component along the path of 
a particular beam electron which determines the deflection. Elementary consider-
ations show, however, that, in practical cases, this line integral increases with the 
field in the midplane, though at a less than linear rate. 

(a) 
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deflecting field normal to the beam. If the beam is undeflected in the 
vertical direction so that it lies in the median plane between the hori-
zontal pole pieces corresponding to position A of the diagrams, it will 
be deflected in this plane by an amount represented by the vectors AA'. 
For convenience it may be assumed that this deflection is equal for the 
two types of distorted field illustrated. However, if the beam has been 
deflected in the vertical direction so that it passes through points B, the 
horizontal deflections will no longer be equal, for in the field repre-
sented in a it has moved into a region of lower field strength, whereas 

.......... 

eee 

Center of tube neck 

Turn density cos O 

Fig. 14.14. Optimum Distribution of Turns in Air-Cored Coil. 

in b it is in a region of higher field strength. Therefore, if the field 
has "barrel"-shaped distortion (b), the resulting scanning pattern will 
be pincushioned, whereas if the field lines are "hourglass"-shaped (a) 
the pattern will have barrel distortion. 
These defects can be minimized by shaping the pole pieces properly 

and distributing the windings so that a nearly uniform field pattern 
is produced. With a long air-cored coil a very high degree of uni-
formity can be achieved if the individual rectangular turns are dis-
tributed around the periphery of the tube neck with a density propor-
tional to the cosine of the azimuthal angle 0, as shown in Fig. 14.14. 
The arrangement of the turns shown in Fig. 14.9, with a high-

permeability ring core, also produces a deflecting field of high uni-
formity. As has already been mentioned, the folding of the turns at 
the ends of the -coil reduces defocusing at the edges of the picture. 
With increasing deflection the magnetic field of the end sections of the 
coil turns is aligned increasingly with the beam and produces, hence, 
an additional focusing effect. The field component along the beam can 
be made relatively small, however, by making the average radius of 
the end sections large, as with a folded coil. 
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The current requirement for a coil of the type shown in Fig. 14.9 
can readily be written down. Since the magnetic field is very small 
within the high-permeability material, the work done in carrying unit 
pole around the N turns of the pair of coils is simply that of carrying 
it along a diameter to of the ring core. Accordingly, the field at the 
center of the deflection system is given by 

H = 4TN//(10/0) (14.9) 

where I is the current measured in amperes and H the field measured in 
oersteds. The number of ampere turns can be related to the angle of 
deflection a and the beam voltage with the aid of Eq. 14.6: 

V 71-7 104 sin a  NI = --V2Invie = 2.69 sin a 
itir d d 

(14.10) 

It is here assumed that V is expressed in volts. Finally, the fact that 
L/2/2 represents the energy stored in the magnetic field in joules and 
that A/oH2/(87r), where A is the mean window area of the coil turns, 
measures the same quantity in ergs, leads to the following expression for 
the self-inductance of the coil in henries: 

471-N2A 
L — 10' henries (14.11) 

lo 

Normally, a linear variation in the deflecting current will lead to a 
pattern with pincushion distortion. Thus, for a perfectly uniform field 
sin a is, according to Eq. 14.10, proportional to I, and, for a flat screen, 
tan a should be proportional to I. The last condition is very nearly 
fulfilled in many modern kinescopes. Accordingly, if T — is the 
rise time of the deflecting current and ao is the maximum angle of 
deflection, the variation in deflecting angle should be given by 

tan a = 
é 21 
  1) tan ao 
\T — R 

(14.12) 

Thus, for a uniform deflecting field, the variation of current with time 
should be given by 

/ = k sin a — 

k tan ao 
( 21 1\ 

\T — R 

21 
tan2 ao   1 

\T — R 

(14.13) 
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The value of k follows, e.g., from Eq. 14.10. Figure 14.15 indicates the 
deviation from sawtooth linearity required for straightening out the 
pattern. The correction will be less than shown if, either, the face plate 
has an appreciable curvature or the deflecting field is so modified that 
the angle of deflection, rather than its sine, is proportional to the 
deflecting field. 

0 o ono 
u-) o uloul 

u-) rn CV 

Time 

Q Lfl O u-) o u-) o 
C,J Cq LC) 

Maximum angle of deflection 

Fig. 14.15. Deviation from Linearity of Deflection Current Required for Produc-
ing Scanning Pattern on Flat Screen with Uniform Magnetic Deflecting Field. 

The deflecting field quite generally exerts a focusing action on the 
beam, which adds to its convergence to an increasing degree with in-
creasing deflection. Even if it does not, i.e., if the deflecting field is 
throughout at right angles to the beam, the image distance increases 
for a flat face plate with the angle of deflection; hence, a beam sharply 
in focus at the center of the picture will be slightly out of focus at the 
edges. This effect may be corrected by impressing currents supplied 
by the deflection generator on a small auxiliary focusing coil. These 
currents oppose the constant focusing field, reducing its magnitude just 

sufficiently to bring the beam into focus at the edge of the picture. 
A word should be added regarding the material of the magnetic core. 

Since the hdrizontal deflecting current consists of a fundamental oscil-
lation of 15,750 cycles per second, together with harmonic components 
of relatively high order, it is essential that the core material should 
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retain its high permeability even at high frequencies. Compact iron 
cores are unsatisfactory since here eddy currents dissipate energy and 
shield the interior of the core from the magnetic field. Cores made up 
of iron wire or thin iron laminations are usable, but have been found 
inferior to cores of electrolytic or sponge iron powder molded at 
pressures of the order of 30 tons per square inch. Figure 14.16 shows 
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Fig. 14.16. Q of Kinescope Horizontal Deflection Coils with Various Cores and 
Wire Sizes. (Friend, reference 5.) 

the variation with frequency of the Q, measuring the ratio of the peak 
energy of the magnetic field to the energy dissipation per cycle, of hori-
zontal coils with cores of these materials. "Ferrite" cores, prepared by 
molding and heat-treating mixtures of iron oxide and other metal oxide 
powders, have characteristics even superior to powdered iron cores. 

14.3 The Deflection Generator. If suitably shaped coils and cores 
are assumed, or correctly designed electrostatic plates, a perfect scan-
ning pattern can be obtained only if they are supplied with current or 
voltage having a very specific time variation. 
The wave form of the current through the coils producing the vertical 

deflecting field of the magnetic system must be sawtoothed and have a 
periodicity equal to the field frequency of the pattern. That supplied 
to the horizontal coils must also be sawtoothed, but its periodicity is 

io6 
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much higher, corresponding to line frequency. The current in each 
case builds up linearly with time for most of the cycle, and then returns 
abruptly to its initial value. It is obviously impossible for the return 
to be instantaneous, because this would necessitate an infinite voltage 
across the coils owing to their finite inductance. Therefore, a certain 
amount of time must be allowed to re-establish initial conditions, 
which interval is known as the return time. As has already been 
pointed out, this return time in practice occupies about 7 percent of 
the vertical deflection period and about 15 percent of the horizontal. 
For electrostatic deflection it is the voltage wave rather than the cur-
rent which must have the saw-
tooth form. However, since, as 
already mentioned, magnetic de- 1 

  -R  
flection is employed almost exclu- T < 

sively in television practice, the 
following treatment will be re-
stricted to magnetic deflection. 
The generator which supplies 

the power to these deflecting ele-
ments consists in general of an 
oscillator, a sawtooth generator, 
and a deflection amplifier or output stage. The oscillator is controlled 
by a series of synchronizing impulses which serve to coordinate the 
timing of the patterns at the transmitter and receiver. In the vertical 
deflection generator, in particular, the sawtooth generator and oscillator 
frequently have circuit elements in common even though they repre-
sent quite distinct functions. The output stage converts the sawtooth 
voltage wave provided by the sawtooth generator into a sawtooth cur-
rent wave of sufficient amplitude to deflect the beam. 

In order to formulate better the circuit requirements of the deflecting 
system, particularly where the current or voltage wave must be ampli-
fied, an analysis of the harmonic content of the sawtooth wave is re-
quired. The wave form, which is shown in Fig. 14.17, can be repre-
sented by a Fourier series as follows: 

Fig. 14.17. Sawtooth Wave and Its 
Fourier Components. 

Irt 4rt 2rnt 
V (t) = b1 sin -- -F b2 sin — +.. b„ sin 

T T T 

2 T 2rnt 
bn = f V (t) sin — dt 

T o T 

(14.14) 
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where 

2 Vo • t 
— — < t < — 

R 2 2 

V(t) = 

Vo(T — 21) R 
— < t < T — — 

T — R 2 2 

The indicated integration leads to the following values for the coefficients 
of the series: 

2T2 R 7rn 
b,,= Vo sin (14.15) 

(7rn)2R(T — R) T 

The amplitudes of the first ten harmonic components for a 15 percent 
return time (R = 0.15T) are given in Table 14.1. It will be seen from 

TABLE 14.1. AMPLITUDE OF HARMONICS IN SAWTOOTH WAVE 

b./Vo n bn/ Vo 
1 0.72154 6 0.01364 
2 0.32146 7 —0.00508 
3 0.17442 8 —0.01460 
4 0.09448 9 —0.01748 
5 0.04496 10 —0.01590 

this table, and from the form of Eq. 14.15, that the coefficients go 
through zero at frequencies for which n. = T/R. Usually, in designing 
the amplifiers and circuits required to handle the sawtooth voltage or 
current waves, it is not necessary to consider frequencies beyond the 
point where the coefficients go through zero, unless the return time is 
extremely long. The series has no constant term for a centered pattern. 

If seven harmonics are required for the horizontal sawtooth wave, 
the amplifier and circuits for horizontal deflection must respond to fre-
quencies of 15,750 to 110,250 cycles per second; those for vertical de-
flection, demanding 14 harmonics, must respond to frequencies of 60 to 
840 cycles. 

14.4 Deflection Circuit and Output Tube. Although the current 
wave shapes in the vertical and horizontal deflection coils are identical 
in shape, they differ by a factor of 262.5 in frequency. Since the peak 

magnetic field which must be provided by the two sets of the deflection 
coils is approximately equal, it follows that, for equal energy dissipa-
tion per cycle in the deflection circuits (equal Q), over 200 times as 
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much energy must be supplied to the horizontal deflection coils as to 
the vertical deflection coils. 
The energy which must be stored in the magnetic field for a deflec-

tion angle a may be calculated from Eqs. 14.10 and 14.11 as well as 
Eq. 14.7 for the maximum deviation à of the beam from the axis within 
the deflecting field (the tube neck). It is: 

W = 9.1 • 10-8KDV sin a(1 — cos a) 

= 5.7•10 7V sin a(1 — cos a) joules (14.16) 

if the coil diameter D (= tube neck diameter) and the ratio 
K = /0/ (2) are set equal to 3.8 centimeters and 1.66, respectively. 
For a deflection angle a = 30 degrees and an operating voltage of 
10,000 volts the stored energy becomes 3.8.10 -4 joule. If this energy 
is completely dissipated in every cycle, the vertical deflection circuits 
would have to provide 23 milliwatts of power, whereas the horizontal 
deflection would have to supply the sizable amount of 6.0 watts. Con-
sequently, whereas power economy is of minor import in the vertical 
deflection circuit design, it is vital in the horizontal deflection circuit. 
A second, rather obvious, difference is that the horizontal coils must 

be made of a much smaller number of turns and lower inductance and 
distributed capacity than is permissible in the vertical coils. This is 
necessary because their natural frequency must lie well above line fre-
quency to permit adequately rapid retrace. In addition, high-induc-
tance coils may demand excessive insulation between the horizontal 
coils and the core and vertical coils to prevent breakdown during fly-
back. If, for these reasons, the impedance of the horizontal coils is 
made relatively small, a proper impedance match to the output tube 
demands the use of a stepdown transformer in the horizontal circuit. 
In the vertical circuit, also, a transformer is commonly employed since 
it improves the impedance match and, eventually, facilitates the ap-
plication of d-c centering currents to the vertical yoke. In particular, 
if the available B-supply voltage is high, efficient operation demands a 
very high impedance output, which is most readily secured by the use 
of a stepdown transformer. 
The transformer in the vertical deflection circuit may be either a 

transformer with isolated windings, as in the circuit shown in Fig. 
14.18, or an autotransformer, as shown in Fig. 14.19. Whereas the 
isotransformer has the advantage of permitting the application of d-e 
centering currents, as mentioned above, the autotransformer yields 
closer coupling and is more compact. Since the centering can be ade-
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quately met, in general, by tilting the focusing coil slightly, the last 
considerations have favored the use of the autotransformer. In either 
case, the transformer transfers the impedance of the deflection coils, 
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Vertical 
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Fig. 14.18. Vertical Deflection Circuit with Isotransformer. 

multiplied by the square of the turns ratio (which may be as high 
as 18:1), into the plate circuit of the output tube. 
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Fig. 14.19. Vertical Deflection Circuit with Autotransformer. 

The shape of the sawtooth current delivered by the output tube de-
pends on the signal applied to its control grid and the transfer char-
acteristic of the tube; this, and hence the linearity of scan, may be 
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modified by changing the d-c bias of the tube by means of the variable 
cathode resistor. 
The current variation during flyback requires special attention. If 

it is excessively steep, the insulation of the stepdown transformer may 
prove inadequate, and sparkover to the core may take place. On the 
other hand, a lower limit to its steepness is set by the requirement that 
retrace should be completed within a certain fraction of the vertical 
scanning period. The total flyback time, during which the scanning 
beam is blanked, is 5 to 8 percent of the return time. However, the 
retrace must not begin before the vertical synchronizing pulse is re-
ceived and must be fully completed well before the end of the blanking 
period, so that the subsequent scan is linear from the start. In view 
of the required tolerances at both ends, only about 3 percent of the field 
period is actually available for retrace. If the load presented by the 
deflection coils were purely inductive, the voltage across the coils would 
be least for linear retrace; in magnitude the back-voltage pulse across 
the coils would be just about thirty times the forward voltage during 

scan. 
Actually, however, the resistance of the coils is quite comparable to 

their inductive reactance; typical values for the inductance and resist-
ance of a vertical-deflection coil are 41 millihenries and 48 ohms, respec-
tively. Hence, for a simple sawtooth current in the coils, the voltage 

di 
across them consists of the sum of the inductive pulse voltage L — and 

dt 
the resistive sawtooth voltage Ri (Fig. 14.20a). It is seen that the maxi-
mum excursion of the voltage wave can be materially reduced by in-
creasing the initial steepness of the retrace current variation and letting 
it taper off (Fig. 14.20b). 
The question arises finally how the grid-voltage wave applied to the 

output tube must vary to yield the desired current variation in the 
coils. The output current of the tube, which is given by the product 
of its mutual conductance g,, and the grid voltage .0,, must be equal to 
the sum of the currents through the coils and those through the (re-
flected) shunt resistances shown in Figs. 14.18 and 14.19 in parallel 
with the plate resistance of the tube. The plate resistance is signifi-
cant, in particular, if the output tube is a triode as in Fig. 14.19. If 
the current through the coils is given by the current wave in Fig. 14.20, 
the added current through the parallel resistances is given, except for a 
scale factor, by the resultant voltage wave in the same figure. It is 
thus seen that the signal which must be applied to the grid of the out-
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put tube contains, in addition to the sawtooth, a negative voltage pulse 
coinciding with retrace time. 

In the above consideration of the vertical deflection circuit no atten-
tion has been paid to efficiency, for the reasons stated at the beginning 
of this section. With the horizontal deflection circuit this is no longer 

Current 
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e .4 
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Fig. 14.20. Current and Voltage Variation of Vertical Deflection for (a) Linear 
Retrace, and (b) Retrace Minimizing Back Voltage. 

permissible. It is convenient to start here, as does Schade,* with the 
idealized deflection circuit shown in Fig. 14.21. It consists of the 
effective inductance L of the deflection coils with their effective series 
resistance r, shunted by a small capacitance C, made up of winding and 
tube capacitances, the voltage supply E, and the switch S. As the 
switch is closed, the current through the coil increases nearly linearly 
up to a peak value which is much less than E/r. As this peak value is 
reached, the switch is opened. The resonant circuit then executes 
slightly over one-half period of its natural vibration, whereupon the 
current has reached a negative peak value which, in view of the dis-

* See Schade, reference 10. 
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sipation of the network, is slightly less than the initial positive peak 
value. At this point the switch is closed. The current in the coil de-
creases linearly (since E >> ir), charging up the battery, and then 
increases up to the original positive peak value, whereupon the switch 
is opened again and the process is repeated. It is evident that, with 
this system, the power supplied by the battery is simply that which is 
dissipated in the resistance of the circuit. A simple calculation shows 

Trace 
Retrace 

Fig. 14.21. Idealized Horizontal Deflection Circuit and Corresponding Coil Cur-
rent Variation. (Scliade, reference 10, Fig. 1.) 

that the ratio of the energy dissipation per cycle to the maximum 
energy stored in the coil is, on this basis, 

r 2 r 

Q 3 L 

where Q is the Q-value of the deflection coil at its resonant frequency 
(set equal to 1/(2R)), T the horizontal scanning period, and R the 
retrace time. This formula applies for relatively high yalues of Q. 
By contrast, in the vertical deflection circuit the value of Q is so low 
that the energy stored in the coil is fully discharged in the course of 
the retrace time; throughout the trace the current flow in the coil is 
unidirectional and controlled by the output tube. 

If the current variation in the coil is to resemble that shown in Fig. 
14.21, it is essential that the switch permits the flow of current in both 
directions. In view of its high operating speed and the need for control 
by the discharge tube it is necessarily electronic. Since vacuum tubes 
permit current flow in one direction only, the switch must contain at 
least two tubes. Figure 14.22 shows a basic deflection circuit in which 
a diode shares the switching action with the grid-controlled output tube. 
The battery B compensates the voltage drop across the output tube; 
the relatively small drop across the diode may, for convenience, be 
neglected. 
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The sequence of operations in this circuit is the following. With the 
arrival of the negative pulse on the output tube, both output tube and 
diode are cut off and remain so for retrace time. The coil current swings 
from its maximum positive value to its maximum negative value, which 

di 
is slightly less. L — is negative, so that the voltage across the coil has 

dt 
the same polarity as the battery E, and a large back voltage is im-
pressed across the diode. 

ir, + 

IID 

E 

D 

Fig. 14.22. Deflection Circuit with Electronic Switch Consisting of Output Tube 
and Damper Diode. 

di 
At the end of retrace the free oscillation continues until — has at-

dt 
di 

tamed a sufficiently positive value that L — ri = —E. At this point, 
dt 

which occurs when the half period of free oscillation has been exceeded 
by about 5 percent, the diode begins to conduct. This maintains the 
voltage drop across the coil at a constant value. Except for the resistive 
component of the coil, the current in the coil would decrease at a uni-
form rate, charging the battery E. Actually, the rate of current de-
crease becomes less with time. 
As the current through the coil approaches the value zero, the saw-

tooth voltage applied to the output tube grid causes the output tube 
to conduct, sending a current through the coil in an opposite direction. 

WorldRadioHistory



Sec. 14.4] Deflection Circuit and Output Tube 565 

The diode remains blocked off as long as the current supplied by the 
output tube is such that: 

di 
L — ri E < 0 

dt 

Thus, the current in the coil continues to build up to its peak value at 
a slightly decreasing rate. 
In the circuit in Fig. 14.22 the battery E is gradually discharged, 

since the charging currents transfer less charge than the discharging 

%.1 

 —ll=4 —e  
Cb 

Fig. 14.23. "Bootstrap" Circuit with Boost Capacitance. 

currents (in the second half of the trace). The circuit can, however, 
readily be modified so that integrated charge and discharge currents 
become equal. Then the battery may be replaced by a capacitance, 
as shown in Fig. 14.23. Here an efficient autotransformer has been 
inserted into the circuit. Since its inductance is very high compared 
to that of the coil, the circuit during the charging period, when the 
output tube is blocked off, is practically unchanged. On the other 
hand, during the discharge period, when the diode is blocked off, the 
current provided by the condenser is less than that flowing through the 
coil by the turns ratio of the autotransformer. In practice the turns 
ratio is chosen much larger than needed for compensation of the re-
sistive component of the coil. The "boosting" capacitance Cb normally 
supplies power also to the vertical deflection output stage and the high-
voltage supply for the kinescope, as will be seen later. If the turns 
ratio is made too large, the charging period is automatically decreased 
and the horizontal deflection currents (as well as the vertical deflection 
currents and the kinescope voltage) are increased. 
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The advantage of the two-way switch circuits operating with a low-
loss coil become particularly evident when the energy dissipation in 
the output tube is considered. For optimum efficiency the B voltage 
on the deflection tube will be chosen so that the tube operates, during 
the second half of trace, as close to the knee of its characteristic as 
possible, e.g., at 40 volts plate voltage. For a completely loss-free 
circuit (Fig. 14.24a) current will flow for just half the period of trace, 
and the average current will be one-fourth of peak current. For a 
circuit with complete energy dissipation during retrace (Fig. 14.24b), 
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Fig. 14.24. Output-Tube Current Variation for Completely Loss-Free Deflection 
Circuit (a) and Completely Damped Circuit (b). 

such as is customary for vertical deflection, the peak current is twice as 
great and the average current half the peak current. Thus the power 
dissipation at the output tube anode is four times as great in the second 
case as in the first. For example, if the coil, with an inductance of 
8 millihenries, is coupled directly to the output tube, it will require 
a peak current, in the loss-free circuit, of about 0.275 ampere, so that 
here the anode dissipation would be 2.75 watts. For the second circuit 
the dissipation would be 11 watts. Whereas the anode dissipation would 
be the only energy to be provided by the B supply in the loss-free cir-
cuit,* the completely damped circuit would have to be provided with 
an additional 80-volt battery to compensate the yoke voltage drop and 
replace the boost capacitance in the loss-free circuit. The correspond-
ing energy loss of 22 watts would arise in the resistive components of 
the deflection coil. 

* The voltage drop across the diode, which is proportional to the two-thirds 
power of the current passing through it, is in effect added on to the drop across 
the resistive component of the yoke during the charging period. The correspond-
ing energy dissipation is generally smaller than that in the coil and much smaller 
than that in the deflection tube. 
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The principal shortcoming of the circuit in Fig. 14.23 is its nonlinear-
ity. Figure 14.25 indicates ways in which this can be overcome. With-
out any compensation the resistive component of the coils together with 
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Fig. 14.25. A Prat irai Horizontal Deflection Circuit, Incorporating a Saturating 
Inductance for Trace Linearization and High-Voltage Supply for Kinescope. 

the voltage drop in the damper diode cause the rate of change of the 
coil current to decrease in the course of the trace. The method em-
ployed to counteract the resistance in the circuit consists in the inser-
tion of a saturating choke, whose inductance decreases as the current 

di 
increases. The change in voltage drop across it, L1 di , with change in 

current is opposite in sign to the voltage drop Ri across the effective 
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resistance and may be made equal to it. The choke section BC controls 
linearization in the charging cycle, section AB in the discharge cycle. 
Section BC is made smaller than section AB, since the former is in the 
secondary circuit, the latter in the primary circuit of the transformer. 
To a first approximation the current in the primary circuit is smaller, 
the resistive voltage drop larger than in the secondary circuit by a factor 
equal to the turns ratio. Thus the turns ratio of the linearity control 
should be of the same order as for the transformer. 

Figure 14.25 also indicates some other features of a practical hori-
zontal deflection circuit. Thus, it contains as width control a variable 
resistance in the B-supply lead. Since the vertical deflection power is 
derived from the positive side of the boost capacitance, increasing this 
resistor reduces both deflection amplitudes without altering the aspect 
ratio; the latter may be adjusted with the aid of the height control in 
the vertical deflection generator, which is commonly inserted in the 
coupling between the vertical sawtooth generator and the deflection 
tube. The choke L2 represents another form of width control; it places 
a variable inductance in parallel with the yoke, which diverts part of 
the charging and discharge current. 
During retrace time the full pulse voltage across the yoke is im-

pressed across the diode. For a 14-millihenry yoke, a horizontal de-
flection angle of 53 degrees (a = 26.5 degrees, maximum deflection 
angle at the corners 66 degrees), and an operating voltage of 14 kilo-
volts Eq. 14.16 yields for the peak current a value of 0.232 ampere. 
For a free oscillation period of 70 kilocycles, corresponding approxi-
mately to a 12 percent retrace time, this leads to a maximum voltage 
drop 2eviii = 1430 volts. Empirically, the maximum voltage drop is 
found to be as large as 2200 volts. Since the boost voltage is about 225 
volts and the B voltage is 250 volts, connecting the heater to the 
cathode would demand an insulation of the heater transformer ade-
quate to withstand a peak voltage of 2700 volts. On the other hand, 
grounding the heater would impress a similar voltage, which is well 
above the tube rating, between heater and cathode. 

In practice the heater is connected about two-thirds down on the 
secondary of the transformer. In this fashion the d-c voltage between 
heater and cathode is nullified, and the pulse voltage reduced to about 
1500 volts. At the same time the voltage to ground, and the primary 
of the power transformer, is limited to about 1200 volts. Finally, the 
effective capacitance of the heater winding in the yoke circuit is reduced 
to about one-tenth its actual capacitance in view of the turns ratio 
between the transformer coil sections 4-3 and 5-3. 
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It is customary to utilize the high pulse voltage generated across 
the horizontal deflection transformer during retrace to charge the high-
voltage supply for the kinescope. Since the beam energy utilized for 
the generation of the picture in the kinescope within a line period is, 
on the average, only a small fraction of the peak energy stored in the 
deflection coils, this has merely the effect of decreasing the effective Q, 
or increasing the damping, of the deflection circuit. For example, if the 
mean beam current is 100 microamperes and the accelerating potential 
14 kilovolts, the energy supplied to the fluorescent screen in a single 
trace is 7.5 10-5 joule, whereas the energy (for a horizontal angle of 
53 degrees) stored in the horizontal deflection coils is 3.8V 10-4 joule; 
the assumed beam current corresponds to high average brightness. 

Figure 14.25 shows the manner in which the kinescope voltage is 
obtained from the deflection transformer. Since the maximum voltage 
which may be applied to the 6BQ6-GT tube is 4000 volts and the 
primary winding of the transformer must be adjusted so that this value 
is not exceeded on flyback, it is evident that the transformer must be 
provided with an additional high-voltage winding with a turns ratio of 
the order of 3.5 for an output voltage of 14 kilovolts. The opposite 
peaks of the voltage pulses charge, through a diode, a capacitance, 
replacing the charge supplied to the kinescope in the preceding line 
scan. The capacitance is made large enough that the decrease in anode 
voltage in the course of the line scan is negligible. For example, for 
an average beam current of 100 microamperes and a capacitance of 500 
micromicrofarads the total change in anode voltage is 

10-4 .0.85 
AV = — 10 volts 

5 • 10-1° • 15,750 

Whereas this decrease in voltage during line scan is negligible, the 
change in anode voltage with picture brightness can be quite appre-
ciable. The withdrawal of energy during retrace results, as already 
mentioned, in an increased damping of the free oscillation of the de-
flection circuit. As the voltage peak occurs 34 period after the free 
oscillation is initiated, it is reduced in amplitude as the kinescope beam 
current is increased. For example, for the circuit in Fig. 14.25 an 
increase in beam current from 0 to 140 microamperes results in a re-
duction of anode voltage from 14 to 12.9 kilovolts. 

This decrease in the anode voltage is accompanied by a reduction 
in the horizontal deflection currents and, since the vertical deflection 
depends on the value of the boost voltage, also by a reduction in the 
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vertical deflection current. An effort is made, in the design of the de-
flection circuits, to adjust the values of the circuit components so that 
the decrease in deflection currents just compensates the drop in anode 
voltage, leaving pattern size and aspect ratio unaltered. Nevertheless, 
since perfect compensation cannot be achieved in practice, it is ad-
visable to keep the change in anode voltage with picture brightness 
within a range of about 10 percent. This is all the more necessary with 
magnetically focused electron guns, since the drop in anode voltage 
results in a defocusing of the beam. With electrostatic focusing it is 
possible to derive the focusing voltage from a potentiometer supplied 
by the anode voltage and to avoid, in this manner, any defocusing 
effects. 

In the present treatment of the horizontal deflection circuit emphasis 
has been placed on one particular example which illustrates several of 
the basic design principles. Circuits proposed and employed in prac-
tice vary widely, in the coupling of the coils to the output tube, the 
damping circuit, methods of linearization, and width control. For some 
of these variations the reader is referred to the references given at the 
end of this chapter. 

14.5 Generation of the Sawtooth Signal. In both horizontal and 
vertical deflection circuita awtootli signal must be applied to the grid 
of the output tube. Its amplitude determines the amplitude of deflec-
tion, its shape the linearity during all or part of the trace. Finally, the 
sharpness of cutoff affects materially the efficiency of the horizontal 
deflection circuit and the initial linearity of trace in the vertical de-
flection circuit. 

In essence, the sawtooth is generated quite generally by the charge 
of a capacitance through a resistance, terminated periodically by dis-
charge through a discharge tube. The insertion of a "peaking" re-
sistance in series with the capacitance serves to add a negative pulse 
voltage to the sawtooth transferred to the grid of the output tube. 
The discharge itself is triggered by a pulse. Whereas this pulse could, 
in principle, be the synchronizing pulse transmitted with the picture 
signal, separated from the latter and amplified, it is commonly sup-
plied by an oscillator, which in turn is controlled by the synchronizing 
signal. This procedure decreases the effect on the scanning pattern of 
noise, which may cause premature triggering of the deflection or even 
suppress one of the synchronizing pulses. In addition, it may yield 
pulses of the required shape and amplitude with a smaller number of 
tubes. Not infrequently, the function of the discharge tube and the 
oscillator may be combined in one tube. 
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Automatic frequency control in the horizontal deflection circuits 
serves further to improve noise immunity of the scanning pattern. 
Whereas automatic frequency control circuits differ in detail, they 
utilize the phase difference between the synchronizing signal and the 
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Fig. 14.26. Thyratron Sawtooth Generator. (a) Circuit. (b) Output voltage. 

local oscillation, averaged over many cycles, to correct the frequency 
of the latter. Since the vertical synchronizing pulse is itself generated 
by a process of integration and is thus inherently more immune to 
noise, the vertical deflection circuits do not demand this refinement. 
Automatic frequency control circuits will be discussed in the next 
section. 
One of the simplest sawtooth generators, which incorporates the 

function of the control oscillator, is the gas-tube circuit shown in Fig. 
14.26a. Whereas, at present, it has practically disappeared from Amer-
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ican television practice, it still enjoys considerable popularity as a time 
base for oscilloscopes. A rare-gas thyratron serves as discharge tube. 
The capacitance C, which may be assumed to be discharged at the 
beginning of the cycle, is charged through the resistance R by the B 
supply (Fig. 14.26b) until it reaches the breakdown voltage of the gas 
tube; the degree of curvature of the charging curve: 

E, t t2 

= Eb(1 e—"(")) = —1 (1 EC — 2RC + 6(RC)2 
) (14.17) 

E,« Eb 

depends on the ratio Ebr/Eb of the breakdown voltage to the voltage 
of the B supply, whereas the period of the charging cycle is given, to 
a first approximation, by the product of this ratio with the time con-
stant RC. 
The natural period of the circuit, ---/iCEbr/Eb, is made slightly larger 

than the interval between synchronizing pulses, so that the latter, ap-
plied in positive polarity to the thyratron grid, cause the discharge to 
take place slightly in advance of the free breakdown period. Once 
breakdown has been initiated the gas tube continues to conduct, irre-
spective of the grid voltage, until the plate voltage has reached a very 
low value, of the order of the ionization potential of the gas; for argon 
this is, e.g., 15.7 volts. At this point the discharge is quenched, and the 
charging process is repeated. 
The gas tube has fallen into disfavor in television practice because 

of the difficulty of maintaining the return time constant. In addition, 
the time required for quenching the discharge, which involves the drift 
of the gas ions to the walls and electrodes of the tube, tends to be too 
long for the generation of a satisfactory sawtooth in the horizontal 
deflection generator. 
The employment of hard-vacuum tubes, which avoids these diffi-

culties, requires greater circuit complexity. If discharge pulses of ade-
quate amplitude are available, it is true, the gas tube in Fig. 14.26 may 
be replaced by a hard-vacuum triode with little other change (Fig. 
14.27). The blocking condenser Cb and the grid resistance R, are 
chosen so that their time constant is large compared with the period of 
the sawtooth. As the positive pulse reaches the grid, it drives it posi-
tive and causes it to draw grid current until its potential is brought 
down to zero relative to the cathode. At the same time, the tube pre-
sents a low-impedance path for discharging the condenser C for the 
exact duration of the pulse. 
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Relaxation oscillators serve, in general, to supply the discharge 
pulses. In these oscillators, of which the gas-tube circuit in Fig. 14.26 
is an example, the period of oscillation is determined by the discharge 
of a capacitance or inductance through a resistance. The wave shape 
of their output tends to be irregular compared with that of a sine wave 
oscillator and may provide the desired pulses or sawtooth directly. 

Fig. 14.27. Hard-Vacuum Tube Sawtooth Generator. 

A relaxation oscillator which finds wide employment in television 
practice, particularly as a frequency divider, is the multivibrator (Fig. 
14.28). It consists of two vacuum tubes, the grid of one being tied to 
the plate of the other. Assume that, to begin with, the grid of V1 is 

Fig. 14.28. The Multivibrator. 

just below cutoff and increasing in potential. As V1 begins to draw 
current, its plate becomes less positive and, correspondingly, a negative 
voltage is applied to the grid of V2. This suppresses current in V2 and, 
owing to the capacitative coupling between the plate of V2 and the grid 
of V1, causes 171 to draw still more current, its grid potential being 
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stabilized at zero by grid collection. Tube V1 continues to draw current 
in this fashion and V2 to be cut off until C1 has discharged sufficiently 
through R2 and V1 that the grid voltage of V2 has risen once more to 
the cutoff point. At this point the current in V2 rises rapidly and that 
in V1 is cut off, and the cycle is repeated with the roles of V2 and V1 
interchanged. 

It is immediately evident that a small positive pulse applied to both 
grids shortly before the cutoff point of one of them has been reached 
will precipitate the conducting condition in the corresponding tube. 
The multivibrator is thus readily controlled by synchronizing pulses. 
Its period is determined by the two time constants Glitz and C2Ri and 

C2 RI >> CI R2 

Fig. 14.29. Voltage Variation across Coupling Condenser C1 of Multivibrator. 

the ratio of the plate potentials in the conducting and the nonconduct-
ing phase. Since the time of charge of C1 through R2 and R3 is deter-
mined by the time constant C2Ri, the time of discharge through V1 and 
R2, by CiR2, the voltage variation across the condenser C1 is a saw-
tooth whose rise time and decay time are proportional to these two time 
constants (Fig. 14.29). 

Figure 14.30 shows a slight modification of the standard multi-
vibrator circuit * which yields a quite linear sawtooth with short return 
time as one of the plate voltages and a sequence of narrow pulses at 
the other plate. The capacitance C2 charges through the relatively 
large resistance R4 during the trace, at which time V1 conducts and V2 
is cut off. V2 begins to conduct when capacitance C1 has been dis-
charged through V1, Rk, and R2 sufficiently so that the grid of V2 
reaches cutoff. As V2 begins to conduct, the current through V1 is re-
duced by the increased voltage drop across Rk; this increases the plate 
voltage of V1 and hence the grid voltage of V2 further until the grid of 
V2 draws current, charging C1 rapidly. At the same time C2 discharges 
rapidly through V2 and the small resistance Rk. As C1 is charged and 
the grid current is reduced, the bias provided by Rk decreases, and V1 
begins to conduct. The corresponding drop in its plate voltage is com-
municated to the grid of V2, which is consequently cut off; thus the 

*See Potter, reference 13. 
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charging cycle of C2 recommences. It is seen that the amplitude of 
the sweep is determined by R4, its period by the time constant 
CI (R2 + Rk). Good linearit of sweep is achieved as long as 
CoR4 >> CI (R2 -F /in). Since, as has been seen, a certain curvature 

Fig. 14.30. Multivibrator Modified to Supply Sawtooth Output. (Potter 
Oscillator.) 

of the sawtooth is desirable for most horizontal deflection circuits, this 
condition is not necessarily fulfilled in practice. Thus, Fig. 14.31a 
shows an output wave shape suitable for application to the deflection 

90 
volts 

(b) 

Fig. 1431. Voltage Wave Shapes Delivered to Output Tube Grid by (a) Potter 
Oscillator and (b) Blocking Oscillator. 

tube grid of the circuit in Fig. 14.25 which may be obtained from the 
oscillator shown in Fig. 14.30. 
Perhaps the most generally useful sawtooth generator is the blocking 

oscillator, which provides an exceedingly rapid retrace pulse, as exem-
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plified by the wave shape shown in Fig. 14.31b. A blocking oscillator 
circuit suitable for vertical deflection is shown in Fig. 14.32. The char-
acteristic feature of all oscillators of this type is the tight regenerative 
transformer coupling between grid anctplate. During trace the tube is 
cut off and the capacitance C is charged through the resistance R which 
is made variable to provide a height control. At the same time the 
negatively charged capacitance C, discharges through the grid re-
sistance R,, which is adjusted for matching the natural period of the 
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Fig. 14.32. Blocking Oscillator for Vertical Deflection. 

oscillator to the field period ("hold control"). As the tube begins to 
conduct, the plate voltage drops, which causes a more rapid rise in 
grid voltage and tube conductance. Finally, grid current is drawn and 
the capacitance C, charged negatively, opposing the further rise of the 
grid voltage. As the anode voltage drops, furthermore, the mutual 
conductance of the tube and the rate of change of the plate current 
decrease, so that the voltage across the transformer decreases and 
changes sign. Thus the tube is cut off, and C, discharged through the 
tube during its conducting period, begins to be charged once more. The 
purpose of the capacitance Ct across the transformer is to increase the 
retrace time, which depends on the natural period of the transformer; 
the shunt resistance is added to damp the transformer oscillations suf-
ficiently so that the grid voltage is not driven above cutoff by them. 

Characteristics similar to those of the blocking oscillator may also be 
obtained by employing feedback from the deflection transformer to the 
grid of the oscillator tube, as indicated in Fig. 14.33. The delay pro-
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vided by the feedback network controls the voltage variation of the 
grid of the output tube during return time. 

Sine wave oscillators are employed only in connection with certain 
types of automatic frequency control. Figure 14.34 indicates how the 
sawtooth voltage may be derived from them. The oscillator tube is a 
beam tetrode, whose screen-grid circuit constitutes a Hartley oscillator. 
The amplitude of the control grid voltage, e.g., 130 volts peak-to-peak, 
is sufficiently high so that the plate current is a square wave. This 
square wave is differentiated by a resistance-capacity circuit, which 
applies the resulting alternating positive and negative peaks to the dis-
charge tube grid. The negative peaks are without effect, since the 
positive peaks, through grid current, fix the grid bias so that the maxi-
mum excursion of the positive peak corresponds very nearly to zero 
grid-cathode potential. The capacitance C, which is charged during 
the trace, is discharged through the tube during the positive peaks. 

14.6 Automatic Frequency Control.* In all automatic frequency 
control systems a d-c, or slowly varying, voltage is generated by a 
phase comparison of the deflection voltages (or deflection control oscil-
lations) and the synchronization pulses, and this slowly varying voltage 
is utilized to shift the frequency of the control oscillator in a direction 
tending to correct the phase difference. 
The earliest system, commonly designated as the sawtooth system, 

is represented in Fig. 14.35.t The synchronizing pulses are applied to 
a double diode V2 through a center-tapped transformer in such polarity 
that conduction takes place at the peak of the pulses. The capacitances 
Ci and C7 in the diode leads are charged by the diode current so that 
conduction is restricted to these instants. The symmetry of the circuit 
is such that, during these periods of conduction, K1 and P2 tend to as-
sume the instantaneous 'potential of the transformer center tap, point A. 
Thus, if a sawtooth, derived from the pulses on the deflection trans-

former, is applied to point A, condensers C2 and C3 will be charged 
positively or negatively, depending on whether a positive portion (point 
3) or a negative portion (point 2) of the sawtooth coincides with the 
synchronizing signal. The potential developed across the capacitances 
C2 and C3 determines the grid voltage, and hence the plate potential 
of V3, which in turn provides grid bias to the blocking oscillator V4. 
The period of the latter is reduced as the grid bias is made more posi-
tive, lengthened, as it is made more negative, so that the circuit tends 

*See Clark, reference 16. 
t See Wendt and Fredendall, reference 15. 
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to shift the sawtooth to position 1, where the pulse coincides with the 
center of the retrace period. 
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Fig. 14.36. Sine-Wave Automatic Frequency Control System. (Clark, reference 

16.) (Courtesy of Proceedings of the Institute of Radio Engineers.) 

In the sine wave system, represented in Fig. 14.36, the output of a 
stable sine wave deflection control oscillator is applied through a closely 
coupled transformer to the plates of a double diode. The synchronizing 
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signals are applied to the center tap of the secondary- of the same trans-
former. Thus, at the plates, identical synchronizing pulses are super-
posed on the sine waves of opposite polarities. As a result, the voltages 
developed across the load resistors of the double diode integrate in 
the course of a cycle to zero if the pulses coincide with the zero point 
of the sine wave (A), but average to a net positive or negative value 
(B and C) if the zero point of the sine wave leads or lags relative to 
the pulse. The output of the comparator V1 is integrated by a re-
sistance-capacity network and applied to the grid of the reactance tube 
V3, which, depending on its conductance, modifies the effective value 
of the capacitance in the resonant circuit of the Hartley oscillator V2 
and, hence, its frequency. It should be noted that the secondary of 
the transformer should be tuned to a frequency below the frequency of 
oscillation to obtain the proper phase relationship between the ultimate 
sawtooth and the synchronizing pulses. 
Whereas the last system, in particular, is highly satisfactory from 

the point of view of noise immunity and speed of attaining synchronism, 
both the preceding systems demand a relatively large complement of 
tubes and circuit components. The pulse-time system, shown in Fig. 
14.37, is far more economical. It employs a single double triode to 
deliver the sawtooth signal and maintain it in proper phase relative to 
the synchronizing signals. 
The system depends on applying the synchronizing pulse superposed 

on the peak of the sawtooth to the oscillator control grid and employ-
ing the integrated cathode current to supply bias for a blocking oscil-
lator, namely, the second half of the double triode. The magnitude of 
the integrated cathode current is given essentially by the area of the 
compound wave lying above cutoff; the peak is maintained at a con-
stant voltage by grid current. This area is reduced as a larger portion 
of the synchronizing pulse slides off on the steep front of the sawtooth, 
increased as it shifts more toward the flat plateau at the peak. The 
control voltage characteristic obviously depends materially on the 
exact shape of the sawtooth fed back to the control section grid; thus 
the variable shunt capacitance serves to round the peak of the saw-
tooth and to extend the range over which the oscillator will snap into 

synchronism with the sync signals, simultaneously reducing the sensi-
tivity. A fine adjustment for the magnitude of the bias voltage sup-
plied to the oscillator is provided by a potentiometer in the plate circuit 
of the control section. 
The blocking oscillator is somewhat unconventional in design; it 

employs an autotransformer with B voltage applied to mid-tap. A 
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third coil with shunt capacitance acts as filter for the damped oscil-
lations taking place in the plate circuit during tube cutoff, and at the 
same time, by superposing its natural oscillation, near line frequency, 
on the grid voltage, sharpens the grid voltage variation near cutoff. In 
this manner the frequency of the blocking oscillator is stabilized. The 
condenser C and charging resistance R play the same role as in other 
sawtooth-generating circuits; discharge takes place through the hori-
zontal oscillator tube. 

14.7 Synchronization. The impulses which determine the phase of 
the control oscillators of the horizontal and vertical deflection gen-
erators accompany the picture signal, being a part of the complete 
video signal. These synchronizing impulses must meet the following 
requirements: 

1. They must not interfere with the picture. 
2. They must be easily separable from the picture signal. 
3. They must be such that vertical and horizontal control pulses can 

be distinguished electrically. 
4. They must be capable of controlling the oscillator in the presence 

of ordinary interference. 

The first condition is met by placing the synchronizing pulses within 
the return time of the scanning beam, as was described in Chapter 6. 
As was pointed out in the chapter mentioned, the synchronizing 

signals cannot be distinguished from the picture signal by their fre-
quency content and must, therefore, be selected from the video signal 
by virtue of some other attribute. They are characterized by their 
time of occurrence and their amplitude. The time cannot readily be 
used as a means of selection, because it is the pulse which times the 
system itself. Therefore, of necessity, amplitude selection is used. 

Separation of vertical and horizontal control pulses can be effected 
by means of differences of shape, duration, or amplitude of the two 
types of pulses. Choice of the most suitable means involves circuit 
considerations which will be discussed in a succeeding section. 
The effect of interference upon synchronization depends upon the 

nature and amplitude of the interfering signals. If the amplitude of 
the synchronizing signal is sufficient to insure its positive separation 
from the picture signal, random noise will not interfere with synchroni-
zation unless its level is well above that which can be tolerated in the 
picture itself. However, sharp interfering pulses may cause the de-
flection generator to start prematurely if the synchronizing signals are 
applied to it directly. Much more rarely, a disturbance could oppose 
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Sec. 14.8] Separation of Synchronizing Impulses 585 

the synchronizing pulse and delay the start of the control oscillator. 
Automatic frequency control (AFC), by averaging out the effect of 
noise pulses over a long period of time, largely eliminates their effect 
on synchronization. Without AFC, a disturbing pulse will only affect 
synchronization if its amplitude is comparable with the control signal 
itself, and then only if it occurs just before the end of a line or frame, 
at which time the control oscillator is easily started (see Fig. 14.38). 
The amplitude of the synchronizing impulses is made large enough so 
that, in general, interference which is not too obtrusive on the kine-

bø 
SO 

o 

-a 
Voltage 
of synch. 
impulse Time-

4." Double frequency pulse 
I  

Horizontal pulse 

Fig. 14.38. Sensitivity of Control Oscillator as a Function of Time (in the Absence 
of AFC). 

scope screen will not destroy synchronization. On this basis the ampli-
tude of the synchronizing impulse is made 33 percent greater than the 
maximum picture signal. Experience has shown that, even so, AFC 
materially increases the acceptability of the picture under low-signal 
or high-noise level conditions. This is exemplified by the comparison 
in Fig. 14.39. 
As far as immunity to interference and ease of separation are con-

cerned, the polarity of the synchronizing impulse may be in the direc-
tion of either black or white. In other words, the signal may be 
"blacker than black" or "whiter than white." Since the former drives 
the grid of the viewing tube below cutoff during return time, some 
circuit simplification is effected by its use. 

14.8 Separation of Video Signal and Synchronizing Impulses. The 
control pulses are selected from the complete video signal by a limiter 
tube. In a limiter the nonlinearity of the tube characteristics is util-
ized to remove unwanted portions of the signal. Thus, in Fig. 14.40, 
information lying above the level AB, constituting the synchronizing 
signals, is to be separated from the picture information carried by the 
lower portions of the curve. 
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(a) (b) 

Fig. 1439. Effect of Automatic Frequency Control on Picture in the Presence of High-Level Interference (Interference from Elec-
tric Razor). (a) Picture obtained without AFC. (b) Picture obtained with AFC. (Wendt and Fredendall, reference 15.) (Courtesy 

of Proceedings of the Institute of Radio Engineers.) 
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Sec. 14.81 Separation of Synchronizing Impulses 587 

The operation of the many different limiter circuits employed for 
separating the synchronizing signals from the video signal differs but 
little. The diode circuit shown in Fig. 14.41 may be regarded as basic. 
The chosen polarity of the diode corresponds to positive synchronizing 
signal. During the positive synchronizing peaks the diode conducts, 
charging the condenser C through the small resistance R. Between 
synchronizing pulses C discharges through the large resistance R9; the 

A r Synchronizing 
Black 

----- White 

Fig. 14.40. Separation of Synchronizing Pulses from Picture Signals by Limiter 
or Clipper. 

time constant CR, is generally made about 6000 microseconds or ap-
proximately 100 line periods, so that the voltage change on the con-
denser is very slight. The clipping level below the synchronizing peaks 
is determined by the condition that the transfer of charge during the 
pulse time T is just equal to that in the interval between pulses, T — T. 
Thus, if E, represents the voltage of the synchronizing pulses, E „, the 

-4F 

Fig. 14.41. The Diode Clipper. 

average signal voltage between pulses, and Ec, the signal voltage for 
which the drop across the diode is zero (the clipping level), 

Ep — E, — Ec 
 = (T r)   (14.18) 
R, Rt R, 

Here RI represents the diode resistance. This equation can be solved to 
yield 

EV EV rRg 

Ep — Ea, (T — r)(Rc + Rt) TR, 
(14.19) 
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588 Scanning and Synchronization [Chap. 14 

Television standards demand that the ratio at the left be 0.75 for the 
least value of Ev, corresponding to an all-white picture. Thus this 
equation leads to a maximum value of the load resistance Ro; e.g., for 
r/T = 0.07, 

Ro + Re  
< 0.025 

R, 

The value of E, — Eo, reduced by the factor R0/(R o + Re), yields di-
rectly the amplitude of the synchronizing signal output. 

Fig. 14.42. The Cathode-Follower Clipper. 

If the diode is replaced by a sharp cutoff triode, a cathode-follower 
clipper is obtained (Fig. 14.42). The amplitude of synchronization in 
the input signal must here be appreciably greater than the grid cutoff 
voltage, which is given approximately by the plate voltage Eb divided 
by the voltage amplification i& of the tube, since the clipping level is 
not given by E, in Eq. 14.18, but by Eo — Ebh.e. Correspondingly, for 
equal signal output, the resistance Ro must be made much smaller than 
for a diode. 

In the more conventional circuit in Fig. 14.43a the triode amplifies 
as well as separates the synchronizing pulses, which, here, invert their 
polarity. Otherwise, the operation is similar to that of the two pre-
ceding circuits. As in them, interelectrode capacitance may cause 
video signals to contaminate the output to some extent. This difficulty 
may be avoided by replacing the triode by a pentode and deriving the 
synchronizing signals from the screen-plate circuit (Fig. 14.43b). A 
third modification of the "grid-leak bias clipper" (Fig. 14.43c) is suit-
able for signals in which the synchronization has negative polarity: 
The grid is grounded and the signal applied to the cathode. 
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The cathode-bias clipper shown in Fig. 14.44 is somewhat different 
in operation. The cathode resistor is made very large and shunted by 
a condenser so that the time constant of the cathode circuit is about 
6000 microseconds. The bias developed across the condenser cuts off 

(a) 

Lturrni7 nitic  

+B 

(b) (c) 

Fig. 14.43. Grid-Bias Clippers. (a) Triode circuit. (b) Pentode circuit. (c) 
Cathode-input circuit. 

plate current except during the synchronizing pulses. An analysis such 
as that given for the diode clipper shows that the clipping level is 
given by 

T — r E 
E, — E, —  (14.20) 

r R,g„, 

where E is the voltage across the condenser C. Since the quantity on 
the right must be less than the cutoff potential of the tube E9, R, must 
be chosen more than thirteen times as great as the reciprocal mutual 
conductance of the tube multiplied by the ratio E/E,. The amplitude 
of the pulses in the output is given by 
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Fig. 14.44. Cathode-Bias Clipper. 

590 Scanning and Synchronization [Chap. 14 

Rup T — E Rup 

RL + rp r R, + r, 

For an a-c input signal the value of E will be large for a bright pic-
ture, small for a dark picture, so that, as with the diode clipper, the 
amplitude of the output will depend on the picture content. These 
synchronizing separators are thus useful, primarily, when the d-c level 
of the signal is set beforehand. With the grid-leak bias clipper the 
input signal must be larger but yields an output which is practically 

gp,(Ep — E,) (14.21) 

—u— Lr-

independent of picture content. Thus, here, it is necessary that the 
synchronizing signal lie above the pedestal by more than the grid cut-
off voltage E9, whereas the output amplitude becomes, for sufficiently 
large Ra and rn, g„,RLEp. 

14.9 Selection of Vertical and Horizontal Synchronizing Impulses. 
After the vertical and horizontal impulses have been isolated from the 
complete signal, there remains the problem of separating the two im-
pulses. This selection is effected by making the two impulses some-
what different in nature. They may differ in amplitude, shape, or dura-
tion. Thus the vertical pulse might be made much higher than the 
horizontal pulses—at the cost of greatly increased transmitter load 
during its transmission—and be separated from the horizontal pulses 
by a clipper circuit. As an alternative, horizontal and vertical pulses 
could be distinguished by having a steep leading or trailing edge, so 
that differentiation would lead to a strong positive and negative pulse, 
respectively. The method adopted in practice differs from either. It 
employs pulses of greatly differing duration. The vertical pulse, which 
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lasts three full horizontal lines, is serrated, so that differentiation leads 
to an unbroken succession of horizontal synchronizing pulses, whereas 
integration results in a single prominent vertical peak for every ver-
tical pulse (Fig. 14.45), accompanied by smaller peaks produced by the 
individual horizontal pulses. 
The complete synchronizing signals, as prescribed by the Federal 

Communications Commission, are shown once more in Fig. 14.46. 
They are complicated to some extent by the requirements of interlaced 
scanning. The serrations of the vertical pulse itself have twice lion-

(a) 

C 

I? 

Synchronizing signal 

Modified synch. signal 

Horizontal 

Ve_r>t,•-• 

Integrating and differentiating circuits 

Fig. 14.45. The Vertical Synchronizing Pulse and Pulse Selection by Differentiat-
ing and Integrating Circuits (Schematic). 

zontal frequency and, furthermore, the vertical pulse is preceded and 
followed by "equalizing pulses" with half the width and twice the fre-
quency of the horizontal pulses for three line periods. The purpose 
of this modification is to render the shape of the integrated vertical 
pulse identical for successive fields, in which the relative position of 
the vertical and horizontal pulses is displaced by half a line period. 
The added pulses and serrations, inserted at the middle of the horizon-
tal trace, do not trigger the horizontal oscillator (even without AFC) 
since they fall in an insensitive period of the oscillator. Equalizing 
pulses follow as well as precede the vertical pulse since the trailing part 
of the pulse has a certain effect on the rate of discharge of the vertical 
blocking oscillator condenser and, hence, on the length of the vertical 
period. 

Figure 14.45 illustrates an integrating circuit consisting of a single 
condenser and resistance. In practice, an integrating network of sev-
eral meshes is employed, as illustrated in Fig. 14.47. In this manner 
the peak amplitude produced by the individual horizontal pulses can 
be further attenuated relative to that corresponding to the vertical 
pulse; the shape of the integrated pulse, produced by the network in 
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594 Scanning and Synchronization [Chap. 14 

question, is also shown in Fig. 14.47. The design aims to let the most 
steeply ascending portion of the pulse coincide with the instant of trig-
gering, since in this manner the greatest stability can be attained. Nor-
mally, the integrating circuit is preceded by a limiting amplifier which 
trims off noise pulses exceeding the synchronizing pulses in amplitude 
and thus improves the noise immunity of the horizontal deflection. 

Several methods have been proposed for increasing the precision of 
vertical synchronization. One of these consists of adding the differ-

0.10 
0.09 
0.08 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
o 

JILLIJLJILL 
Input signal 

Fig. 14.47. Multimesh Integrating Network for Forming Vertical Synchronizing 
Pulse and Pulse Shape Obtained with Standard Signal Wave Form. 

entiated horizontal signal to the integrated vertical signal and trigger-
ing the vertical signal by the pulse corresponding to one of the serra-
tions. 

14.10 Formation of the Complete Synchronizing Signal. The type 
of synchronizing signal having been selected, there still remains the 
problem of forming the impulses and adding them to the picture signal. 
The impulses are formed by a chain of suitable pulse oscillators and 

shaping circuits. These impulses are added together and to the pic-
ture signal by means of keying or mixing tubes. There are many 
chains which are satisfactory, and the choice depends upon the par-
ticular installation. Only the broader aspects can be taken up here. 
The highest pulse frequency is twice line frequency. Therefore, 

there is a primary oscillator delivering pulses at a rate of 31,500 per 
second. Its output is applied to a series of frequency division circuits 
which deliver pulses at line frequency (31,500 2) and field fre-
quency (31,500 -÷ 525 = 31,500 (7 .5 .5 .3) ) as well as a number of 
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intermediate frequencies. Pulse-forming, shaping, and keying cir-
cuits combine these into the complete synchronizing signal, as indi-
cated schematically in Fig. 14.48. 
The preferred frequency division circuit consists of a step counter 

in combination with a blocking oscillator with fixed cathode bias (Fig. 
14.49) or a multivibrator. The step counter consists of a pair of di-
odes, V1 and V., in combination with an input capacitance C1 and a 
larger storage capacitance C2. As a positive pulse is applied to the 
input of the counter, C1 and C2 are charged positively through V1, in 
inverse ratio to their capacitance. At the end of the pulse, as the 
voltage decreases, C1 discharges through V2. The charge of the stor-
age capacitance C2, however, remains unaltered since the polarities of 
V1 and V2 block discharge. The next positive pulse increases the 
stored charge by a further increment which is smaller than the first 
since the charging voltage is reduced by the voltage drop already exist-

ing across C2. The potential across C2 thus increases stepwise until 
it reaches the firing voltage of the grid of the blocking oscillator with 
which it is connected. The number of steps required to bring the grid 
to its firing potential, or the frequency division factor, is determined 
by the fixed bias applied to the blocking oscillator cathode. A buffer 
amplifier transmits the positive pulse from the blocking oscillator grid, 
with polarity reversed, to the next frequency division stage. 
The pulse forming and shaping system employs largely multivi-

brators, limiting amplifiers, addition networks, and keying stages. A 
keying stage (Fig. 14.50) normally utilizes a pentode, the signal to be 
keyed being applied to the control grid and the keying signal to the 
screen grid. 
The master oscillator at twice line frequency may be either stabil-

ized by a crystal maintained in a carefully temperature-controlled 
enclosure or be locked in with the alternations of the local 60-cycle 
power system. In the latter instance the 60-cycle pulses derived from 
the master oscillator by frequency division are compared in phase with 
the sinusoidal oscillation of the power line by a circuit similar to that 
employed in automatic frequency control (Fig. 14.36), and the output 
of the comparator is utilized to modify the frequency of the master 
oscillator. 
1 4.1 1 Special Problems of Scanning. Keystoning. The problem 

of providing a scanning pattern which deviates materially from a rec-
tangle arises in the iconoscope and may be encountered in other special-
purpose tubes. In the iconoscope the mosaic makes an angle of 60 
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degrees with the axis of the gun. Therefore, if the scanning pattern 
is formed by vertical and horizontal deflections having constant an-
gular amplitude, the pattern will not be rectangular. Since the bot-
tons of the mosaic is closer to the gun than the top, the top lines will 
be longer than the bottom lines, and the area swept out on the screen 

Liu 
Gated signal 

I I I I I I I I I I I 1 

Input signal 
Gating pulse 

+B 

Fig. 14.50. Keying Circuit. 

+B 

will be trapezoidal, or keystone, in shape. This will be clear from 
Fig. 14.51a. 
To correct for this, it is necessary to modulate the horizontal de-

flection with the vertical sawtooth wave. In this way a decrease in 

angular amplitude at the top and an increase toward the bottom can 

Electron 
beam 

Mosaic 

2, Angle of maximum 
horizontal deflection 

Point of deflection 

(a) (b) 

Fig. 14.51. Origin and Correction of Keystone Distortion. 

be macle to overcome the trapezoidal distortion in the pattern on the 
slanting screen. The appearance of the modulated sawtooth wave is 
shown in Fig. 14.51b. 

This modulation can be carried out in a number of ways. Essen-
tially, the gain of the deflection amplifier must be linearly increased 
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periodically at vertical frequency, and the vertical sawtooth wave 
component, present in addition to the modulated horizontal sawtooth, 
must be removed. Figure 14.52 shows a simple circuit which accom-
plishes this. 
The grid bias of a variable-mu horizontal deflection amplifier tube 

is varied periodically by the vertical sawtooth. This produces a mod-
ulated horizontal sawtooth, plus a vertical component arising from the 
variation in bias. The second component is removed by applying an 

inverse vertical sawtooth of ampli-
tude equal to that present in the 
output of the modulator. The con-
dition for exact cancellation of the 

Horizontal vertical sawtooth component is 
saw tooth 

achieved by proper adjustment of 
the potentiometer contact on the 

Vertical 
saw tooth vertical sawtooth input after the 

degree of modulation has been set 
with the aid of the cathode-bias 
adjustment. 

Interference and Scanning. The three main types of interference 
to be guarded against when designing a scanning system are: (1) 
effect of noise and static upon the synchronizing mechanism; (2) 
cross-talk between vertical and horizontal deflection; and (3) a-c 
ripple or hum from the power supply feeding through to the deflec-
tion. There are, of course, many other less important causes of inter-
ference. 
The effect of interference on synchronizing has already been pointed 

out. With automatic frequency control of the horizontal deflection 
and appropriate clipping of the synchronizing signals ahead of the 
vertical integration circuits it is not serious unless of such magnitude 
as to spoil the picture itself. 

Cross-talk is the term applied to the influence which may be exerted 
by the vertical deflection currents on the horizontal deflection, and vice 
versa. It is the result of inadequate electrical isolation between the 
two deflecting systems, or a poorly designed deflecting yoke. The 
former may be the result of insufficient shielding of the deflection am-
plifiers or leads or of coupling through a common power supply. 

If the vertical sawtooth affects the horizontal deflection, it causes 
a distortion of the pattern shape. In case of a simple addition of the 
sawtooth, the pattern will be sheared; in case of modulation, it will 
be keystoned. Usually only some of the harmonics of the vertical 

Fig. 14.52. Simple Keystone 
recting Circuit. 

Cor-
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deflection wave interfere, resulting in wavy sides of the scanned area. 
Harmonics of the horizontal sawtooth appearing in the vertical de-
flection, on the other hand, cause the scanned lines to be wavy instead 
of straight. This defect is particularly serious in camera tubes such 
as the iconoscope since here, in addition to pattern distortion, they 
may give rise to appreciable spurious signals. 
The effect of hum on the received picture is most serious when the 

hum frequency is not an integer multiple of the vertical deflection fre-
quency. For example, Fig. 14.53 indicates the effect of 60-cycle hum 

Reproduction 
of line 

60 — hum on 30 frames 
Interlaced 

CV 

Edge of pattern 

Fig. 14.53. Effect of Hum on Scanning Patterns. 

Reproduction 
of line 

60 hum on 24 frames 
interlaced 

influencing the horizontal deflection on a 30-cycle-per-second and a 24-
cycle-per-second interlaced scanning pattern, respectively. Whereas 
in the first hum modulates the outlines of objects in the picture with-
out blurring them, its effect on successive fields differs in the second so 
that the picture obtained by superposition is unsharp. The same ap-
plies to the effect of hum on the vertical deflection, where it causes a 
variation in line separation. A slight deviation between the hum fre-
quency and the vertical-deflection frequency causes an apparent sway-
ing of the picture, which proves very objectionable. This swaying 
may be prevented by locking the master oscillator at the transmitter 
with the local power system, provided that the power systems at the 
transmitter and the receiver are interlocked. 
Wherever the power systems in the service area of a transmitter 

are not synchronized, it is necessary to rely on careful filtering of the 
power supply, shielding, and isolation of the heaters in vacuum tubes 
with indirectly heated cathodes. It has been found that, with proper 
precautions of this type, receivers can be made to function to corn-
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plete satisfaction with a frame frequency of 30 cycles per second in 
areas serviced by 50-cycle power systems. 
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15 The Television Transmitter 

The difference between the type of transmitter required to radiate 
high-definition television signals and that used for sound broadcasting 
is so great as to be almost fundamental. The reason for this differ-
ence is the tremendous frequency band needed for picture transmis-
sion. Not only does the wide frequency band present a technical ob-
stacle in itself, but it also makes necessary the use of a carrier in the 
very-high or ultra-high-frequency range, as was pointed out in Chap-
ter 6. The Federal Communications Commission has. assigned five 
6-megacycle bands in the range from 54 to 88 megacycles and seven 
additional bands between 174 and 216 megacycles for television broad-
casting. In Europe and elsewhere, similar bands have been given over 
to video transmission. Additional allocations are being made in the 
ultra-high-frequency band, from 470 to 890 megacycles. This chap-
ter deals primarily with transmitters for the very-high-frequency 
range. The special problems of ultra-high-frequency transmitters are 
treated in brief. 

Like the transmitter used for sound broadcasting, the television 
transmitter consists of a carrier generator, a modulator, power ampli-
fiers, a transmission line carrying the modulated carrier to the an-
tenna, and finally the antenna itself. In principle, these elements are 
similar to those used in sound transmission; however, because of the 
very high frequencies involved, problems which in sound transmission 
are only of secondary importance assume the proportions of major 
considerations. At the frequencies used for picture transmission, the 
series impedance due to the inductance of every lead and the shunt 
capacity between every electrode, or lead, and ground, must be taken 
into account. In fact, every lead must be considered as a transmis-
sion line whenever its length is comparable with that of the wave 
traveling over it. 

15.1 Character of the Transmitted Signal. The modulation of the 
carrier by the video signal to form the r-f signal has been discussed 
in Chapter 6. The modulating video signal may be of either polarity, 
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giving rise to either positive or negative modulation. With positive 
modulation the amplitude of the radio frequency is a maximum for 
white portions of the picture whereas with negative modulation the 
converse is true, that is, the black regions of the picture increase the 
r-f amplitude. 
As has already been pointed out, practical considerations dictate 

the use of synchronizing impulses in the direction of a black signal. 
Therefore, if positive modulation is used, the synchronizing signal 
causes the r-f signal to drop to a very low value (usually zero ampli-
tude), whereas negative transmission results in a maximum signal for 
the synchronizing impulses. 

Certain advantages may be urged for both positive and negative 
transmission. On careful examination, negative transmission, adopted 
as part of American television standards, appears preferable, however. 
If the effect of interference is neglected, negative transmission is ad-
vantageous on two scores. On the one hand, the synchronizing peaks 
provide a ready reference for automatic gain control; on the other, 
the average transmitter power requirements are reduced, since the car-
rier signal attains at most 75 percent of the maximum amplitude in 
the course of picture transmission. 
With interference the choice is not quite so clear-cut. It is con-

venient to consider the effects of interference on synchronization and 
its direct effect on the picture separately. If interference is sufficiently 
serious to destroy synchronization completely, it will probably render 
the picture valueless even if synchronization is artificially maintained. 
This statement applies to either system. However, with directly trig-
gered circuits, interference, even if not sufficiently severe to destroy 
the picture, may occasionally cause the impulse generator of the de-
flecting circuits to operate too soon. This occurs when a disturbing 
pulse of the right polarity arrives just ahead of the normal synchron-
izing impulse, at which time the deflection generator is extremely sen-
sitive to any incoming signal. Negative picture transmission is some-
what more sensitive to this type of interference than positive modula-
tion because to interrupt synchronization in positive transmission the 
interfering signal must be of such amplitude and phase that it just 
cancels the incoming signal. If the phase of the interference is not 
exactly opposite to that of the carrier, it will not cause the signal to 
become zero, and therefore will not interrupt the deflection. Likewise, 
if the interference is in phase opposition but its amplitude is greater 
than that of the video signal, it will result in overmodulation rather 
than loss of signal. Negative transmission, on the other hand, is sus-
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ceptible to any impulse occurring near the end of a line or frame which 
causes the signal to rise to a value equal to, or greater than, that 
required for synchronization. In practice, this advantage of positive 
modulation is only apparent. With automatic frequency control in 
the horizontal deflection circuits and the insertion of an amplitude-
limiting stage ahead of the integrating networks for the vertical syn-
chronizing pulse, the synchronization of the receiver can always be 
rendered adequately immune to interference. 

In the picture itself, interference becomes much less objectionable 
with negative modulation than with positive modulation. Momentary 
signal increases appear as dark spots with negative modulation, as 
white flashes with positive modulation. Bright flashes on the screen 
are much more objectionable than dark spots of similar size. The fact 
that the white spots may be increased in size by "blooming" makes 
them even more prominent. 

Negative picture transmission has been adopted in the United States 
and in most other countries of the world where television standards 
have been fixed; the notable exceptions are Great Britain, France, and 
Morocco-Tunisia, where positive transmission is employed. 
The signal, whether positively or negatively modulated, can be 

radiated from the transmitter in the form of either a-c or d-c trans-
mission. A-c transmission, as the name implies, means that the video 
signal supplied to the modulator has been amplified by an amplifier 
passing only its a-c components. Because of this, the signal at the 
modulator represents the voltage variation about an axis or reference 
voltage which is the time average of the signal. Thus, if the picture 
consists of a narrow white line on a black background, the carrier 
envelope for negative modulation will vary from approximately half 
value for the background to zero carrier at the white band, whereas 
a black line on a white background leads to a carrier which has ap-
proximately half value for the white background and maximum value 
at the black line. It will be apparent that the instantaneous magni-
tude of the r-f signal has, therefore, no real meaning in terms of pic-
ture brightness. However, the complete signal carries the information 
which determines the correct light level of the picture, for the pedestal 
which accompanies the synchronizing signal always corresponds to 
black. Relatively simple circuits at the receiver can, by making use 
of the pedestal, establish the correct viewing-tube bias, as will be ex-
plained in the next chapter. 
The video signal, on the other hand, may be amplified up to modula-

tion level by means of a d-c amplifier or its equivalent. If this is 
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done, the magnitude of the r-f signal has absolute significance in terms 
of picture brightness. For negative modulation, a black area, irrespec-
tive of size, results in maximum carrier amplitude (exclusive of the 
synchronizing signal), whereas a white area leads to zero or minimum 
carrier. The carrier envelopes for a bright line on a black background 
and a dark line on a bright background are shown for a-c and d-c 
transmission in diagrams a and b, respectively, of Fig. 15.1. 
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Fig. 15.1. A-C and D-C Transmission of Video Signals. 

D-c transmission is generally favored since considerable economy 
in the use of any given transmitting equipment can be effected with it. 
This saving will be made clear by reference to Figs. 15.1c and d. A 
given transmitter has available a certain maximum voltage range for 
the carrier envelope. This range, for convenience, is referred to the 
voltage applied to the modulator and is shown in Fig. 15.1c by the 
double-headed arrow whose ends represent maximum and minimum 
carrier. The reference axis about which the video signal voltage 
swings in a-c transmission must be at or near the midpoint of the 
modulator voltage range in order to transmit the two types of picture 
signal shown in the diagram. It will be seen that the voltage change 
from black to white is only about one-half the total available voltage 
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swing. On the other hand, if a d-c video signal is applied to the 
same modulator, a "black" signal will correspond to a maximum posi-
tive voltage, whereas white corresponds to a maximum negative volt-
age; hence the full voltage swing of the modulator is available for the 
signal voltage. In other words, the useful voltage range with a-c 
transmission is only half as great as it is with d-c transmission. Ac-
tually, the power obtainable by d-c transmission is not four times as 
great as by a-c transmission, which might be expected from the above 
discussion. In the first place, the synchronizing signal and pedestal 
which occupy nearly 20 percent of the transmission time reduce the 
power saving (Note: For d-c transmission, synchronizing must always 
produce maximum carrier, whereas for certain types of pictures with 
a-c transmission it may be only slightly more than half maximum 
carrier.) Furthermore, the transmitter is limited not only by maxi-

mum voltage range but also by average power dissipated. The actual 
gain in power by the use of d-c transmission is between 1.5 and 2.5 
times. 

A carrier modulated in the ordinary way can be resolved into the 

carrier and two symmetrically placed sidebands. The spectrum will 
then appear as shown in Fig. 15.2a, which corresponds to a carrier 
modulated with a video signal containing all frequencies up to 2.875 
megacycles. The position of the audio band relative to the video 
signal is also indicated in this figure. This band is not related to the 
video carrier, but has its own carrier, placed at a fixed distance from 
the video carrier. 

In Chapter 6, it was shown that a single sideband, together with 
the carrier, contains all the information necessary to synthesize the 
picture, and that considerable advantage is obtained if only a single 
sideband is used. This being so, obviously it would be highly desir-
able if only a carrier and a single sideband, as illustrated in Fig. 15.26, 
were generated by the transmitter. In this manner, the space in the 

frequency band required to transmit a given picture can be greatly 
reduced. 

Unfortunately, at the present state of the art it is not possible to 
make an efficient modulator and power amplifier which will supply 
only the wanted carrier and single sideband to the antenna. As will 
become more apparent as the discussion proceeds, this is due to the 
fact that the tuned circuits which must be used have phase character-
istics which invariably lead to inefficient amplification unless the car-
rier coincides with their resonant frequency. 
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A partial improvement can be effected, however, by filtering out one 
sideband from the signal by means of filters between the transmitter 
and the antenna. The transmitter in this case generates both side-
bands, and the power contained in one sideband is dissipated in the 
filter. Whereas this implies a certain waste of transmitter power, the 
economy in utilization of the available frequency band is retained. 
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Fig. 15.2. Frequency Distribution for Transmitters Radiating Single- and Double-
Sideband Signals. 

Even this compromise cannot be carried out in full because of filter 
limitations. If a filter could be designed which had a suitable cutoff 
almost at the carrier, and no phase distortion over the passband, so 
that the resulting signal was of the form shown in Fig. 15.2b, faithful 
picture reproduction could be obtained, provided that similar require-
ments could be met by the response of the receiver. However, practi-
cal filter considerations have made it advisable to transmit approxi-
mately 1% megacycles of the unwanted sideband. The final shaping 
of the passband takes place in the receiver. Though the saving is not 
as great as if this expedient were not necessary, nevertheless, there is 
a gain of nearly 50 percent in frequency utilization. 
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If modulation of the carrier takes place at a lower level, so that 
several stages of amplification are needed to raise the modulated car-
rier power to the value required for transmission, the desired attenua-
tion of one sideband may be achieved by off-center tuning of these 
amplifier stages. Even then the single-sideband filter is found neces-
sary in practice to confine the radiated signal to the allocated fre-
quency band. The relative advantages and disadvantages of high-
level and low-level modulation are taken up in the next section. 
To summarize: The signal which is considered most favorable at 

present is one which is negatively modulated, with "blacker-than-
black" synchronization, and contains the d-c component. One side-
band should be partially suppressed so as to permit a wider video 
band to be transmitted within a given radio channel. Finally, the 
carrier frequency lies preferably in the very-high-frequency range, 
namely, between 50 and 300 megacycles. The ultra-high-frequency 
channels, between 500 and 900 megacycles, are also suitable for tele-
vision transmissions but present certain additional problems. 

15.2 Very-High-Frequency Video Transmitters—General Plan. 
Practical video transmitters differ primarily with respect to the level 
at which the carrier is modulated by the video signal. Figure 15.3 
shows block diagrams of three transmitters with 5-kilowatt output, in 
which modulation takes place at high level, low level, and intermediate 
level, respectively. All these transmitters employ crystal oscillators 
as primary frequency sources, succeeded by a chain of frequency mul-
tipliers; the last frequency tripler in this chain is employed only if 
the carrier frequency lies in the 174 to 216 megacycle range. In the 
high-level and medium-level transmitters, this is followed by one or 
two sharply tuned amplifier stages, which, in the first instance, raise 
the carrier power to about 400 watts. The output of these amplifier 
stages or, in the low-level modulated transmitter, that of the final 
frequency multiplier is applied to the modulated stage. 

In addition, the transmitters contain a video amplifier chain which 
amplifies the video signal from about 2 volts to 625, 150, or 25 volts 
peak-to-peak across a 500-ohm load, respectively. The video ampli-
fiers vary in design, both with respect to d-c re-insertion and inter-
stage coupling. Grid modulation is employed in all three transmitters, 
producing modulated carrier outputs ranging from 5 kilowatts to 
1 watt. 
The three transmitters differ most in the section beyond the modu-

lated stage. In the high-level modulated transmitter, the output of 
the modulated stage is adequate for transmission. It is, hence, ap-
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plied to a "balun," i.e., a circuit which converts a balanced output into 
a single-ended signal, and subsequently to a vestigial-sideband filter 
which removes the undesired portion of the modulated r-f signal. The 
resultant signal complies with the rules laid down for the transmitted 
signal by the Federal Communications Commission and the R.T.M.A. 

In the low-level and medium-level modulated transmitters, a num-
ber of linear class B amplifying stages follow the modulated stage so as 
to bring the modulated carrier up to the power level required for trans-
mission. These stages are tuned approximately 1.6 megacycles above 
the carrier frequency and are coupled so as to provide a signal cutoff 
on either side of the carrier which is similar to that shown in Fig. 
15.2c. A vestigial-sideband filter (not shown) is required in practice 
to prevent interference with adjoining channels. It may be noted that 
the cost of the additional class B stages appears more than offset by 
the simpler video amplifier made possible with low-level modulation. 
The primary advantage of high-level modulation rests in the greater 

stability of the transmitter characteristics and the greater ease of 
transmitter adjustment. Here, the picture quality is affected only by 
the video amplifier and the modulated stage. Since the video ampli-
fier characteristics are highly stable, the possibility of spontaneous 
changes in the transmission characteristics is minimized. 
Tuning of the high-level modulated transmitter can be accomplished 

simply with the aid of meters. A separate tuning crystal, yielding a 
carrier 1.6 megacycles above the main carrier, is provided for this 
purpose. With this crystal connected, the stages of the carrier gen-
erator chain, including the modulated stage, are tuned successively for 
maximum output. Then the tuning crystal is replaced by the oper-
ating crystal, and the carrier generator chain is retuned, leaving the 
modulated stage unaltered. Thus, the modulated stage introduces a 
certain amount of single-sideband attenuation, reducing the power 
dissipation required in the vestigial-sideband filter. Checking of the 
modulated stage with a sweep generator and oscilloscope is recom-
mended when the flatness requirements for the video band are high. 
This applies particularly to color transmissions. 
With low-level modulation, the tuning of the class B amplifier 

stages beyond the modulated stage requires the use of oscilloscopes 
for checking the frequency characteristic of each stage. These are 
generally built into the transmitter, along with a sweep-frequency 
generator. The latter is coupled to the horizontal deflection of the 
oscilloscope and provides the testing signal for the individual stages. 
Since the transmission band is a small fraction of the carrier fre-
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quency, drifts in these stages can seriously affect the transmitted 
signal. Furthermore, the class B stages must be accurately linear to 
prevent re-insertion of the attenuated sideband. 
At the present time, even though high-level modulation predomi-

nates, all three types of transmitters are employed by television broad-
casters. 

15.3 The Carrier Generator. As has already been pointed out, the 
principal elements making up the carrier generator are a master oscil-

lator, a chain of frequency multi-
/ pliers, and, eventually, one or two 

stages of power amplification. 
The piezoelectric crystal oscillator 

is universally employed as master 
oscillator in television transmitters. 
In principle, a high-Q tank circuit 
oscillator can also be used for this 
purpose. 

Crystal oscillators are common in 
\zz broadcast practice. In essence, a crys-

tal oscillator is a sharply resonant 
mechanical vibrator with coupling 
between an electric circuit and the 
mechanical motion. The piezoelectric 

effect present in certain crystals provides this coupling. Quartz 
crystals have proved most satisfactory for this purpose. 
A natural quartz crystal exhibits threefold symmetry about an axis 

known as the optic axis. This optic axis is electrically inactive. How-
ever, along the axes lying in a plane normal to the optic axis, quartz 
manifests a marked piezoelectric effect. Figure 15.4 shows a crystal 
projected in a plane perpendicular to the optic or z-axis. In this fig-
ure, the three axes Y1, Y2, Y3, normal to the three main faces, are 
known as the mechanical axes, whereas the axes X1, X2, X3, at right 
angles to the mechanical axes, are the electric axes. If the crystal is 
strained along one of the three mechanical axes, charges will be in-
duced on the surfaces of the crystal normal to the electric axis, which 
is at right angles to the direction of strain. Similarly, an electric field 
applied parallel to an electric axis will produce a deformation along 
the mechanical axis perpendicular to the field. 

If a rectangular segment is cut out of a quartz crystal in such a 
way that its face includes the Y and Z axes, as shown in Fig. 15.5e, 
and an alternating field is applied normal to the face, mechanical 

Fig. 15.4. Orientation of Electrical 
and Mechanical Axes in Quartz 

Crystal. 
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vibration will occur in the Y direction. As the frequency is varied, a 
rate of vibration can be found which corresponds to the mechanical 
resonance frequency of the Y direction of the rectangle. At this fre-
quency, a field of small amplitude can sustain a very considerable 
mechanical vibration. Furthermore, if the electrical oscillations are 
stopped, the crystal will continue to vibrate at this frequency for a 
large number of cycles owing to its elastic properties, inducing alter-
nating charges on its two faces. In other words, the electrical be-

(A Y Cut 

(c)AT put 

Fig. 15.5. Cuts Yielding Oscillator Crystals. 

havior of the crystal plate is exactly the same as that of a very slightly 
damped (high-Q) parallel resonant circuit. 
Under the resonant conditions just described, longitudinal mechani-

cal standing waves whose motion is in the Y direction are set up. 
Similar standing waves can be established normal to the YZ face 
which will correspond to a much higher frequency. 

Useful crystals can also be cut to include other crystallographic 
directions. A slab cut so that its face includes the X-axis and makes 
an angle of about 35 degrees to the optic axis results in a crystal 
whose resonant frequency is practically independent of temperature. 
In addition, a crystal so cut will be almost entirely free from para-
sitic oscillations which result from coupling between the various cry-
stallographic directions. Such a cut is known as an AT cut. Other 
orientations of the crystal plate are also employed in practice to ob-
tain high stability. The V-cut crystal, for example, is another tem-
perature-independent crystal which finds frequent application. 
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The low damping of these crystal resonators makes them valuable 
as a means of controlling the frequency of vacuum-tube oscillators. 
Such an oscillator, together with its electrical equivalent circuit, is 
shown in Fig. 15.6. It will be seen that this oscillator is similar to 
the conventional tuned-plate, tuned-grid circuit. Various modifica-
tions of this circuit have been employed to increase the effective im-
pedance of the crystal unit at the operating frequency and to enhance 
the sharpness of resonance. 

Crystal 

L  

L, C, R-Properties of crystal 
CI-Capacity between top 

and Maw plates 

Fig. 15.6. Crystal Oscillator (Schematic). 

The quartz resonator itself has also undergone considerable develop-
ment since its introduction as frequency standard by W. G. Cady in 
1921. Whereas, in the early days of radio communication, a frequency 
stability of one part in a thousand appeared quite adequate, modern 
television practice has raised these requirements to approximately one 
part in a million. Thus, with offset-carrier operation (see section 
15.11) the video carriers of neighboring television stations operating 
on the same channel should differ by ±10.5 kilocycles with a tolerance 
of the order of 1000 cycles in order to minimize co-channel interfer-
ence. Since the carrier frequency approaches 1000 megacycles in the 
ultra-high-frequency band, the tolerance Afg for the carrier fre-
quency, as well as the crystal frequency from which it is derived, 
becomes 0.000001. 

Similarly, stringent frequency stability requirements are imposed 
on the master oscillators of the picture and sound channels in com-
patible color television systems by the requirement that interference 
between the sound and the color subcarrier should have minimum visi-
bility (see section 18.9). The maximum tolerance for the picture-
sound carrier separation permitted by intercarrier sound reception for 
monochrome transmissions is greater by less than an order of magni-
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tude (see section 16.13). On the other hand, since the required accu-
racy applies here to a frequency difference between two emissions 
originating in the same station, it is automatically satisfied if the two 
carriers are derived from the same crystal oscillator and becomes 
trivial if, with two crystals, one serves in essence to supply the dif-
ference frequency.* 
The crystal unit most widely employed as television transmitter 

master oscillator is an AT or BT cut crystal plate vibrating in the 
thickness shear mode; the BT cut differs from the AT cut only in the 
angle of inclination (Fig. 15.5c), which is here —49 degrees in place 
of 35 degrees. The thickness of the AT cut is 1.67.106/f mm, that of 
the BT cut, 2.56.106/f mm, f being the fundamental resonant fre-
quency. The crystal plate is held clamped on two opposite edges be-
tween two gold-plated quartz electrodes in a hermetically sealed en-
velope (Figs. 15.7, a and b). The assembly is mounted in a thermo-
statically controlled crystal oven which maintains the temperature at 
75°C. 

In practice, crystals with resonant frequencies in the range of 4.5 
to 11 megacycles are employed in conjunction with frequency-multi-
plying circuits which raise the frequency of the output by a factor 
ranging from 8 to 36 for the very-high-frequency channels and even 
higher factors for the ultra-high-frequency channels. Higher oscilla-
tion frequencies, of the order of 30 megacycles, are obtained with 
reasonable thicknesses by employing the crystal in the third overtone 
thickness shear mode vibration. A maximum frequency deviation for 
a period of 30 days which is no greater than 5 parts in 10,000,000 is 
readily attained in this manner. Figure 15.7c shows an oscillator cir-
cuit with buffer amplifier suitable for use with such a crystal unit.t 
The individual frequency-multiplying circuit is, normally, a har-

monic generator. It consists essentially of a class C amplifier whose 
plate tank circuit is resonated to the desired harmonic of the input. 
The curves shown in Fig. 15.8b are given to clarify its operation. The 
bottom curve represents the voltage input supplied to the grid of the 
generator. The plate current and load voltage wave forms are also 
indicated. Figure 15.8a is the schematic circuit diagram of such a 
generator. Because the current output of the tube operated class C 
is high in harmonic content, such a device is a fairly efficient power 

*G. A. Olive and J. G. Reddeck, "Two Methods of Maintaining the Difference 
between Sound and Picture Carriers at UHF," unpublished report, Radio Cor-
poration of America, 1952. 

See Herbst and Washburn, reference 14. 
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generator. Actually, the power delivered by this type of generator is 
roughly inversely proportional to the order of the harmonic used; 
thus, operating on the second harmonic, it will deliver about 60 percent 
of the power that the same tube would deliver as an ordinary class C 
amplifier, whereas on the fourth harmonic, the power would be 30 
percent. For this reason, the frequency gain per stage is commonly 
limited to 2 or 3. 
A quartz crystal oscillator can deliver as much as 50 watts of power 

output. However, at very high frequencies, it is advantageous from 
the standpoint of stability to make the power required from the oscil-

f\AAAAAJ 
rH 

Input 
freqiency 

(a) 

Resonant 
to R.F. 

+ v 

Current in tank 

Plate current 

Cutoff 

Grid voltage 
(6) 

Fig. 15.8. Schematic Diagram of Harmonic Generator and Its Operation. 

lator a minimum. This avoids overheating the crystal as a result of 
internal friction. The power required to operate the harmonic gener-
ator is small and, therefore, at most, one stage of amplification is 
required between it and the crystal oscillator. Examples of complete 
crystal-controlled carrier generators are shown in Fig. 15.3. 
The low-loss "transmission line" oscillator finds more limited em-

ployment as master source for the carrier power generator. This 
oscillator is a vacuum-tube oscillator controlled by a resonant circuit. 
The resonant circuit is not a conventional coil and condenser tuned 
circuit, but, instead, a quarter-wavelength coaxial transmission line or 
some other type of resonant cavity. Such a circuit is practical only 
at very high frequencies, where a quarter-wave line has moderate 
dimensions. At present, it finds employment mainly in microwave 
relay systems, particularly in conjunction with klystron oscillators; at 
a frequency of 1000 megacycles a quarter wavelength is only 3 inches. 

In the transmission line resonant circuit, the two cylinders are con-
nected together at one end by means of a heavy metal disk, which also 
serves to hold the cylinders rigidly coaxial. The surface conductivity 
of the tank circuit must be very high because the "skin effect" at ultra-
high frequencies is so great that all the current is localized within a 
fraction of a mil of the surface. It is particularly important that the 

WorldRadioHistory



Sec. 15.3] The Carrier Generator 621 

contact at the bridging disk be very good; therefore, often not only 
is solder or brazing used to hold the disk in place, but also the joint, 
and preferably the whole tank circuit, is plated with copper or silver. 
The stability of this type of tank is a function of the Q of the cir-

cuit, where Q has its ordinary meaning of IrfL/R. Ordinarily, the 
frequency drift due to normal changes in driving power, load, etc., will 
not be greater than that which causes a 30 percent decrease in the 
impedance of the tank. On this basis, it can be shown that 

àf 1 _ 
f= Q 

where f is the resonant frequency. The Q of the circuit is related to 
the geometry, physical size, and material of the line. It will be shown 
in a succeeding section that a diameter ratio of 3.6 between inner and 
outer conductor yields the greatest efficiency and consequently the 
highest Q for practical construction. Inasmuch as the factor Q is 
approximately proportional to the circumference of the conductors 
(because surface rather than volume determines the conductivity), is 
is desirable to make the diameter of the outer cylinder large. Resonant 
circuits for the very-high-frequency range require diameters of 1 or 
11/2 feet. When properly constructed, a concentric line tank circuit 
can be made to have values of Q between 5,000 and 10,000. The fre-
quency stability may approach a few hundred cycles in 50 million. 
The oscillator may be a conventional tuned-plate, tuned-grid type. 

For various practical reasons, the coaxial line is usually placed in the 
grid circuit, whereas the tuned-plate load consists simply of a rela-
tively low-Q two-wire transmission line. Figure 15.9 shows schemati-
cally a typical push-pull oscillator using a high-Q tank. The driving 
unit in the example illustrated is loosely coupled to the tank circuit 
by a short loop near the inner conductor close to the point where it is 
attached to the outer cylinder. This loop is, in reality, a transformer 
and links the magnetic flux produced by the current in the inner cylin-
der. The location close to the bridging disk is, of course, chosen so as 
to be near the current maximum of the standing wave which exists on 
the line. The plate tank is coupled loosely to the load. 
The high-frequency oscillation supplied by the master oscillator, 

whether it is crystal-controlled or controlled by a resonant cavity, must 
be greatly amplified before it has the power level required by the out-
put stages. This amplification may be provided by frequency multi-
pliers or separate amplifiers. Both operate commonly in a class C 
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mode. A class C push-pull amplifier is shown in Fig. 15.10, together 
with the form of the voltage wave applied to the grid and plate of the 
tubes and of the plate current. The high efficiency of this form of 

Load 

Tuned plate 
circuit 

Fig. 15.9. Push-Pull Coaxial Tank Oscillator. 

amplifier is a consequence of the fact that the tubes are biased to cut-
off except when the plate voltage across the tubes is a minimum, mak-
ing the ratio of power dissipated in the tube to power delivered to the 

—E„ + Ebb 

Fig. 15.10. Circuit and Operation of Class-C Push-Pull Amplifier. 

load a minimum. Efficiencies of 85 percent or more can be obtained 
with such amplifiers, where the plate load impedance is a sharply reso-
nant circuit with little damping, i.e., a high-Q circuit. This is to be 
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compared with the 70 percent efficiency which may be obtained with 
a class B amplifier, where each tube is biased so that it delivers cur-
rent for half the radio-frequency cycle, and the very much lower effi-
ciency of the conventional class A circuit, typified by the single-ended 
amplifier discussed in Chapter 13. 

15.4 Modulation. In addition to the carrier generator, the trans-
mitter contains a number of stages of video power amplification which 
raise the video signal to a sufficiently high level to permit nearly com-
plete modulation of the carrier output. According to the requirements 
set up by the Federal Communications Commission, the modulated 
carrier amplitude for minimum video signal or "white" must be no 
greater than 15 percent of the maximum amplitude. The design of 
the modulated stage presents some of the most difficult problems facing 
the television engineer. 

Modulation, as has already been pointed out, consists of varying the 
amplitude of the carrier in such a way that the envelope of the carrier 
wave corresponds to the modulating signal. The principal methods of 
modulation used at present for sound transmission are based on an 
amplifier stage whose gain is proportional to the modulating signal. 
Fundamentally, they may be divided into amplifiers whose gain is 
varied by a control of the plate voltage, and those whose gain is con-
trolled by the mean value of the grid potential. These two classes 
are themselves subdivided into specific circuits of varying degrees of 
complexity, designed to fulfill the requirements of particular types of 
transmitters. 
The basic circuit of a plate-modulated stage is illustrated in Fig. 

15.11. The variable gain amplifier is shown as a push-pull circuit, 
consisting of two power tubes A and A'. The tuned-grid circuit is 
excited from the carrier generator, as in an ordinary radio-frequency 
amplifier. The plate voltage is supplied through the coupling im-
pedance Zc, and depends upon the voltage drop through the impedance. 
The current through Zc is not only the current through the amplifier 
tubes, but also that to the modulator tube B. When the grid of B is 
negative so that the plate current is small, the voltage drop through 
the impedance is small, and the voltage applied to the amplifier stage 
a maximum. Under these conditions, the radio-frequency power de-
livered to the load is high. On the other hand, when the modulator 
tube is conducting so that the voltage drop through the coupling im-
pedance is large, the gain of the amplifier is low. If the modulated 
amplifier is operated class C, a linear relationship between the modu-
lating voltage and the radio-frequency output amplitude is obtained. 
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In sound transmission, the efficiency of this type of modulator can 
be made fairly high provided that a class B push-pull amplifier is 
employed as modulator stage. This is possible only where the modu-
lation varies symmetrically about a mean carrier level. In television 
broadcasting, this a-c transmission is not economical, as has already 
been pointed out. Instead, the d-c component of the video signal is 
included. As a consequence, the variable gain stage must be controlled 
by a single-ended class A amplifier. This greatly decreases the ef-
ficiency of the system. 

To carrier 
generator 

+Ebb 

To video 
amp. 

Eh2 

Eh 

Low signal !eve 

/ 

/ eb \ 
—/— — — — —7 

_1 

Low signal leve 

Fig. 15.11. Schematic Diagram of Plate Modulator. 

High 
signal 
level 

For high-level modulation, plate modulation is out of question since 
it requires an excessive amount of modulating power. To achieve the 
almost complete modulation demanded by the standards set for the 
transmitted signal, the maximum voltage drop produced by the video 
current across the coupling impedance must equal approximately the 
d-c plate potential of the modulated stage, which may be of the order 
of 8 kilovolts. Furthermore, the coupling impedance, to yield uniform 
response over the entire video band, must in effect be a resistance, small 
compared to the reactance of the parallel tube capacitance at the maxi-
mum frequency of the video band. The peak video power V2/Ro re-
quired for plate modulation of the output stage of a video transmitter 
may hence be shown to be of the order of 100 kilowatts. 

In grid modulation, now universally employed in television trans-
mitters, this video power requirement is much less severe. A schematic 
diagram of a grid modulator is shown in Fig. 15.12. Like the preceding 
modulated amplifier, it is essentially a variable-gain radio-frequency 

WorldRadioHistory



See. 15.4] Modulation 625 

power amplifier. The gain in this instance is controlled by the grid 
bias of the stage. Constant amplitude radio frequency is supplied to 
the power tubes, A and A', in phase opposition through the tuned cir-
cuit which couples them to the carrier generator. The bias for the 
amplifier tubes is introduced at the midpoint of the grid tank, and is 
obtained from a voltage supply through the coupling impedance Zo. 
This impedance also carries the plate current of the modulator tube B. 

To carrier 
generator 

E bb 

Vg2 

vgi 

--- High signal level 

-Low signal level 

Cutoff  _/ 

Fig. 15.12. Schematic Circuit Diagram of Grid Modulator. 

The mean grid voltage applied to the amplifier has its maximum posi-
tive value when the modulator tube is at cutoff, and becomes more 
negative as the plate current in the modulator tube increases. To 
obtain linear modulation, the bias voltage supplied to the coupling 
impedance is generally so adjusted that when the modulator is at 
cutoff, each amplifier passes current for about 180 degrees of the radio-
frequency cycle. As the grids are made more negative, the angle over 
which the tubes conduct decreases, and, at the same time, the peak 
value of their plate current becomes lower. Thus, the power delivered 
to the load decreases. As compared with the plate modulator, the 
plate voltage swing of the grid modulator required for 100 percent 
modulation is less by the voltage amplification of the modulated stage. 
The video power output may accordingly be less by a factor equal to 
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the square of this voltage amplification. This factor may be as much 
as 100. 

It is also of some interest to consider the efficiency of the modulated 
stage and the power which may be derived from it, since they may 
serve as a guide for the tube types to be employed in a transmitter 
with a given power output. The conclusions apply qualitatively also 
to additional power amplifying stages which may be inserted between 
the modulated stage and the antenna, although these stages are nor-
mally operated class B rather than class C. 

Ebb 

Power to load 
EpmI 

Power dissipated in tube 
Emjni 

High impedance tank circuit 

Power dissipated 
in tube 

Power to load 

Low impedance tank circuit 

Fig. 15.13. Power Relations in Class-C Circuits. 

The efficiency of the stage depends on the maximum plate current of 
the amplifier tubes, the minimum plate voltage for which it can be 
obtained, and the impedance of the tuned load. The significance of 
and the reason for this relationship are shown in Fig. 15.13. The first 
two factors are functions of tube design and are fixed by the tubes 
available. The third factor depends upon the properties of tuned 
circuits, and its maximum value is limited by the frequency bandwidth 
and the capacity of the amplifier tubes. 
The power W delivered to the load from a class C amplifier is given 

by 

W — 
2 

(Ebb — Emin)I 
(15.1) 

where Ebb is the applied voltage across the load and tube, Emin is the 
minimum voltage across the tube at the r-f negative peaks, and / is 
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the peak value of the fundamental a-c component of the plate current. 
It will be seen that the power is dependent upon the radio-frequency 
voltage amplitude Ebb — R.I., as well as upon the tube current and 
voltage which are determined by the amplifier characteristics. The 
r-f voltage is in turn proportional to the load impedance Z since 

Ebb —  E m in = IZ (15.2) 

At resonance, when the current and voltage are in phase, the resonant 
circuit presents a purely resistive load, and the power is given by 

W = /2R/2 (15.3) 

Obviously, the power increases with increasing R. 
Were only a single frequency involved, the resistance of the load at 

resonance could be made very large by employing a high-Q circuit. 
However, the impedance of the circuit must remain high over the band 
of frequencies covered by the sidebands. If the power for the maxi-
mum modulation frequency f., namely, at fo ± fm, is not to be less 
than 50 percent of that at the carrier frequency fe, the Q of the circuit 
cannot be greater than that given by the relation 

1„, 1 _ =  
fo 2Q 

At carrier frequency, the impedance of the load is 

R = lifoLQ (15.5) 
and, furthermore, 

2/rfeL = 1/(2irfcC) (15.6) 

where L is the inductance of the load and C the total capacity. Sub-
stituting from Eq. 15.6 and Eq. 15.4 in Eq. 15.5 gives the maximum 
impedance of the load at resonance as 

(15.4) 

R = 1/(47rf.C) 

Consequently, the power output available is 

W = 12/(87foe) 

Therefore, the power delivered depends not only upon the current 
and voltage characteristics of the tubes employed in the modulated 
stage and any power amplifying stages beyond it, but also upon their 
capacity, since this capacity is the minimum that can appear across 
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the load. For tubes in general use at present, this capacity places a 
serious limitation on the performance that can be expected from them. 
This is particularly true of tubes designed for high-power output. 
From the foregoing, it is apparent that any modulation system, in 

which there is modulation of the carrier current in a tank circuit, is 
subject to this limitation. 
Systems employing absorption modulation, impedance transfer net-

works, etc., arranged so that the generator maintains a constant voltage 
across the tank circuit, irrespective of the power delivered to the 
antenna, might be expected to overcome this difficulty. An interesting 

R.F. Oscillator 

(a) 

Antenna 

To video 
amplifier 

R Modulator 

Antenna 
load 

Fig. 15.14. Parker Modulation System. 

example of this type of modulator is described by W. N. Parker.* The 
system in question makes use of the impedance inversion property of 
a quarter-wave line, and modulates the radio frequency in the antenna 
transmission line rather than attempting to modulate the power in the 
tank circuit of the output stage. A schematic diagram of the modu-
lator is shown in Figs. 15.14a and b. The circuit consists of a conven-
tional ultra-high-frequency oscillator coupled to a quarter-wave line at 
whose far end are two branches, one being a quarter-wave line to the 
antenna. In the equivalent circuit diagram, Fig. 15.14b, the antenna 
is represented by the load resistance R whereas the modulating tubes 
are shown as the variable conductance element R„,. It is a property 
of a quarter-wave line that, if its surge impedance is Z, and the termi-
nating impedance is R, its input impedance, as will be seen in section 
15.8, is given by 

Zi = Z82/R 

Therefore, if the modulating tubes are biased to cutoff so that R„, be-
comes infinite, the impedance of the line L„, at the load resistance 

*See Parker, reference 17. 

WorldRadioHistory



Sec. 15.4] Modulation 629 

approaches zero. Furthermore, since the line Lo is also a quarter-
wavelength long, its impedance at the generator becomes very high, 
and no power is delivered to the load. Conversely, if the grids of the 
modulating tubes are made positive, the value of R. is small, and the 
input impedance to the line L. is high. Under these conditions, the 
line Lo is essentially terminated with the antenna load resistance R 
and its impedance at the generator becomes Zo2/R; hence power is de-
livered to the load. 

Fig. 15.15. Impedance Characteristics of Tuned Circuit. 

Although this modulator does not require a rapid variation of the 
energy in the plate tank circuit of the power amplifiers, and, therefore, 
permits a more efficient utilization of these tubes, it is not independent 
of frequency because of the two quarter-wave lines involved. At car-
rier frequency, these lines can be made equal to exactly à/4. However, 
this condition will not be fulfilled at the sideband frequencies, so that 
for these frequencies the impedance presented by the line at its input 
end is not purely resistive. The capacity between plate and ground of 
the modulator tubes and the capacity of the line itself have an effect 
on the response of the line which is quite analogous to that of the 
parallel capacity of a tuned circuit. This limits the amount of power 
that can be modulated with given tubes when a wide frequency band 
is involved. Furthermore, unless the effective resistance of the modu-
lator tubes is very low when their grids are made positive, the im-
pedance of the line L. at the antenna load R will not be high enough 
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gmeg 
27rifCi 

Fig. 15.16a. The Amplitude Response of Coupled Circuits. Circuit diagrams. 

to prevent a large part of the power which should go to the antenna 
from being dissipated in the modulator tubes. It will be seen, there-
fore, that the tube requirements for this modulator are similar to those 
of the grid and plate modulators, timely, a low output capacity and a 
low minimum plate resistance. Up to now, absorption modulation has 
not been found advantageous in very-high-frequency television trans-
mitters. The absorption principle offers, however, a logical approach 
for the modulation of high-power oscillators, such as magnetrons, for 
which conventional methods fail.* 
The possibility of modulating at low power level for single sideband 

operation and amplifying the modulated signal up to the desired power 
has already been mentioned. On the surface, this appears to be a very 
attractive solution to the modulation problem because it reduces the 
bandwidth which the power amplifiers must handle. A difficulty is 
found, however, in the fact that a resonant circuit must be used as the 
plate load if efficiency is to be obtained from an r-f amplifier. The 
impedance over the resonance peak goes from capacitative reactance, 
through pure resistance, to inductive reactance, as shown in Fig. 15.15. 
Since for single sideband transmission the carrier lies at one or the 
other extreme of the band to be passed, the plate load for carrier fre-
quency will be complex, and the load line an ellipse. Therefore, the 
carrier amplification will be inefficient. On the other hand, if the 

* See, e.g., Donal and Busch, reference 18. 
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Fig. 15.166. The Amplitude Response of Coupled Circuits. Amplitude response 
curves. 

resonant circuit is made broad enough so that the carrier can be placed 
at the center of the peak, making the load at the carrier frequency 
purely resistive, then, from the same considerations as above, the 
plate load impedance must necessarily be low and the amplification 

inefficient. 
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An increase in gain for given bandwidth, or in bandwidth for given 
gain, can be achieved by using relatively strongly coupled tuned cir-
cuits for interstage coupling.* If the resonance frequency of the two 
tuned circuits is identical, the coupling causes, first, a broadening and 
flattening of the resonance peak and, for still stronger coupling, a split-
ting into two symmetrically placed peaks. This is illustrated, for equal 
Q of the two circuits, in Fig. 15.16. A flat overall response may be 
obtained either by the employment of critical coupling, 

P = M 
(QiQ2  

\ LiL2/ 

or an overcoupled double-tuned stage in sequence with a single-tuned 
stage. Double-tuned stages are relatively difficult to adjust. Hence. 
they may be employed in transmitter circuits but do not find favor in 
receiver design. 
Outphase modulation, first proposed by Chireix t and applied by him 

to high-power radio broadcast transmitters, represents another prom-
ising approach to a low-level modulation television transmitter. The 
principle of the system t is illustrated in Fig. 15.17. The carrier is 
phase-modulated by the video signal with plus and minus polarity. 
The two phase-modulated signals are then amplified to a high level 
by identical r-f amplifier chains and the outputs added at the antenna 
to provide an amplitude-modulated carrier signal. Since, with this 
system, amplifier nonlinearity has little effect on the output signal, it 
lends itself to the use of unconventional power tubes, such as resnatrons, 
klystrons, traveling-wave tubes, etc., which are efficient in the ultra-
high-frequency range but are not readily amplitude-modulated. 

In more detail, suppose that e'(t) represents the video signal e (t), 
eventually subjected to some prescribed nonlinear distortion, and fo 
the carrier frequency. Then the desired phase-modulated signals sin 
(274 ct ± ke') may be produced, e.g., by modulating the quadrature 
components of the carrier and adding the resultants according to the 
scheme: 

= 1 

sin (21-ft ± ke') = cos (ke') sin (27f,t) ± sin (ke') cos (27f,t) (15.7) 

If cos (ke') is replaced by unity, sin (ke'), by ke(t), a simple balanced 
modulator is seen to be sufficient; the amplitude modulation introduced 

*See, e.g., Aiken, reference 15. # See Evans, Jr., reference 20. 
t See Chireix, reference 19. 
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in this case may be eliminated by clipping and filtering in the amplifiers. 
Otherwise, specially designed phase modulator tubes may be required. 
At the output, the addition of the two amplified phase-modulated 

signals leads to a radiated amplitude-modulated signal, sin (2irfct ke') 
± sin (27rf — ke') = 2 cos (ke') sin (2wf ct). 

This presupposes, however, no reaction of one output circuit on the 
other. In practice, the coupling through the antenna load can be large 

Carrier 
generator 

Phase 
modulator 

Video 
amplifier 

Phase 
modulator 

sin (2r t — ke') 

Amplifier 

Amplifier 

= RL 

Dummy 
load 

Antenna 

(RD 

RL 
Antenna 

load 

Fig. 15.17. Principle of an Outphase Modulation System. (Evans, reference 20.) 

enough to alter profoundly the operation of the final power stage. To 
prevent this, a dummy load equal to the antenna load may be coupled 
to the output stages as shown in Fig. 15.17. With this arrangement, 
the interaction becomes zero and the load of each stage constant. The 
amplifier operates continuously at peak power; the power is distributed 
between the antenna load and the dummy load in accord with the 
modulation. 
The variation of the power distribution with the video signal e (t) 

depends on the relation between e (t) and e' (t). It is shown here for 
three specific examples: 
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Modulation Factors in Eq. 15.7 
Antenna Dummy 

System cos (ke') —> sin (ke') —> Power Load Power 

Linear e 2e e )2 e \ 2 2e e 
1 — Ni-- — (— (1 — — — output emax e... emax e.../ e... (e..). . 2 

Direct cos (ke) sin (ke) cos2 (ke) sin2 (ke) 
phase 
modu-
lation 

Balanced 1 ke 1 k2e2 
modu- 1 -F k2e2 1 -I- k2e2 
lator 

Although the linear-output system is more difficult to realize than 
the other two, it is to be preferred from the point of view of a high 
signal-to-noise ratio at low levels of the video signal; in the other two 
systems, the video signal is compressed at low signal levels. 

In practice, the greater difficulty of adjustment of low-level modu-
lated transmitters and the greater sensitivity of the transmitted picture 
to changes in the operating conditions of the power amplifier stages 
have tended to give preference to high-level modulation. 

15.5 The Modulating Amplifier. The general principles involved 
in the design of a video amplifier have already been covered in Chapter 
13. Methods for establishing the proper d-c level with reference to 
synchronizing signal pedestal by means of clamping circuits are dis-
cussed in Chapter 16. Since d-c transmission is employed, these also 
find application in the video stages of the transmitter. 

Special problems arise in the transmitter, however, as a result of 
the very high video power which must be generated. Thus, load 
resistances must be generously dimensioned to provide the required 
power dissipation without changing their characteristics and have cor-
respondingly large shunt capacities. These are added to the tube 
capacities and, hence, lower the attainable gain per stage. 
The harmful effect of the shunt capacity of the load resistance can 

be largely overcome by replacing this resistance by a so-called con-
stant resistance network, as shown in Figs. 15.18a and b. The network 
shown in Fig. 15.18a can be shown to have a constant resistance R for 
all frequencies provided that 

1/L7è = R (15.8) 

Thus, here, the energy dissipation is divided between two resistances 
equal to the original load resistance and the shunt capacity (in the RL 
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loop) can be correspondingly reduced. Still further improvement is 
possible by replacing the resistance in the RC network itself by a 
second constant resistance network and repeating this process several 
times, as shown in Fig. 15.18b, with 

L2 \ IL3 

—C2 = =R 
(15.9) 

The values of L and C, as well as the dimensions of the resistances, are 
increased with increasing index, so that the transfer characteristics of 

Plate supply 

(b) (a) 

Fig. 15.18. Constant-Resistance Network. 

the network for high frequencies are influenced primarily by the top 
meshes of the network. It will be seen that this network serves at the 
same time as an effective ripple filter for the plate supply of the modu-
lating stage. 
A further problem is introduced by the necessity of direct coupling 

between the output stage of the video amplifier and the modulated 
stage, required for the formation of a modulated carrier with fixed 
synchronizing signal amplitude. Since the d-c plate voltage of the 
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video output stage is of the order of 1000 volts and the cathode of the 
modulated stage is operated at ground, a bucking supply of some 1000 
volts must be inserted between the modulator and the modulated stage. 
Such a supply, again, will have high capacity to ground and might 
hence tend to attenuate the high-frequency components of the modu-
lating signal. Figure 15.19 shows how this effect may be avoided. In 
the circuit shown, the transfer impedance at low frequencies is simply 

Modulated 
stage 

Fig. 15.19. Direct-Coupling Network for Compensating Capacity of Bucking 
Supply. 

R, since here the low impedance of 2L shunts out the parallel resistance 
R and the capacitative impedance to ground of the bucking supply 
(indicated by C) is large. At high frequencies, on the other hand, 
both the blocking capacitance Cb and the bucking supply present 
negligible impedance, so that the network is essentially a constant 
resistance network if L is adjusted so that V L/C = R. Both prin-
ciples, with slight modifications, are incorporated in the coupling net-
work between the video output and the modulated stage in the RCA 
TT5A transmitter (Fig. 15.20). Other procedures have been success-
fully applied for attaining the same objective. 
The practically complete elimination of low-frequency hum com-

ponents which may be superposed on the video signal in the stages 
succeeding the insertion of the blanking and synchronizing signals 
may be effected by the employment of a so-called keyed clamping 
circuit, such as is shown in Fig. 15.21. The horizontal synchronizing 
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Fig. 15.20. Coupling Network for Video Amplifier and Modulated Stage in M2.1 
TT5A Transmitter. 
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signal is separated, amplified, and clipped and applied through two 
condensers to the two halves of a double diode in opposite polarity. 
The remaining two electrodes of the double diode are connected to 
the grid of the final video stage. The diodes conduct, in view of the 

+B 

Sharp cutoff 
tube 

(sync stretcher) 
+ B 

Blab 

Fig. 15.21. Keyed Clamping Circuit and Synchronizing Pulse Stretcher. 

bias built up on the two condensers, only when the keying pulse is 
applied, which coincides in time with the back porch of the pedestal 
of the video signal. During this brief period, the blocking condenser C 
is charged to a potential determined by the keying signal height and 
the potentiometer setting of the clamp circuit. Since the grid re-
sistance of the clamped video amplifier stage is infinite between keying 
signals, the reference voltage is maintained perfectly for the succeeding 
line. Thus, as is shown in Fig. 15.22, a superposed hum wave affects 
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Sec. 15.6] Neutralization 639 

the video signal only by its change in amplitude in the course of a 
scanning line period. 

It will be noted that, in the presence of hum, the clamping process 
may cause the synchronizing signals to be unduly reduced in amplitude 
after clipping. This effect may be compensated by providing a "sync 
stretcher." It is an amplifier stage placed in parallel to one of the 
regular video amplifiers, but with sharp cutoff so that it amplifies only 

(a) 

--Clip level 

• —Clamp level 

(b) 

Fig. 15.22. Hum Elimination with Keyed Clamping Circuit. Signal with super-
posed hum (a) before and (b) after clamping. (From George E. Anner, Ele-
ments of Television Systems. Copyright, 1951, by Prentice-Hall, Inc., New York, 

p. 509. Reprinted by permission of the publisher.) 

the synchronizing signals. The output of this amplifier is added to 
that of the parallel stage in a common load impedance. 

15.6 Neutralization. The geometry of any grid-controlled vacuum 
tube is such that the various elements have a certain capacity to one 
another. Because of this capacity, when a voltage is applied to the 
anode, a voltage will be induced on the grid, resulting in a form of 
feedback. If an alternating voltage is applied to the anode, the im-
portance of this feedback becomes rapidly greater as the frequency is 
increased. Thus, at radio frequency, it is necessary to take corrective 
measures to overcome the effects of this feedback, whereas at ultra-
high frequency, this correction is a major problem. The correction 
process is known as neutralization. Perfect neutralization implies that 
voltage changes in the output circuit are without effect on the voltages 
appearing in the input circuit. This objective may be approached by 
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640 The Television Transmitter [Chap. 15 

internal screening within the amplifier tube, as in pentodes and tetrodes 
as well as in the grounded-grid circuit to be considered later, or by 
the addition of neutralizing circuit elements. 
The principal interelement capacities in a triode are indicated in Fig. 

15.23. From this diagram, it is evident that, in the absence of the 
external circuits, the capacities Ca, and C„f are, in effect, a voltage 
divider between grid and anode, and the induced voltage on the grid 
will be in phase with the anode voltage. The impedance of this voltage 
divider is inversely proportional to the frequency. 

If both the plate load and the 
ca,,:;; grid input circuit are resistive, ;  

c, L, the potential induced on the grid 
is in quadrature with the applied 
grid excitation. If the plate load 
is either capacitative or induc-
tive (and the grid input resis-
tive), the induced voltage will 
be in opposition to or in phase 
with the grid excitation, respec-Fig. 15.23. Interelectrode Capacities of 
tively. Thus, with tuned cir-
cuits as grid and plate loads, 

there will, in general, be some frequency near resonance for which the 
circuit as a whole may become unstable and oscillate. This is par-
ticularly true at very high frequencies where the grid-plate capacity 
impedance is small. 
The high-frequency amplifier may be stabilized, or neutralized, by 

arranging the external circuit in such a way that a voltage is applied 
to the grid opposing that supplied by the interelectrode capacity. 
Examples of appropriate circuits are shown in Fig. 15.24. 
The action of these circuits is more easily visualized if they are 

redrawn in bridge form as shown in Fig. 15.25. Circuits of the type 
shown in Fig. 15.25a are known as grid-neutralized, and correspond 
to the actual connections of Fig. 15.24a and c, whereas those of Fig. 
15.25b, corresponding to b and d in Fig. 15.24, are plate neutralized. 
For very-high-frequency work, experience has shown that bridges of 

the type illustrated, wherein the circuit elements used in symmetrical 
arms are physically different, can be balanced only with great difficulty. 
Therefore, it is general practice to use push-pull stages, making it 
possible to design a bridge which is physically symmetrical. A neu-
tralized push-pull amplifier is illustrated in Fig. 15.26, together with 
the corresponding bridge. 

a Triode. 
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(a) Rice system 

See. 15.6] Neutralization 641 

In the very-high-frequency and ultra-high-frequency range, further-
more, it does not suffice to compensate for the interelectrode capacities 

(b) Hazeltine system (Neutrodyne) 

(c) Inverted neutrodyne (d) Modified neutrodyne 

Fig. 15.24. Methods of Neutralizing Unwanted Capacities. 

alone. In addition, it is necessary to take into account the inductance 
of the leads, which, as is evident from Fig. 15.27, makes it difficult to 
apply neutralizing voltages to the points required for full compensation. 

F N 

(a) Grid neutralized (b) Plate neutralized 

Fig. 15.25. Unsymmetrical Neutralizing Bridges. 

For simplicity, only the inductance of the grid lead is shown in the 

figure. 

WorldRadioHistory



642 The Television Transmitter [Chap. 15 

It is obvious from this figure that, if the circuit elements of the 
bridge are such that C., = CN, and a voltage is applied to the anode 
points, a voltage will appear at the true grid points GA and GB, and 
consequently between the filament points and the grids. In order to 

CN A 

CajA\) 

G 

CN 

Cs 
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A 

Fig. 15.26. Push-Pull Neutralizing Circuit and Equivalent Bridge. 

Caw 

A 

A 

Cs 

Fig. 15.27. Effective Grid Lead Inductances in Neutralizing Circuits. 

illustrate the magnitude of the voltage thus induced, the following 
typical tube characteristics will serve for a qualitative example: 

f, = 50 megacycles, carrier 
V./ = 3000 volts anode swing 
C., = 20-micromicrofarad grid anode capacity 
L, = 0.15 microhenry inductance of grid lead 

The voltage V, appearing on the grid will be 

V, = Va/472f,2C,,L, = 900 volts 
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See. 15.6] Neutralization 643 

if the input circuit impedance is neglected in comparison with the grid-
anode capacity impedance. This voltage is to be compared with the 
1000 to 1500 volts ordinarily used to drive such a tube. 

The bridge can be neutralized in such a way as to overcome the 
effect of the grid lead inductance if a capacitance is put in series with 
the grid lead, such that its impedance 
just equals the impedance of the 

Cat/ lead. This is shown diagrammati- G 

cally in Fig. 15.28. The conditions 

for balance and no voltage at the cu 
true grid points are 

CN = Cag 

1 

21-fcC, 

It is immediately evident, however, 
that these conditions can be fulfilled 
only at one frequency. Where a Fig. 15.28. Compensation for Grid 

Lead Inductances in Neutralizing wide communication band is used, 
Bridge. as in television, the compensation 

will not be complete for the sideband frequencies. By continuing the 

illustrative example, and assuming a bandwidth àf of 4 megacycles 
either side of the carrier, the added grid voltage at the sideband ex-
tremes is calculated as follows: 

(15.10) 

= 27rf,L, 

G ' 

A 

Vg 47r2vcagLg(fcz _ ± Afj2) (15.11) 

e=2 ±8/r2VCagLg Affc (15.11a) 

±145 volts 

This voltage is in phase at frequencies above the carrier, and has 
phase opposition at frequencies below the carrier, therefore resulting in 
a slight dissymmetry of the sidebands. 
This difficulty, as well as the effects of the lead inductances of the 

remaining electrodes, have been overcome by circuits of greater com-
plexity. However, with increasing frequency the process of neutrali-
zation by external circuit means becomes increasingly difficult and 
critical. The problem can be greatly simplified, however, by modifi-
cations in tube construction and, eventually, by the employment of the 
grounded-grid circuit. 
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644 The Television Transmitter [Chap. 15 

At moderate and intermediate power levels, the replacement of the 
triode by the tetrode or pentode, incorporating a screen grid to isolate 
the grid from the plate, appears to provide the answer. In particular, 
internally cross-connected dual tetrodes with built-in neutralizing 
capacitances provide push-pull amplifying stages which overcome dif-
ficulties from lead inductances. 

Fig. 15.29. Basic Grounded-Grid Amplifier Circuit. 

At very high power levels, the construction of multigrid tubes be-
comes unduly costly. Here triodes in the grounded-grid connection 
provide the desired isolation of the input and output circuits. The 
basic grounded-grid circuit is shown in Fig. 15.29. It is seen that the 
grounded-grid plane effects perfect separation of the input and output. 
In practice, however, the lead inductance of the grid will prevent the 

Cpk Cl C2 

î Ji 

Cgk CgP C3 

;  

Fig. 15.30. Equivalent Circuits for Interelectrode Capacities. 

grid itself from being grounded. It is then necessary to apply neutrali-
zation by inserting an appropriately dimensioned capacitance in the 
grid lead. The magnitude of this capacitance may be determined as 
follows (Fig. 15.30) : The interelectrode capacitances of the tube form 
a ir-network. If, in the equivalent T-network, the branchpoint is 
grounded, potentials applied at P (plate, output circuit) are seen to be 
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Sec. 15.6] Neutralization 645 

without effect on the voltage appearing at K (cathode, input circuit). 
The reactance of C3: 

CgkCpk CpkC gp CgkCgp 
C3 -  

Cpk 

C3  
4r2f2w 3 —1 

Fig. 15.31. Grounded-Grid Amplifier Compensated for Grid Lead Inductance. 

(15.12) 

is generally much smaller than that of the lead inductance L, so that, 
normally, capacity has to be added in series to the grid lead and the 
d-c grid bias applied by shunt feed (Fig. 15.31). It is clear that this 

Fig. 15.32. Compensated Grounded-Grid Push-Pull Amplifier. 

neutralization applies strictly only for the resonant frequency and is 
hence not suitable for broad-band circuits. More commonly grounded-
grid amplifier stages for the modulated radio-frequency carrier are 
class B push-pull stages and take the form shown in Fig. 15.32. 
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646 The Television Transmitter [Chap. 15 

Apart from the isolation of the input and output circuits, the 
grounded-grid circuit has a number of other characteristics which 
distinguish it from the conventional, grounded-cathode, triode circuit: 

1. The power output obtainable from a given tube is increased in 
the grounded-grid connection, since part of the driving power is added 
to the output. Thus, if Ep is the (a-c) plate voltage relative to the 
cathode and E, the grid voltage relative to the cathode, the power out-
put is given by (E, — E9) I,,, where If, is the plate current and the sign 
of E, is opposite to that of 4. For the grounded-cathode circuit, the 
output power is, of course, Eplp. 

2. The output impedance for a given bandwidth can be increased 
since the shunt capacitance in the output circuit is reduced to one half 
or less. This, again, increases the power output for a given tube current. 

3. The driving power required by the grounded-grid circuit, namely, 
E,(1.„ I,), is higher than for the grounded-cathode circuit (E,I„). 
This is the chief drawback of the grounded-grid circuit. Its materially 
lower power gain per stage causes its use to be confined to high-power 
stages operating at very high frequencies, where the construction of 
pentodes and tetrodes has proved uneconomical or impractical. 

15.7 Very-High-Frequency and Ultra-High-Frequency Power Tubes. 
The difficulties encountered in designing tubes to operate at very high 
frequencies increase very rapidly with the power output required. This, 
of course, is because of the contradictory demands on the construction. 
In order to dissipate large amounts of power and to withstand high 
voltages, the physical size must be large. On the other hand, the di-
mensions must be small enough so that the elements are only a small 
part of a wavelength, so that the interelectrode capacities are small, and 
so that the transit time of the electrons will be short. A compromise 
must be effected between these conflicting requirements. 

Certain specific characteristics made evident from the discussion in 
the foregoing sections may be listed as follows: 

1. The output d-c resistance and capacity must be as low as possible 
(i.e., 1,/E, large). 

2. The tube must be capable of handling the required voltages and 
of dissipating the power incident on the tube losses. 

3. The input admittance must be low. 
4. The geometrical configuration must be such that the desired po-

tentials may be applied to the tube elements. 
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Each of these general requirements merits consideration, from the 
standpoint both of operation and of construction. 
The first requirement follows directly from the discussion in section 

15.4, in which the question of the output circuit of a broad-band modu-
lator or amplifier is considered. Here it is shown that the load im-
pedance is inversely proportional to plate capacity. Hence, since the 
carrier voltage for a given voltage on the tube during the time it is 
passing current depends upon the load impedance, it is inversely pro-
portional to the capacity. Furthermore, the larger the current which 
can be driven through the tube for a given applied voltage, the greater 
the power that can be delivered to the load. 
From the point of view of construction, the first item means that the 

area of the elements must be small and the spacing as large as possible 
in order to reduce the capacity. These conditions must be fulfilled 
without too great a reduction in available plate current. Therefore, 
emission from the cathode must be great and the elements so designed 
and disposed that a large electron current can reach the anode with a 
minimum applied voltage. 
A tube operating under the conditions described for grid modulation 

(or as a broad-band amplifier) develops a very high voltage between 
anode and cathode during that part of the r-f cycle when the tube 
is not passing current. The peak of this voltage will, of course, be 
2Ebb — & lb, where Ebb is the d-c voltage applied to plate circuit, and 
Endn is the minimum voltage appearing between plate and ground. As 
the efficiency of the tube is increased, this voltage becomes higher, since 
in the limit the efficiency as a function of voltage is (Ebb — Emin)/Ebb, 
assuming the operating angle to be very small. Therefore, an efficient 
power tube must be insulated to withstand high voltages both with 
respect to breakdown and dielectric loss. The elements must be formed 
so that there are no unshielded sharp points or edges from which cold 
discharge may take place or about which, when they are imbedded in 
a dielectric, an intense field may develop. 
The power lost in the tube must, of course, be dissipated. This dis-

sipation must take place at temperatures low enough not to melt or 
warp metal or glass parts. Also the temperature of the electrodes must 
be kept below that at which there is appreciable thermionic emission. 
Because of the small size of the electrodes, special provision (usually 
in the form of water cooling or forced air cooling) must he made to 
carry away the heat developed by: (1) the electron current in the tube; 
(2) dielectric losses; and (3) the cathode heater. 
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From the standpoint of operation, the requirement that the grid 
admittance be low needs almost no comment. The reactive component 
must be high since it limits the impedance of the external circuit which 
can be used for a given bandwidth. Obviously the grid conductance 
must be low since the power required to drive the grid is proportional 
to it; in fact, if the grid conductance becomes equal to the transcon-
ductance, the tube can no longer function as a current amplifier. 

Grid capacity can be reduced only by making the tube elements 
small. However, this alone does not suffice. Even though the capacity 
of the grid may be very small when the tube is cold, the tube may have 
high grid capacity due to induction by the space current under oper-
ating conditions. This effect is exactly the same as that encountered 
in receiving tubes at very high frequencies. 
The phase relation between grid voltage and current also shifts 

with increasing frequency, owing to electron transit time, causing the 
existence of a real component in the displacement current. However, 
because of the very much higher voltages used in connection with 
transmitting tubes, transit time loading of the grid circuit at very high 
frequencies is relatively unimportant. Another cause of grid loading 
is the fact that it is often necessary to drive the grid positive in order 
to make full use of the emission current from the cathode, and under 
these conditions the grid may draw large electron currents. 
The final requirement, that of being able to apply the desired po-

tentials to the elements, and only those potentials, is both interesting 
and difficult to meet. It is this requirement, or rather the inability to 
satisfy this requirement, that makes necessary the neutralizing systems 
described in the preceding section. 
The ideal tube should be of such a size that the elements are only a 

negligible fraction of the wavelength used, and there should be no 
lumped capacitance or inductance in the tube or leads. Obviously, this 
ideal cannot be even approximately realized. However, capacities, and 
in particular that between anode and grid, can be made small; leads 
can be made short to avoid inductance; and the tube elements so dis-
posed as to make them as nearly as possible part of the transmission 
lines comprising the external circuit. 

Plate-to-grid capacity, which is perhaps the worst offender from the 
standpoint of inducing unwanted potentials on the tube elements with 
the conventional grounded-cathode operation, cannot be avoided with-
out the aid of a screen grid. An example of a screen-grid tube with 
high-power output suitable for frequencies up to 300 megacycles is the 
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RCA 8D21, employed in the output stage of the TT-5A 5-kilowatt 
television transmitter.* Extremely compact construction is reconciled 
with the need for high-power dissipation by the circulation of distilled 
water in a closed circuit at a rate of 1.7 gallons per minute. Not only 

Fig. 15.33. The RCA 8D21 Doubir Tetrode. 

the plates, but the filament mounting blocks, the screen grid, and the 
control grid supports are cooled in this fashion. Construction in the 
form of a dual tetrode makes possible neutralization of the residual 
grid-plate capacity within the tube, by neutralizing tabs attached to 
the control grids and projecting through the tube structure toward the 
opposite plate. 

*See Smith and Hegbar, reference 23. 

WorldRadioHistory



650 The Television Transmitter [Chap. 15 

Focusing electrode 

(a) 

(b) 

Fig. 15.34. Internal Structure of the 8D21 Double Tetrode. (a) General arrange-
ment of beam-forming elements. (b) View with screen grids and anodes removed. 
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The overall appearance of the tube is shown in Fig. 15.33. It is 
mounted on a metal plate which separates the input and output stages. 
Both the plate leads and the control-grid leads form parallel transmis-
sion lines with provision for introducing the cooling water. The eight-
stranded thoria-coated U-shaped tantalum ribbon filament is mounted 
at the center of the tube structure (Fig. 15.34). Its individual strands 
are aligned with the molybdenum control grid bars and the tubular 
screen grid. Grooves in a focusing block backing the filament cause 
the electron emission to be confined to flat beams which pass between 
the grid bars, minimizing grid dissipation. The water cooling of the 
plates is so effective that they are capable of dissipating 6000 watts 
with an exposed surface of only one square inch apiece. The plate-to-
plate capacitance is only 6 to 5 micromicrofarads. 
The water connections are made through semiflexible plastic tubing; 

adequate insulation of the several tube elements is maintained by 
inserting loops in the water connections. The screen grid supports are 
firmly clamped to the filament supports with mica insulation; in this 
manner, alignment is accurately maintained and, at the same time, an 
internal bypass condenser is provided between screen-grid and cathode. 
Typical operating conditions for the 8D21 in the output stage of a 

very-high-frequency television transmitter, operating at up to 300-
megacycle carrier frequency, are given below: 

Filament voltage 3.2 volts 
Filament current 125 amperes 
Direct plate voltage 5000 volts 
Direct plate current: 

Synchronizing signal 1.9 amperes 
Pedestal 1.45 amperes 

Grid No. 2 voltage 800 volts 
Grid No. 1 voltage: 

Synchronizing signal —220 volts 
Pedestal —400 volts 
White —820 volts 

Peak Grid No. 1 to 
Grid No. 1 voltage 1300 volts 

Grid No. 2 current 
pedestal —0.025 ampere 

Grid No. 1 current: 
Synchronizing signal 0.050 ampere 
Pedestal 0.010 ampere 

Driving power 300 to 500 watts 
Output power: 

Synchronizing signal 5300 watts 
Pedestal 3100 watts 
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A tetrode with even higher plate dissipation (10 kilowatts) is the 
RCA 6166 shown in Fig. 15.35. It is forced-air-cooled and has the 
typical coaxial structure favored for use with coaxial line input cir-
cuits as well as for multiple insertion in cavity circuits. Its power gain 
is approximately 9 and its peak signal output 12 kilowatts. 

Fig. 15.35. Air-Cooled 10-Kw Tetrode (RCA 6166). 

The same disk-seal construction finds general application in the 
power triodes employed in grounded-grid circuits, as, for instance, the 
9C24's in the output stage of General Electric's TT-7A Transmitter or 
the 6C22's in the output stage of the Sutton-Coldfield Transmitter in 
England. Figure 15.36 shows a group of seven 5762 grounded-grid 
triodes employed as a single-power amplifier stage to raise the power 

output of the TT-5A transmitter from 5 to 20 or 25 kilowatts. Typical 
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Input transformer 
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Fig. 15.36. Grounded-Grid Triode Output Stage of 20-Kw Transmitter for the 
High-Frequency VHF-Band with Seven RCA 5762's. 
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operating characteristics of the 5762 as grounded-grid class B power 
amplifier are given below: 

Direct plate voltage 3200 volts 
Direct grid voltage —110 volts 
Peak r-f grid voltage: 

Synchronizing level 435 volts 
Pedestal level 310 volts 

Direct plate current: 
Synchronizing level 1.8 amperes 
Pedestal level 1.35 amperes 

Direct grid current: 
Synchronizing level 0.400 ampere 
Pedestal level 0.130 ampere 

Driving power 770 watts 
Power output: 

Synchronizing level 4000 watts 
Pedestal level .4 ., 111 2300 watts 

It is seen that, as expected, the power gain is less than for a tetrode 
stage. The grid-to-plate and grid-to-filament capacitances of the 
5762 are approximately equal, namely, 19 micromicrofarads. The 
plate-to-filament capacity, on the other hand, is exceedingly low, 
namely, 0.5 micromicrofarad, in view of the effective shielding by the 
grid. 
The employment of a large number of moderate-sized tubes in 

parallel in resonant cavity circuits is commonly economically prefer-
able to the use of a single high-power tube. This applies also in the 
ultra-high-frequency range. For example, the grid-modulated output 
stage of RCA's experimental transmitter in Bridgeport, Connecticut, 
operating with a carrier frequency of 530.25 megacycles, delivered 1 
kilowatt peak power with eight 4X150 tetrodes in parallel. 
The principle of distributed amplification * permits the grouping of 

a large number of tubes in parallel so as to add their power outputs 
without increasing the effective output and input capacities of the 
stage. To this end, the individual input and output circuits of the tubes 
are linked into artificial transmission lines, bilaterally terminated by 
their characteristic impedances. Figure 15.37 illustrates the simplest 
example, namely, that in which the transmission lines take the form 
of low-pass filters, with the grid and plate capacities as shunt elements. 
This arrangement would be suitable, e.g., for a video amplifier stage. 
The output voltage represents a growing wave passing from the left to 
the right, since the voltages are in phase at successive tubes. The 

*See Ginston, Hewlett, Jasberg, and Noe, reference 25. 
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terminations prevent reflections. Finally, it is evident that the output 
impedance is independent of the number of tubes or meshes in the 
circuit. 

Characteristic 
impedance 

Characteristic 
impedance 

Input 

Characteristic 
impedance 

Output 

Charactehstic 
impedance 

Cg 

Fig. 15.37. The Principle of Distributed Amplification Applied to a Video Ampli-
fier Stage. 

Dummy 
resistance 

Load 

Fig. 15.38 Principle of Multiple Operation of Power Tubes. 

The principle of another method for the multiple operation of tubes, 
which has actually been applied in the power stage of an experimental 
ultra-high-frequency television transmitter, is illustrated in Fig. 15.38.* 

*See Brown, Morrison, Behrend, and Reddeck, reference 26. 
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The outputs of the two tubes A and B are applied to the two cross-arms 
of a balanced bridge containing two reactances and two resistances 
(the load resistance and a dummy resistance). In this manner, the 
operation of either tube is unaffected by that of the other. At the same 
time, the output currents are added in the load and cancel (for equal 
output currents) in the dummy resistance. If, now, the load resistance 
in two such bridge circuits, incorporating four tubes, are replaced by 
the cross-arms of a third similar bridge, the outputs of all four tubes 
are combined in the load resistance of the last bridge. Generally, the 
outputs of 2" tubes, where n is any integer, can thus be added without 
increasing the effective output capacity. Although the drive of the 
several tubes should be simultaneous, this requirement is not very 
critical; even with considerable phase differences in the individual tube 
outputs, the power addition is affected only slightly. In practice, the 
bridge circuit is realized by a suitable combination of coaxial line 
elements. 

It has already been pointed out that the difficulties of attaining 
high-power outputs with conventional tubes increase rapidly as the 
operating frequency is increased. These difficulties have been overcome 
in part by shaping the electrodes to form part of external resonant 
circuits, increased efficiency of water or air cooling, and improved 
shielding by the screen grid or grounded grid made possible by disk-
seal construction. Difficulties from dielectric losses are reduced by 
avoiding insulators within the tube, that is, supporting all tube ele-
ments exclusively from external seals, and providing electrical shield-
ing for external seals. A grounded-grid triode with cylindrical elec-
trode structures suitable for the ultra-high-frequency range is shown 
schematically in Fig. 15.39.* With an oxide-coated cathode area of 
7.5 square centimeters and an anode potential of the order of 1000 
volts, a pair of these tubes delivers a kilowatt. Grid emission is pre-
vented by selection of the material (tungsten) of the grid wires and 
by mounting them in a manner to carry heat off most effectively. The 
grid and grid sleeve effect an almost complete electrical separation of 
the input and output circuits. 
A geometrically similar tetrode structure is realized in the Resna-

tron,t which was developed for radar jamming purposes and delivered 
as much as 50 kilowatts at 600 megacycles. Both the grid and the 
screen are maintained at r-f ground, effecting excellent separation of 

* See Law, Burnside, Stone, and Whalley, reference 27, and Law, Whalley, Stone, 
reference 28. 

See Salisbury, reference 29. 
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Fig. 15.39. Schematic Diagram of Experimental Ultra-High-Frequency Power 
Triode with Oxide Cathode. (Law, Burnside, Stone, and Whalley, reference 27.) 
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the input and output circuits. 
With the screen and plate oper-
ated at a d-c potential of 17.5 
kilovolts, transit time effects are 
minimized and a very high ef-
ficiency is realized. The struc-
ture and the beam formation in 
it are shown schematically in 
Fig. 15.40. Up to the present 
time, this structure has not 
been modified to meet television 
transmitter requirements. 
An indication of the extreme 

measures which may be required 
in the adaptation of conven-
tional tubes to the microwave 
range is given by the design of 
the BTL 1553 triode (WE 416 
A) ,* employed as r-f amplifier 
in television relay installations 
operating at 4000 megacycles. 
Figure 15.41 shows this tube 
with its input and output reso-
nant cavity circuits, which are 
separated by the grounded-grid 
plane. The grid-to-cathode 
spacing in this tube is only 
0.0006 inch, the grid wire diam-
eter 0.0003 inch. A compro-
mise between output capacity, 
optimum coupling with the out-
put cavity, and adequate field 
strength at the cathode surface 
to draw large currents without 
requiring a positive grid leads 
to a grid anode spacing corre-
sponding to about a quarter 
period transit time or 0.012 
inch at 250 volts operating volt-

* See Morton and Ryder, reference 
30. 

Fig. 15.40. Schematic Diagram of the 
Resnatron. (From Warnecke and Gue-
nard, reference 34.) A, adjustable tun-
ing capacity for the cathode-grid circuit. 
B, cathode. C, screen grid. D, reentrant 
portion of anode, reducing space charge 
and secondary emission effects. E, con-
trol grid. F, screen-grid anode cavity. 
G, by-pass condenser. H, cathode-grid 
cavity. I, tuning plug of anode cavity. 
J, anode. K, screen-grid anode interac-
tion space. (Courtesy Annales de radio-

électricité.) 
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age. With 25 milliamperes plate current, the tube has a gain of 
9.9 decibels and a bandwidth of 110 megacycles at 4000-megacycle 
carrier. 

Input 
wave 
guide 

Tuning screw 

In spite of the remarkable performance of this tube, it is evident that 
its design is not readily extrapolated for very high power handling 
capacities. To achieve this, particularly in the microwave range, it 
becomes advisable to consider tube constructions in which tube dimen-
sions bear an entirely different relationship to the operating frequency. 
Examples are velocity modulation tubes or klystrons,* traveling-wave 

*See R. H. and S. F. Varian, reference 31, and Webster, reference 32. 
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tubes, and traveling-wave magnetrons. Klystrons, in particular, have 
found application in television relay installations * and have been de-
veloped into amplifiers with large power-handling capacity.t 
One form of klystron consists essentially of an electron gun forming 

a collimated high-velocity electron beam, two resonant cavities with 
pairs of grids or apertures permitting passage of the beam, and an 
equipotential "drift space" separating the "interaction spaces" in the 
two resonant cavities (Fig. 15.42). A collector with radiating fins is 
commonly added to dissipate the energy of the electron beam after it 

Input Output 

Cathode] 

D C supply 

Buncher 
Catcher 

I I  

Drift 
space 

Collector 

Fig. 15.42. Schematic Diaram of Klystron Amplifier. 

has passed through the second interaction gap. The collimation of 
the beam is commonly assisted by a magnetic field parallel to the beam. 
The klystron operates in the following way: Consider electrons pass-

ing through the interaction gap of the first cavity (the "buncher") 
during the half period of increasing accelerating field in the gap. The 
electrons which pass through the gap after the moment of zero field are 
then speeded up, whereas those that have passed through it earlier 
are slowed down to an increasing degree. Hence, there is a tendency 
for all these electrons to catch up to or fall back to those which have 
passed through the gap at zero field as they proceed through the drift 
space (Fig. 15.43). In the gap of the second resonant cavity (the 
"catcher"), the "electron bunches," which pass through with the fre-
quency of the exciting signal induce fields which reinforce an existing 
oscillation. The klystron thus operates essentially as a class C ampli-

* Friis, reference 33. 
t See Warnecke and Guenard, reference 34; Varian. reference 35; and Learned 

and Veronda, reference 36. 
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fier, with a maximum efficiency which may be computed to be 58 
percent. 

It is immediately obvious that the distance between the cathode 
and the interaction gaps bears no relation to the operating frequency 
of the device. Furthermore, the beam is generally accelerated before 
reaching the buncher so that its velocity is of the order of a tenth of 
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.: e i . . . 

Time 

Fig. 15.43. Bunching Effect in Klystron. (Varian and Varian, reference 31.) 
(Courtesy of The Journal of Applied Physics.) 

that of the velocity of light; it is then an easy matter to make the 
transit time through the interaction gap a fraction of a period of oscil-
lation even for centimeter waves. The drift space between the two 
interraction gaps, finally, may readily be of the same order as a wave-
length in dimension. In consequence, the klystron is well suited for 
the ultra-high-frequency range and for microwaves and is limited, 
rather, in the direction of the longer wavelengths. 
The klystron is essentially a narrow-band device. Thus Friis finds 

a natural bandwidth of 5 megacycles for his klystrons operating at 
4000 megacycles and achieves a desired flatness over 10 megacycles 
for a four-stage amplifier only as a result of stagger tuning and double 
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tuning. Coupling loops transfer the excitation from the output cavity 
of one stage to the input cavity of the next. Figure 15.44 shows one 
of the klystrons with magnetic collimator and external coaxial input 
and output cavities fitting onto disk seals on the tube. Metal screw 
plugs in the latter are provided for mechanical tuning. The operating 

Fig. 15.44. Klystron Employed in Relay Transmitter. (Friis, reference 33.) 
(Courtesy Bell Laboratories.) 

voltage of the klystrons was 1500 volts, and the output of the amplifier 

0.7 watt. 
Klystrons also find application as microwave generators. In this 

case, the output cavity is coupled to the input cavity or, more com-
monly, a single interaction gap and cavity are made to serve as both 
buncher and catcher by providing a retarding electrode to reflect the 
beam after a first passage through the gap; in this manner, the reflex 
klystron is obtained. The two-cavity klystron, furthermore, may be 
used effectively as a frequency multiplier. The very sharp pulse ob-
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tamed for maximum bunching is obviously very rich in harmonic con-
tent; in consequence, even the eleventh harmonic of the input fre-
quency can be excited efficiently in the output cavity. 
The gain as well as the power output of a klystron can be greatly 

increased by the addition of a third interaction gap and cavity. Figure 
15.45 shows a tube of this type. Three-cavity magnetrons of the 
Sperry Gyroscope Company for operation near 3000 megacycles, such 
as the 2K35, are listed as having a gain of 33 decibels and a power out-

• E=MW.1 a EMMil 

1 [ 

eSSZSSI 1  OSSSZEZZI 1. i= 

Fig. 15.45. Three-Cavity Klystron Amplifier. (From Warnecke and Guenard, 
reference 34.) (Courtesy of Annales de radioélectricité.) 

put of 25 watts. Guenard, Epsztein, and Cahour * describe a tube 
specifically for television service in the ultra-high-frequency range 
(900 megacycles) with a gain of 20 decibels and a passband of 6 mega-
cycles flat within 1 decibel which delivers 5 kilowatts. A uniform mag-
netic field, from which the cathode and the collector are screened to 
permit the narrowing and the spreading of the beam respectively, pre-
vents dissipation of the beam on the cavity electrodes. Apertures re-
place the grids at the interaction gaps. The three cavities are tuned 
separately by deformation of one of the cavity walls, a common prac-
tice in klystron tuning. The intermediate cavity, which improves the 
bunching of the beam, floats with respect to the r-f potential. Tuning 
is, of course, so adjusted as to yield the desired broadband character-
istic of the amplifier; as with other tubes, an increase in bandwidth can 
be achieved only by a loss in gain. 

*See reference 37. 
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The other two tube types which have been mentioned, the traveling 
wave tube* and the traveling wave magnetron amplifier,t have not 
found, up to the present time, practical application in television trans-
mitters. They have, however, distinctive properties which give them 
great promise in the microwave field and justify at least a brief 
description. 

Cathode 

Heater 

Gun 
anode 

tOutput 
Collector 

Fig. 15.46. Traveling-Wave Tube. (From J. R. Pierce, Traveling-Wave Tubes, 
Van Nostrand, New York, 1950.) 

The principal distinctive feature of these tubes is the absence of 
resonant circuits in the input and output sections of the tube. The 
gain provided by the tube is the result of an exchange of energy be-
tween the signal wave traveling along a transmission line and an elec-
tron beam traveling at slightly higher velocity in close proximity to it. 
Since the velocity of travel of the signal along the line is practically 
independent of frequency, this also applies very largely to the energy 
exchange process. Accordingly, the passband of the traveling-wave 
tube circuit is not limited in the same manner as that of conventional 
amplifier circuits; L. M. Field has reported a bandwidth extending from 
350 to 1050 megacycles. 
A diagram of Pierce's traveling-wave tube is shown in Fig. 15.46. 

An electron beam of about 10 milliamperes and with a kinetic energy 
of some 1500 electron volts passes through a long helix and is even-

* See Kompfner, reference 38, and Pierce, references 39 and 40. 
₹ See Warnecke and Guenard, reference 34, and Brossart and Doehler, refer-

ence 41. 
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tually absorbed in a collector. The input signal is applied to one end 
of the helix by a wave guide and the output signal derived from the 
other by a second wave guide. An externally applied uniform mag-
netic field of several hundred gausses confines the beam to the interior 
of the helix. Since the speed of propagation of the signal wave along 

Fig. 15.47. Schematic Diagram of a Traveling-Wave Magnetron Amplifier. 
(From Brossart and Doehler, reference 41.) E and S, input and output antennas. 
0, beam-forming system. A, delay circuit (spiral). F, beam. C, central elec-
trode. K, collector. B, magnetic field. (Courtesy of Annales de radioélectricité.) 

the wire of the helix is approximately equal to the velocity of light, 
the pitch of the helix is matched to the velocity of the electrons; for 
1500-volt electrons (velocity = one-thirteenth of the velocity of light) 
a ratio of pitch to diameter of 1:4 makes the speed of propagation 
along the helix and the velocity of the electrons approximately equal. 
The gain of the traveling wave tube is, for otherwise constant design 

parameters, proportional to the length of the helix. Gains as high as 
30 decibels have been achieved, and experimental tubes have been built 
to operate at frequencies as low as 200 megacycles and as high as 48,000 
megacycles. However, it has not been possible to achieve high ef-
ficiencies and high power outputs. It is very difficult to obtain the 
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desired close coupling between the helix and the beam without loss of 
a considerable portion of the electrons by impingement, and conse-
quent heating, of the helix. Furthermore, the requirement of a small 
difference in velocity between electrons and wave propagation prevents 
the utilization of more than a small fraction of the initial electron 
energy for amplification. 
The last difficulty is overcome in the traveling-wave magnetron 

amplifier (Fig. 15.47) by causing the electrons to travel in a region of 
higher electric potential as they lose energy to the external circuit, 
here in general in the form of a flattened spiral. Essentially the same 
property leads to the high efficiency of the standard magnetron em-
ployed as oscillator. In the traveling-wave magnetron amplifier, the 
flattened spiral is given a positive d-c potential with respect to the ring 
electrode facing it. The electron beam passes between facing electrode 
and spiral along a trochoidal path, which, under certain circumstances, 
degenerates into a circle. As the electrons lose energy to the circuit, 
they drift closer to the spiral. 

15.8 The Transmission Line. The modulated very-high-frequency 
or ultra-high-frequency output from the final power stages of the 

i, e 

(a) 

L odx 

Rodx 

Codx 

(b) 

Fig. 15.48. Transmission Line and Its Effective Circuit Equivalent. 

transmitter is radiated from an antenna, which, in general, is located 
at some distance from the generating units. Therefore, the problem 
arises of carrying the signal over a long length of transmission line 
without phase or amplitude distortion and without too great loss of 
power. This problem differs from that of the transfer of power at low 
frequencies in that the wavelength of the electrical oscillation is short 
compared with the length of the line under consideration. The voltage 
at any instant between the pair of conductors making up the line varies 
from point to point, going through a series of maxima and minima, 
and the instantaneous current likewise undergoes a series of variations. 
A typical transmission line is represented schematically in Fig. 15.48a. 
Between such a pair of conductors there is a certain capacity Co per 
unit length of the line, and the line itself has inductance per unit length 
to be designated by Lo. Furthermore, since the metal wires are not 
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perfect conductors, or the insulation separating the wires a perfect in-
sulator, there will be resistance Ro per unit length, and a conductance 
Go between them. The line may be represented by the equivalent cir-
cuit given in Fig. 15.48b. 
For an elemental length of the line dx, the current and voltage will 

change by increments: 

de = -i(Ro jcoLo) 

di = -e(Go jwC0) dx 

(15.13a) 

(15.13b) 

A complete solution of these equations describes the behavior of the 
line. However, such a solution is unnecessarily complicated for the 
present discussion. In any practical line used for short-wave power 
transmission, the leakage conductance can be neglected and, further-
more, Ro/(wL0) is very small compared with unity. Under these con-
ditions, the voltage e and current i at a distance I from the input end 
of a semi-infinite line are given by the following relations: 

- cd-iat = ei€ (15.14a) 

i = (15.14b) 

where el and j1 are the input voltage and current and 

a = R-9- VC0/Lo, p = wLo Vcomo 
2 

It might be noted here that, since the velocity of propagation along 
the line is 

1 

and the wavelength along the line is 

27rv 
X=  

(15.15) 

the phase factor can be expressed as 

= 27/X 

The input impedance of the semi-infinite line can, with the aid of the 
above equations, be shown to be 

Ro  = Vu/co (1 2wLo\ (15.16) 
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This impedance is known as the characteristic or surge impedance * 
of the line, and is, of course, the impedance of a finite line terminated 
in an impedance equal to the surge impedance. For any practical line, 
the imaginary term j(R0/(10L0) ) will be less than 0.1 percent. It 
can, therefore, be omitted in most considerations. Under certain reso-
nant conditions which are discussed later, it plays an important role, 
however, in determining the properties of the line. 
When a finite line is terminated in any impedance Z2 other than its 

surge impedance Z., it may be demonstrated to have the following 
characteristics: 

Z2 cosh m/ Z. sinh m/ 
Z1 = Z.  

Z2 sinh m/ Z. cosh m/ 

Z. 
i2 = 

Z2 sinh m/ Z. cosh m/ 

Z2 
C2 = el  

Z2 cosh m/ Z. sinh m/ 

(15.17a) 

(15.17b) 

(15.17c) 

where the subscripts 1 and 2 refer to the input and output ends of the 
line, respectively, and 

m  = RO + j) 27 

2coLo X 

The characteristics listed in Eqs. 15.17a to 15.17c are due to the fact 
that the abrupt change in impedance at the termination produces re-
flections back along the line. When the line length is a simple fraction 
of the wavelength, it has certain interesting and valuable properties. 
From a practical standpoint the most important of these special lines are 
those having lengths given by / = X/2, X/4, and X/8. 

* The characteristic impedance when the leakage conductance is considered is 

Z. = -\IR° iwL° 
Go + jcoCo 

Some authors distinguish between surge impedance and characteristic impedance, 

\ i/i0 jcoLo  
defining the terms as VLo/C0 and respectively. This distinction is 

Go ± »Co 

not made in the present discussion, since 1/Lo/C0 can always be considered as an Ro -I- jcoLo 
approximation of 

¡Ro 
jueo 
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A half-wavelength line, when it is short-circuited, has an input im-
pedance which can be expressed as 

Z1 = RoX/4 (15.18) 

and has properties of a series-resonant circuit. When a similar line is 
terminated with an infinite impedance, the input impedance becomes 

4L0 
Z1 

RoXCo 
(15.19) 

and the line performs like an antiresonant circuit. Neglecting the 
small  quadrature component of the surge impedance and writing Z. 

= 1/Lo/CO3 a half-wave line behaves in such a way that the terminal 
impedance is transferred to the input impedance, i.e., 

Z1 Z2 (15.20) 

This approximation requires that Z2 be not too far different from Z.. 
A quarter-wavelength line has the following properties. The input 

impedance is 
8L0 
  when Z2 = 
RoXC0 

(15.21) 

and the circuit is antiresonant. On the other hand, when Z2 = 00, the 
input impedance can be written as 

= RoX/8 (15.22) 

and the circuit is resonant. Under the same assumptions which led to 
impedance transfer for a half-wave line, the quarter-wave line becomes 
an impedance inverter, i.e, 

z1 = z.2/z2 (15.23) 

An open-circuited line whose length is equal to X/8 has an impedance 
equal to the surge impedance, and a leading phase angle of 90 degrees. 
A short-circuited line of similar length has the same impedance, but a 
lagging phase angle. Similarly, very short lines under these conditions 
become more reactive in their behavior, approaching as a limit pure ca-
pacities and inductances having a magnitude Co/ and L01, respectively. 
These special lines are very important in the design of ultra-high-

frequency tank circuits, transformers, and filters. Examples of the use 
of these transmission line equivalents of ordinary circuit elements will 
be found in the coaxial line tank circuit described above and in the 
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filter for removing the unwanted sideband in single sideband trans-
mission, discussed later in this section. 
The coaxial line is a very important special case of the transmis-

sion line. It consists of two coaxial cylindrical conductors, insulated 
from each other with low-loss 

ir  
  spacers, so that for all practical pur-

 ---i poses the dielectric medium between 
them is air. Because of its high ef-
ficiency, due to low radiation loss, 
this type of line is used almost 
exclusively in very-high-frequency 
power transfer. A coaxial line is 
illustrated in cross-section in Fig. 
15.49. The surge impedance of such 
a line can be calculated directly, if 
the assumption is made that skin 
effect causes most of the current to 
flow on the outside of the conduc-

tors, so that internal inductance plays no role (a condition readily met 
in very-high-frequency cables). Use is made of the fact that the 
velocity of propagation along the cable is equal to the velocity of light 
and of Eq. 15.15: 

1/LoCo = 1/c, twhere c = 3.101° cm per sec 

The surge impedance is therefore given by 

,\I 2 Pb zs = Lo = 1 = 1 rb 2dr = 
 in ln — (esu) 

Co CCO C.1 Pti r 3 • 10 Pa 

Pb 
or 60 ln — (ohms) 

Fig. 15.49. Coaxial Line. 

Pa 

(15.24) 

Here pa and pb are the radii of the inner and outer conductor, respec-
tively. 
The resistance per unit length Ro determines the power loss and also 

many of the electrical characteristics of the cable or transmission line. 
This resistance is not, however, simply the product of the d-c resistiv-
ity and the cross-sectional area of the conductor because, as has al-
ready been mentioned, the high-frequency current is concentrated 
within a small fraction of an inch of the surface. A fairly accurate 
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value can be obtained for the "skin-effect" resistance of a cylindrical 
conductor at high frequencies from the formula 

3.16.10' 
Ro — N/J:f ohms per cm (15.25) 

where p is the radius (cm), u the resistivity (ohm-cm), and f the fre-
quency (sec-1 ). In addition to the resistance of the conductor itself, 
radiation and dielectric loss may add to Ro for certain types of lines, 
but these contribute a negligible amount in a well-designed coaxial 
line. It is interesting to note that the resistance varies inversely with 
the radius, rather than with the inverse square of the radius, as it does 
at low frequencies. 
The optimum radius for the inner conductor, based on the most effi-

cient power transfer, can be readily determined for a coaxial line of 
given radius of the outer conductor. Let / be the current flowing; then 
the power loss is given by 

PL = 12(R,, Ra) 

where Rb = k/pb is the resistance of the outer conductor and R« = k/ pa, 
that of the inner. The power transfer is 

P = I2Z. 

The efficiency 7/ can, therefore, be expressed as 

— Z. 60 ln (Pb/Pa)  

Rb + 1 k( + 

\Pb Pa/ 

Differentiating with respect to Pb/Pa and equating to zero gives 

Pb Pa 

= 1 + — ln —  

Pa Pb 

which leads to a value 

(15.26) 

Pb/Pa 3.6 

irrespective of the other constants of the line. This, of course, is the 
radius ratio mentioned in connection with coaxial tank circuits in an 
earlier section. 

It should be noted that the neglect of the insulating wafers in the 
determination of the electrical characteristics of the line is justified 
only if the spacing of the wafers is small compared to the minimum 
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wavelength of the transmitted signal. This condition cannot be satis-
fied in the ultra-high-frequency range without the introduction of ex-
cessive dielectric loss. Specifically, if the insulator spacing is an in-
teger multiple of a half wavelength, the extra capacity at the insula-
tors adds so as to impress a very low shunt reactance across the ter-
minating resistance. D. W. Peterson * has shown that the effect of 
the extra shunt capacity introduced by the insulators can be compen-
sated by undercutting and grooving the inner conductor as indicated in 
Fig. 15.50. The grooving introduces series reactance which offsets the 

Inner conductor 

Insulating spacer Air gap 

Outer conductor 

Fig. 15.50. Compensation of Electrical Effect of Spacers. (D. W. Peterson.) 

increase in shunt reactance, leading to a constant value for the surge 
impedance Zs = (L/C) 1/2 for any infinitesimal section of line. 
The surge impedance of a line having a 3.6 radius ratio is, from 

Eq. 15.24, found to be 76.6 ohms. Other things being equal, it is, of 
course, advisable to use a line having approximately this impedance. 
However, as can be seen from Eq. 15.26, the efficiency curve has a very 
broad maximum. Lines having surge impedances ranging from 50 to 
125 ohms are almost equally effective as a means of power transfer. 
In practice, other considerations will determine what surge impedance, 
within these limits, is best suited to the application in question. Prob-
lems of impedance matching are, in general, the determining factor. 

Coaxial lines of the type described are used in practically all tele-
vision installations to convey the power from the transmitter to the 
antenna. When the line is terminated with its own surge impedance, 
the input impedance will, from Eq. 15.24, be independent of the fre-
quency of the signal. The attenuation of the output voltage is not 
entirely frequency-independent, however, because the resistance given 
by Eq. 15.25, which enters in Eq. 15.17c, is a function of frequency. 
In view of the square-root dependence of the resistance on frequency, 

D. W. Peterson, "High-Quality 0-1000 Mc Transmission Line," unpublished. 
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the variation over the bandwidth employed is unimportant in practice. 
The phase of the sideband frequency relative to the carrier is not fixed, 
but depends on the length of the line and the frequency. However, the 
variation is linear with frequency and hence does not introduce distor-
tion in the video signal. These characteristics, together with its high 
efficiency, make a correctly terminated coaxial cable well suited to the 
transfer of television power. 
When the transmission line terminates in an antenna, the impedance 

of the antenna must match the surge impedance of the line. Unless 
this match is fairly exact, reflections at the termination will introduce 
serious phase and amplitude distortion. It does not suffice to termi-
nate the line in a load which equals the surge impedance at the carrier 
frequency alone, but rather the termination must match the line at all 
frequencies transmitted. The problem of matching the cable involves 
the load characteristic of the antenna; it will be considered briefly in 
the next section. 
As has already been mentioned, circuit elements are often inserted 

in a transmission line to filter out unwanted components of the fre-
quency spectrum. Specifically, a filter is required for single-sideband 
transmission when both sidebands are supplied by the output stage of 
the transmitter. Such a filter must be dissipative and must match the 
surge impedance of both the cable from the transmitter and that from 
the antenna if reflections are to be avoided. Figure 15.51 illustrates 
a filter element for sideband removal designed by G. H. Brown.* This 
filter is in reality a high-pass filter between the antenna and the trans-
mitter, whose circuit equivalent is shown in Fig. 15.51b. The circuit 
constants are so chosen that L2 and C2 resonate at the frequency fo, 
which is equal to or slightly lower than carrier frequency. L3 and C3 
resonate at fc, about 2 megacycles lower than fo. At fo, the network 
becomes in effect a 7r-section terminated by the antenna, whereas for 
the lower frequency fe, it is a 7r-section supplying the dissipating re-
sistance R. The circuit presents an impedance of approximately 77 
ohms to the line over the entire frequency range. 

In the coaxial line filter (Fig. 15.51a) employed in the television 
transmitter, half-wave (or three-half-wavelength) lines replace the 
resonant circuits, and open and closed one-eight-wavelength lines the 
capacitance and inductance. The dissipation of the lower sideband 
energy takes place in a water-cooled metallized ceramic resistor which 
forms part of the inner conductor of one of the coaxial lines. 

*See Brown, reference 42. 
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The transmission characteristic of the filter in question is shown in 
Fig. 15.52. Three such filters in series are employed, in general, to 
achieve the desired attenuation. In addition ,"notching filters," con-
structed in similar fashion, are added to greatly increase the attenua-
tion a quarter megacycle below the lower limit of the transmission 

Antenna 

I +1 
-.— X/4 at -9—e— 

X /8- 3)1/412 at 1; 

3X/2 at fo 

(Dissipative / 
resistor) 

(a) 

(b) 

Fig. 15.51. Coaxial Line High-Pass Filter and Equivalent Circuit (Design for 
Jo = 45 Mc). 

channel, since the sound carrier of the adjoining channel is located at 
this point. 
The recognition that the energy in the reject band which must be 

absorbed is small and can readily be dissipated if reflected to the out-
put stage has favored the introduction of simpler, purely reactive, fil-
ter designs.* Since filter and coupling dimensions can be held down 
so that the reflection time is only of the order of 0.01 microsecond, no 
perceptible echoes are produced by the reflected signal. 

*See Bradhurd, Alter, and Racker, reference 43. 
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In principle (Fig. 15.53), the filter consists of two m-derived T-sec-
tions between two m-derived T half sections. The m-value for the 
center sections is chosen so that the attenuation approaches infinity at 
1.5 megacycles below the visual carrier, i.e., at the sound carrier of the 
adjacent band; for the high very-high-frequency bands, this requires 
m 0.07, for the low very-high-frequency bands, m 0.15. The m-
value of the half sections is set at m = 0.30 so as to produce an opti-
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Fig. 15.52. Transmission Characteristic of Filter in Fig. 15.51. 

mum impedance match to the 51.5-ohm generator and antenna lines 
throughout the unattenuated portion of the television channel. 
The series-resonant circuits of the shunt arms are approximated by 

half-wave or full-wave transmission lines short-circuited at the far end; 
the approximation is improved by employing two sections of the cen-
tral conductor with slightly differing diameters. The series capaci-
tances are realized by gaps in the central conductor with dielectric 
spacers. Since the attenuation of the m-derived filters increases very 
rapidly beyond the cutoff frequency, relatively few sections are suffi-
cient to satisfy the requirements laid down by the FCC and RTMA. 

It may be noted that the coaxial line may be regarded as a special 
case of a wave guide, i.e., a system of conductors which confines an 
electromagnetic wave field to a restricted region of space. It has the 
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distinction of fulfilling this function for oscillations of all wavelengths 
or frequencies; the insulation between the inner and the outer con-
ductor permits the maintenance of an electric field between them even 

97.3 97.3 

0.157 0.310 0.310 0.157 
µh µh ph µh 

5.85  2.75 — 2.75 5.85 

Dielectric tuner Dielectric spacer Outer conductor 
Inner conductor 

Transmitter Antenna 

,....—Shunt arms 

jj 
Fig. 15.53. Principle of Reactive Vestigial Sideband Filter (Values for Channel 

7). (Bradburd, Alter, and Racker, reference 43.) 

at arbitrarily low frequencies. Furthermore, for all wavelengths ma-
terially larger than the transverse dimension of the coaxial line, the 

  X 

  Electric field lines 

  Magnetic field lines 

Fig. 15.54. Field Pattern of Coaxial Line. 

character of the field, or the "mode," is unique. The electric field lines 
are radial, the magnetic field lines circular and at right angles to the 
electric field lines (Fig. 15.54). 
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Similar waves can be propagated along a single wire of finite conduc-
tivity. This was shown by Sommerfeld over fifty years ago.* Al-
though the attenuation for such surface waves on wires is small, they 
have proved of little practical value since they extend over a large 
volume of space surrounding the wire and are scattered by any ob-
stacles in their path. Goubau t has shown, however, that a thin di-
electric layer (or other surface modification) on the wire causes a 
rapid decrease of the field intensity from the wire outward without a 
comparable increase in the signal attenuation. Thus, a simple enam-
eled copper wire becomes an effective wave guide in the frequency 
region above 100 megacycles. The signal may be launched on the 

Transmitter horn 

Wave 
guide Enameled wire 

Receiver horn 

Wave 
guide 

Fig. 15.55. Single-Wire Transmission Line. (Goubau, reference 46.) 

wire from a coaxial line by making it the continuation of the inner 
conductor and flaring the outer conductor into a gently tapered horn 
with a diameter sufficiently large to embrace the region within which 
the wire wave fields are of significant magnitude (Fig. 15.55). A 
similar horn adapts a coaxial line to the wire at the receiver. Figure 
15.56 relates the ratio of the horn radius p to the wire radius a' leading 
to a transfer loss of 1, 3, and 6 decibels to the dielectric layer thick-
ness a'—a; Ei/E is the ratio of the dielectric constants of the layer and 
of free space. Specifically, for a 2-millimeter copper wire with a 0.05-
millimeter coating of enamel (Ei/E = 3), 90 percent of the power flow 
of a 3000-megacycle signal is confined to a radius of 10 centimeters 
about the wire. 
The signal attenuation along dielectric-coated wires is small com-

pared to that of conventional coaxial cables. For a conductor diam-
eter of 1.42 centimeters and a polyethylene coating of 0.34 centimeter 
the attenuation at 200 megacycles is computed to be approximately 3 
decibels per mile; losses at supports are not included in this figure. 
For thin wires, employing waxed thread supports, they have been 
found to be very small, however. The effects of rain have also been 
found to be relatively small. 

*See Sommerfeld, reference 44. 
t See Goubau, reference 45 and 46. 
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At very high frequencies, electromagnetic waves can be propagated 
within tubes even in the absence of a second, inner, conductor. Thus, 
oscillating electric fields can be maintained between the two wider 
faces of a rectangular wave guide provided that the wavelength of the 
oscillation is less than twice the width of the wave guide. The corre-
sponding magnetic field lines are loops parallel to the wide face of the 
line (Fig. 15.57). Rectangular wave guide with a width twice as great 

1000 

a6 
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10 

— —5 —4 
10 6 ici 10 

a' Ei — E a' — a la' \2 
çr,) Ti = e, a 

Fig. 15.56. Horn Radius p, Giving Indicated Transfer Losses (1, 3, 6 db) as Func-
tion of Dielectric Film Thickness a' — a. (Goubau, reference 46.) (Courtesy of 

Proceedings of the Institute of Radio Engineers.) 

as its height is favored since, for wavelengths not too greatly different 
from the cutoff wavelength, transmission can take place only in the 
mode here represented (the "TE10" mode). Rectangular wave guide 
represents the most efficient means for channeling microwave power 
and is quite generally used for this purpose in, e.g., television relay 
equipment. 

If a section of wave guide is sealed off by conductors, it represents 
a resonant cavity, in which electromagnetic oscillations (standing 
waves) of specific frequencies related to the cavity dimensions can 
maintain themselves. In fact, any cavity with highly conducting inner 
walls will act in this manner. The rate at which one of the resonant 
oscillations, once excited, is damped is determined by the resistivity 
of the walls or an artificially introduced damping or coupling element. 
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Examples of resonant cavities have been indicated in the discussion of 
power tubes for ultra-high frequencies. 
Coupling between cavities, wave guides, and coaxial lines may be 

effected by windows, coupling loops inserted in the guide perpendicu-
lar to the magnetic field lines, or probes inserted in the direction of the 
electric field lines. 
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  Electric field lines 

  Magnetic field lines 

Fig. 15.57. Field Pattern in Rectangular Wave Guide (TE10 Mode). 

15.9 The Antenna. The antenna is the means of coupling the out-
put of the transmitter to the medium through which electromagnetic 
waves are propagated. Its operation follows directly from the Maxwell 
equations for the electromagnetic field, which predict that an acceler-
ated electric charge will give rise to radiation propagated at the 
velocity of light. In the case of an antenna, the accelerated charges 
are the oscillatory current flowing in the antenna conductors. 

It can be shown that an element of wire of length dl, carrying a cur-
rent I, whose frequency is f, will produce a field strength E given by 

607 
dE = — fr dl cos 2rf — cos 0 (15.27) 

xc 

In this equation, x is the distance from the element in meters and O 
the angle between the direction of x and the plane normal to dl, E being 
measured in volts per meter. If the conductor has finite length, the 
radiation at any point can be determined by adding up the radiation 
(taking into account magnitude, phase, and direction of the electric 
vector) from every element of the conductor. It is obvious that the 
way in which the radiation is distributed about the conductor, or, in 
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other words, the radiation pattern, depends upon its geometry and cur-
rent distribution. Determining the radiation pattern is really an inter-
ference or diffraction problem. 
A simple but very important antenna for high frequencies is that 

formed by a straight wire, a half-wavelength long, located a number of 
wavelengths above ground. Such an antenna is known as a dipole. 
The current and voltage in such a conductor form standing waves, 
giving the distribution shown in Fig. 15.58. The radiation pattern is 
included in the figure. The angular factor is here 

COS (— Sin 0)/COs 0 2 

which differs but little from the factor cos O for the infinitely short 
dipole. The electrical properties of a half-wave dipole are essentially 
those of a resonant circuit. If the radiator is divided in the middle 
at the current maximum and the two halves are connected to the ends 
of a transmission line, the termination of the line can be represented 
as a series circuit consisting of an inductance, a condenser, and a re-
sistance. The value of the resistance is determined by the power 
which is radiated from the antenna for a given current from the line 
and is known as the radiation resistance. It is equal to a resistance 
which will dissipate the radiated power when a current equal to the 
antenna current flows through it. 
The radiation resistance of a half-wave dipole is approximately 73.2 

ohms. As the length is increased, the impedance increases, having a 
large inductive component, which goes through a maximum and then 
decreases until at one wavelength the antenna is essentially a parallel 
resonant circuit presenting a large purely resistive impedance. At 
three-halves wavelengths, the antenna is again series resonant with a 
radiation resistance in the neighborhood of 150 ohms. Decreasing the 
length of an antenna from a half wave length increases its impedance 
by adding a capacitative component. Obviously, a variation in fre-
quency produces an effect on the impedance similar to lengthening or 
shortening the antenna. This variation in magnitude and phase of the 
impedance of an antenna with frequency introduces a difficulty when 
the antenna terminates a transmission line in that it matches the surge 
impedance of the line at only one frequency. To overcome this diffi-
culty for wide-band transmission, such as is involved in television 
broadcasting, it is necessary to employ either special matching circuits 
or an antenna which has a flatter impedance characteristic. In actual 
practice, both methods are used. 
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Voltage 

(a) Current and voltage distribution 

(b) Equivalent circuit 

Fig. 15.58. Properties of Half-Wave Dipole. (a) Current and voltage distribu-
tion. (b) Equivalent circuit. 

This is one consideration affecting antenna design. A second major 
consideration is the concentration of the radiated power in directions 
in which receivers to be served are located. In general, this signifies 
simply the compression of the radiation pattern into a narrow solid 
angle about the horizontal plane. The ratio of the power radiated per 
unit solid angle in the preferred direction to the total power radiated, 
divided by the full solid angle 47r, defines the "power gain" or "direc-
tive gain" of the antenna. 

Finally, the antenna design depends on the selection of horizontal or 
vertical polarization for the transmitted signal. In the United States, 
horizontal polarization has been prescribed by the Federal Communi-
cations Commission, upon the recommendation of the National Tele-
vision System Committee. It possesses the advantage of simpler re-
ceiver antenna design, improved signal-to-noise ratio at the receiver 
for a given radiated power, and reduced difficulties from reflection. 
Vertical polarization, which possesses the more apparent than real ad-
vantage that, with it, a simple dipole transmitter yields an omnidirec-
tional pattern with an appreciable power gain, is employed in Great 
Britain. The advantage is only apparent since more complex antenna 
structures, giving a higher power gain, are in any case desirable. Fur-
thermore, practically uniform radiation intensity in all directions in a 
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(e) 

Fig. 15.58 (continued). Properties of Half-Wave Dipole. (c) Radiation pattern: 
field strength. 

horizontal plane can be readily achieved with horizontal polarization, 
as will be seen below. 

Consider first the feeding of the signal to the antenna. This is gen-
erally effected by a single coaxial transmission line. Since the output 
of the transmitter is double ended or balanced, a balanced-to-unbal-
anced converter, or balun, is inserted between the coupling loop to the 
transmitter output and the transmission line leading to the vestigial 
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high impedance to ground is added by the circuit. The arrangement 
in Fig. 15.60 restores balance by applying an equal shunt impedance 
to both sides of the line.* Additional refinements may be applied to 
equalize the input impedance of the balun over the entire transmission 
band. 

X/4 71 

From transmitter 
To vestigial 

sideband filter 

Fig. 15.59. Simplest Balaneed-to-Unbalaneed Converter. (Balun.) 

Circuit elements similar to the balun are also profitably applied at 
the antenna-feed point. Quarter-wave stubs applied to the terminals 
of the transmission line insert, in effect, parallel resonant circuits shunt-
ing the series resonant circuit representing the antenna; for the two 

circuits, the change in reactance with 
To filter deviation from the resonant frequency 

is in the opposite direction, resulting 
in compensation over a relatively 
wide frequency range (Fig. 15.61). 
The terminations of the stubs are at 
ground potential and are commonly 
employed to support the dipole on the 
mast. 
Another measure for increasing the 

From transmitter '›     X/2 
frequency range over which the an-
tenna impedance is substantially uni-
form consists in increasing the thick-
ness of the dipole. A preferred method 
of doing this is to replace the dipole 

 _L rods by sheets a half-wavelength wide, 
Fig. 15.60. Symmetrical Balun. fed at the center and grounded at the 

top and bottom. The current flow is 
horizontal throughout, so that the sheet is advantageously replaced 
by a series of horizontal rods, with a resultant reduction in the wind 
resistance of the antenna. By reducing the rod length at the center, 
or notching of the flattened dipole, current is concentrated in the top 

*See Lindenblad, reference 47. 
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and bottom rods. The resultant "bat wing" not only has a bandwidth 
of the order of a quarter of the median operating frequency, but, in 
addition, a directive gain which is approximately twice that of the 
simple dipole. 

X /4 

Fig. 15.61. Broad-Band Connection for Dipole Antenna and Equivalent Circuit. 

A simple dipole or batwing antenna is generally unsatisfactory, how-
ever, since its radiation vanishes in the direction of the dipole axis. 
It is usually required that the radiated intensity be approximately 
uniform in a horizontal plane, i.e., the antenna be "omnidirectional." 
An omnidirectional characteristic is obtained by feeding two dipole 
antennas, placed at right angles to each other, in quadrature. With 
such a "turnstile antenna" (Fig. 15.62),* the phase of the radiated 

*See Brown, reference 48. 
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wave varies with horizontal direction, but the radiated power becomes 
practically independent of azimuth. 
The further concentration of radiated power in a narrow solid angle 

about the horizontal plane which is required is attained by vertical 
stacking of batwing turnstiles, resulting in a "superturnstile antenna" 
(Fig. 15.63). The individual turnstile centers or "bays" are separated 
by a wavelength and are fed, accordingly, in phase. Thus, construe-

X/4 delay loop 

Transmitter 
diplexer 

Fig. 15.62. Turnstile Antenna. 

tive interference between the radiated waves takes place in a horizontal 
direction, the sharpness of the intensity peak increasing with the num-
ber of bays. The directive gain, compared with a simple dipole, is 
given by 1.2 times the number of bays, which ranges from 3 to 12.* 
Although the superturnstile antenna is probably the most popular 

form for the very-high-frequency range, numerous other methods of 
broadbanding and stacking dipoles have been developed.t The super-
gain antenna t is particularly advantageous whenever, for reasons of 
mechanical strength and ready accessibility, a steel tower mounting is 
preferable to a pole mounting. Here the elementary radiators are 
half-wave dipoles mounted on the four sides of the tower, 0.3 wave-
length in front of a conducting shield. The width of the tower is made 

*See Wolf, reference 49. t See Wolf, reference 51. 
t See, e.g., Gihring, reference 50. 
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one-half wavelength; in this man-
ner, an adequately circular radia-
tion pattern is achieved without 
appreciable interference between 
adjoining radiators. The vertical 
spacing of the radiators is ap-
proximately one wavelength. All 
the radiators in the East-West 
and North-South arrays, respec-
tively, are fed from a common 
junction box by transmission lines 
of equal length. 
An individual radiator is shown 

in Fig. 15.64. The tapering of the 
dipole, in conjunction with its 
spacing from the reflector, is 
chosen to yield optimum broad-
band properties. One of the sup-
porting legs acts as a concentric 
feed line for the dipole, a second 
contains a series stub for balanc-
ing out the reactive component of 
the antenna impedance, and the 
remaining two contain heaters 
for melting sleet. Shorting bars 
across the legs at a quarter wave-
length from the feed point nullify 
the electrical effect of the supports 
on the dipole. 
Whereas the broad-band char-

acteristics of the supergain an-
tenna are inferior to those of the 
batwing superturnstile antenna, 
its tower mounting adapts it par-
ticularly well for systems with 
high directional gain. For a circu-
lar radiation pattern, the vertical 
angle a between directions for 
which the radiated power is reduced 
related to the directional gain G by 

a = 61/G 

687 

Fig. 15.63. Superturnstile Antenna. 

to half its maximum value is 
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For satisfactory reception, the gain G must be chosen low enough that, 
under usual wind conditions, a/2 remains larger than any tilt angle of 
the antenna. Since tower manufacturers regard it as possible to hold 
the deflection normally within ± 54°, directional gains of 20 or more 
can safely be planned with the supergain antenna. An additional gain 
can be achieved by omitting half or even three of the vertical arrays 
and thus concentrating the radiation in particular directions in which 
the major service areas happen to be concentrated. 

Shorting bar 

Series stub 

Sleet melter 

Sleet 
melter 

RG35/U cable 
to junction box 

Fig. 15.64. Single Radiator of Supergain Antenna. (Giliring, reference 57.) 

The vertical distribution of the radiation pattern can be influenced, 
furthermore, by feeding the upper half and the lower half of the an-
tenna through separate junction boxes and inserting a phase adjust-
ment in the line feeding the upper or lower section. By introducing a 
small phase shift at this point, the major radiation lobe can be given a 
small downward tilt, improving reception close to the antenna. A com-
plete feeder system for a twelve-bay supergain antenna is shown in 
Fig. 15.65. 

In addition to the elements already described, Fig. 15.65 shows a 
"bridge power equalizer" with a terminating resistor. The function 
of this component is to render the power delivered to the East-West 
and North-South antennas equal, even when their impedance does not 
match the line. This is important in the supergain antenna, since the 
dipole impedance varies appreciably over the range of a television 
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15.1;5. Feed System for Supergain Antenna (Wolf. refenmee 51.) 
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channel, particularly for the low very-high-frequency bands. Suppose, 
e.g., that for a particular frequency the North-South antenna imped-
ance as seen by the generator is only 85 percent of the line impedance. 
Then, as the result of impedance transformation by the extra quarter 

wavelength of transmission line in the feeder of 
the East-West antenna, the latter will present 
an impedance which is 118 percent of the line 
impedance. Thus, the ratio of the power fed to 
the two antenna systems becomes, for the wave-
length in question, (1.18/85) 2 2. This ratio 
of power would clearly result in a very material 
distortion of the radiation pattern. In addition, 
the reflected radiation returning to the antenna 
with a time delay can give rise to objectionable 
echo patterns in the picture. To prevent the 
appearance of secondary images from this cause, 
the effective reflection coefficient of the antennas 
should be held below 0.05 within the range of 
the video channel. 

The principle of the bridge power equalizer, 
which overcomes these difficulties, is illustrated 

K1 by Fig. 15.66.* The impedances ZL represent 
the antenna loads, À0 the midband wavelength. 
V is the generator which, it will be assumed, 

X0/4 feeds the two branches in a push-pull mode. 
The two quarter-wavelength lines K1, with the 
terminating resistance R equal to half the line 
impedance of K1 constitute the added power 
equalization network. Midband frequency 
waves which travel from the generator to the 
antennas and are partly reflected return to the 
generator in phase as the result of the half-

wave delay, ignore it accordingly, and pass on to the terminating 
resistance R, where they are absorbed. Waves traveling from the 

generator directly to the terminating resistance R, on the other hand, 
are not affected by its presence, since they arrive at it 180 degrees out 
of phase. The reflections, hence, do not influence the operation of the 
generator, which now sees equal impedances (namely, the line im-
pedance) in both branches, and, furthermore, give no rise to secondary 
images since they are absorbed in R. A more exact analysis shows 
*See Masters, reference 52. 

N-S E-W 

X0/4 

Fig. 15.66. Principle of 
Bridge Power Equalizer. 
(Masters, reference 52.) 
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that these properties are retained to a close approximation throughout 
the video band. 

In the ultra-high-frequency range, the reduced dimension of the 
wavelength makes a different arrangement of radiators desirable. In 
the slotted-coaxial-line or pylon antenna * the batwings effectively 
form part of the outer conductor of a coaxial line, leaving only a slot 
a half-wavelength long in the external sheath of the coaxial line. In 

Fig. 15.67. End View of Pylon Antenna. 

the antenna employed at the Bridgeport experimental ultra-high-fre-
quency station operating at 529 to 535 megacycles, the outer conductor 
was a steel cylinder with an outer diameter of 10% inches and wall 
thickness of one-half inch. It provides the mechanical support of the 
antenna. 

The slots are arranged symmetrically about the antenna in groups 
of four and are spaced vertically by a wavelength, so that all radiate 
in phase. Probes projecting from the inner conductor to the slot edges 
determine the amount of radiation from the slot (Fig. 15.67). The 
probe adjustment is graded so that the intensity of radiation is uni-
form along the entire length of the antenna. 
The antenna is fed from a junction point at its center, the lower 

half of the inner conductor constituting at the same time the outer 

*See Fiet, reference 53. For a discussion of a number of alternative designs, 
see Epstein, Peterson, and Woodward, reference 54. 
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Fig. 15.68. Pylon Antenna Designed 
for Operation in the 529-535 Mc Tele-

vision Channel. 

tive is the concentration of the ra 
directed toward a specific receiver. 
the radiator, which may be a simple 

Transmitter [Chap. 15 

conductor of the transmission 
line from the transmitter. With 
asymmetrical feed, e.g., from the 
bottom of the antenna, there 
would be a tendency for radiation 
whose wavelength did not coin-
cide exactly with the vertical slot 
spacing to be concentrated in cones 
deviating upward and downward 
from the horizontal direction. 
The angular displacement of 

successive layers of slots by 45 
degrees is found essential to sup-
press undesired modes of propa-
gation within the antenna which 
may result in a horizontally asym-
metrical radiation pattern. The 
number of layers of slots deter-
mines the gain of the antenna, 
or the concentration of radiation 
in a horizontal direction. The 
Bridgeport antenna had 22 such 
layers, leading to a gain of 17.3 
(Fig. 15.68). Its height was 40 
feet. The angular spread of the 
radiation about the horizontal 
plane was about 5 degrees, which 
represents a practical minimum if 
the tilting of the antenna by wind 
pressure is not to result in ex-
cessive signal reduction in some 
service areas. 
A still different style of antenna 

is required for the super-high-fre-
quency or microwave radiations 
employed for relaying television 
signals. Here, the primary objec-

diation into a very narrow beam, 
This result is achieved by placing 
dipole, at the focus of a parabolic 
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reflector (Fig. 15.69) or "microwave lens," whose diameter is large 
compared with the wavelength of the radiation.* Diffraction theory 
indicates that the directional gain achieved with such an arrangement 
is of the order k (7rD/À) 2, where k is the fraction of the radiation in-
tercepted by the reflector or lens, D is its diameter, and À is the wave-
length of the radiation. Clearly, if the reflector diameter is made 
very large compared to the wavelength, the directional gain becomes 
very large, and the power requirements of the microwave transmitter 
are correspondingly reduced. 

Fig. 15.69. Microwave Radiator with Parabolic Reflector. 

Another type of radiator widely employed in microwave practice is 
the horn antenna, or open termination of a wave guide. The radiation 
pattern of a horn antenna can be greatly modified by the insertion of 
shaped rods of low-loss dielectric. Effective directional microwave 
antennas are obtained by assembling arrays of dielectric rod radia-
tors.t 
At this point, it appears proper to make some mention of the sound 

transmitter, which, so far, has been completely disregarded. The sound 
transmitter is a frequency modulated transmitter with power compar-
able to that of the visual transmitter and operating with a carrier 4.5 
megacycles above the visual carrier. A separate antenna may be pro-
vided for the sound signal. It is entirely practicable, however, and 

* See, e.g., Schelkunoff and Friis, reference 7, sections 18 and 19. 
t See Mueller and Tyrrell, reference 55. 
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generally preferred to transmit picture and sound from the same an-
tenna. This transmission requires a "diplexer," i.e., a circuit which 
applies both the visual and the sound signals to the antenna load with-

N-S E-W 
antennas antennas 

(a) 

N-S 

Visual 
transmitter 

(h) 

E-W 

0 X/4 loop 

Sound 
transmitter  

J— 

Fig. 15.70. Bridge Diplexer. (Wolf, reference 49.) (a) Principle. (1)) Physical 
realization. (Lines represent inner conductor of coaxial lines.) 

out any reaction of the visual and sound signal generators (transmit-
ters) on each other. As was pointed out in connection with the multi-
ple operation of power tubes, the balanced bridge provides just such a 
circuit. Figure 15.70 * indicates its use in applying visual and sound 

*See Wolf, reference 49. 
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signals to a turnstile antenna. The visual transmitter, placed in one 
cross-arm of the bridge, provides push-pull excitation for the North-
South and East-West radiators, respectively, whereas the sound trans-
mitter, placed in the other cross-arm, feeds them in parallel. An extra 
quarter-wave section of transmission line is inserted in the feeder for 
the East-West radiators to effect the desired 90-degree phase difference 
between the two sets. 

To antenna 

Visual 
input F <X/4 X/ 

11/4 X D 
Stub B 

Sound input 
matching stub 

Stub A 

4 E  

11/4 X 

Sound 
input 

Fig. 15.71. Notch Diplexer. (Fiet, reference 53.) (X is wavelength of visual 
carrier; all stubs open circuit.) 

A quite different diplexer, suitable for an antenna with a single feed 
line, is shown in Fig. 15.71.* It is known as a notch diplexer and con-
tains two filters. The filter between the sideband filter and the an-
tenna junction C presents an open circuit for the picture carrier and is 
tuned, by adjustment of the stubs B and A, for maximum rejection of 
the sound carrier at the picture input. Conversely, the filter between 
the sound transmission line and the antenna junction consists of an 
11/4 wavelength line for the picture carrier, and, hence, has the effect 
of rejecting the picture signals at the sound input. The length of the 
line between junctions F and C is adjusted to obtain a good impedance 
match at picture frequencies just below the sound carrier, resulting in 

*See Fiet, reference 53. 
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substantially flat response almost up to the sound channel. The notch 
diplexer does not give as broad-band a response as the bridge diplexer, 
which is, hence, generally given preference in the very-high-frequency 
channels.* 

It is also possible and, in fact, common practice to utilize a tele-
vision antenna for a third channel, carrying programs of a f requency-
modulated broadcasting station. The mixing circuit employed for this 
purpose is known as a triplexer. 

15.10 The Empire State Television Antenna System. The applica-
tion of a number of the principles of antenna construction discussed in 
the last section may fittingly be illustrated by the antenna system 
erected on the tower of New York's Empire State Building.t Since 
the joint utilization of any optimal site by a number of stations may 
prove desirable in many other localities, the experience gained in New 
York may prove of general value. 
The problem to be solved was the accommodation of five television 

stations operating on Channels 2 (54 to 60 megacycles), 4 (66 to 72 
megacycles), 5 (76 to 82 megacycles), 7 (174 to 180 megacycles), and 
11 (198 to 204 megacycles) and of three frequency-modulated stations 
with carriers at 95.5, 97.1, and 101.1 megacycles on a structure with 
an approximate total height of 200 feet. The structure was to be 
mounted on the top of the Empire State Building, over 1200 feet above 
street level. The available height was to be utilized for maximum 
directional gain consistent with the absence of cross-talk between the 
antennas. The possibility of diplexing or interleaving television an-
tennas was rejected since each station wished to retain control of the 
operation of its antenna. These techniques were used, however, to 
accommodate the frequency-modulated stations. In view of the lim-
ited horizontal area available, vertical stacking of the television an-
tennas proved the only practical solution. 
The distribution of the available height to the several stations was 

made in such a way as to equalize the directional gain; 20 percent 
higher gain was allowed, however, to the two high-frequency stations. 
In the final structure, the gain for Channels 2, 4, and 5 was approxi-
mately 4, that for Channels 7 and 11 was 5. Tests showed that the 
coupling between adjacent antennas was always less than —30 deci-
bels, even when no spacers were inserted between them. Past experi-
ence has indicated that cross-talk is negligible even with —20 decibels. 

* See Sayer and deBell, reference 56. 
t See Gihring, reference 57. 
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For ready accessibility and con-
venience in accommodating feeder 
lines and other equipment, as well 
as for reasons of mechanical sta-
bility, tower construction was de-
sirable for all except the topmost 
antenna. Accordingly, supergain 
antennas were chosen for four of 
the stations (Channels 2, 5, 7 and 
11) and a superturnstile for Chan-
nel 4. One of the frequency-mod-
ulated stations (97.1 megacycles) 
was triplexed into the superturn-
stile. The other two utilized a 
ring of dipoles interleaved be-
tween the two bottom bays of the 
Channel 2 antenna. The com-
plete antenna structure is shown 
in Fig. 15.72. 

Different methods are employed 
for feeding the signal to the sev-
eral antennas (Fig. 15.73). A 
simple bridge diplexer proves 
adequate for the high-frequency 
channels (7 and 11) since here 
the frequency range, in relative 
measure, is small. The broad-
band properties of the superturn-
stile permit a similar system for 
Channel 4; however, the signal 
for the FM transmitter is added 
as indicated in Fig. 15.73b. Four 
double stubs mounted at a quar-
ter-wavelength video carrier from 
the main antenna line and a quar-
ter FM carrier wavelength apart 
prevent cross-feed from the FM 
transmitter to the television trans-
mitter, and vice versa. The lower 

part of each stub is one-half television wavelength, so that, in conjunc-

Fig. 15.72. The Empire State Tele-
vision Antenna System. (Gihring, ref-

erence 57.) 
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tion with the quarter-wave section between it and the antenna line, it 
presents a high impedance to the television signal. The upper portions 
of the stubs are adjusted so that the double stubs in the FM line present 
a high shunt impedance to the FM carrier (and a low impedance to the 
television frequencies), whereas the remaining double stubs on their 
quarter-wave lines present a low shunt impedance to the FM carrier. 

N-S E-W N-S E-W E-W 

Junction 
boxes 

Terminating 
resistor 

51.5 S2 .11 

51.5 S"1 .11 

N-S 

(a) (b) (c) 

Power 
splitting 

transformer 
Aural 

Fig. 15.73. Antenna Circuits of Empire State Television Antennas. (a) Channels 
7 and 11. (b) Channel 4. (c) Channels 2 and 5. 

Figure 15.73c shows the arrangement for the two low-frequency 
supergain antennas (Channels 2 and 5). Here, the visual and aural 
inputs are combined through notch diplexers and then distributed in 
the ratio 3:2 to two lines feeding the upper three and the lower two 
bays respectively. Each section is provided with a power equalizer. 
The division of the antenna into two sections permits the temporary 
operation of one section only, while changes are made in the other, 
and, in addition, the tilting of the radiation pattern by introducing a 
phase shift in one of the feeder lines. 
The power equalizer was found to be essential. Measurements on 

the Channel 5 antenna indicated a maximum voltage standing wave 
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ratio (VSWR) at the visual generator equal to 1.45; with the power 
equalizer, this was reduced to less than the permitted value 1.1.* 
The effective radiated power (ERP) handling capacity prescribed 

for the antennas was 100 kilowatts; since the directional gain is rela-
tively low (4 or 5), this demanded generously dimensioned junction 
boxes and feed cables, suitable for average transmitter output of 25 
kilowatts. 

15.11 Propagation at Very High and Ultra-High Frequencies. 

Energy leaves the antenna in the form of electromagnetic radiation. 
This radiation is polarized with its electric vector lying in a plane 
including the direction of current flow in the antenna. Therefore, the 
electromagnetic waves propagated from a horizontal dipole are hori-
zontally polarized.t 
The field strength E at a distance d from a half-wave dipole in a 

plane perpendicular to it through its center is given by 

E = 7 1/W/d (15.28) 

Here W is the power radiated in watts, and d and E are measured in 
meters and volts per meter, respectively. This relation is true only 
for a radiator in free space, in other words, when no reflected radiation 
is present. The field strength in other directions varies approximately 
with the cosine of the angle between a plane normal to the dipole and 
the line joining the center of the antenna with the point at which the 
electric vector is measured. This fact has already been mentioned in 
connection with the radiation pattern from such a radiator in the pre-
ceding section. 

When the antenna or the point of measurement is close to a ground, 
this relation is no longer true because of the interference effect between 
the direct radiation and that reflected by the earth's surface. An 
approximate expression for the effect of this interference can easily be 
found. Figure 15.74 represents a transmitting and receiving antenna 

* The VSWR is defined as the ratio of the maximum and minimum amplitude of 
the signal wave along the line. If q is the reflection coefficient, it is given by 

1+141 ZL—Z. 
1 q 1, with q — 

Z1, Ze 

where Zc is the characteristic impedance of the line and ZL the effective terminating 
impedance. The fraction of the power which is reflected is I q 12. 

t The convention adopted here is opposite to that customary in optics; the 
plane of polarization of a light wave is perpendicular to its electric vector. 
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Direct radiation 

Fig. 15.74. Determination of Signal Intensity at Receiver. 

separated by a distance d. The heights of these antennas are h and a, 
respectively, these heights being small compared with the distance d. 
The instantaneous field strength at a, due to direct radiation, is 

7VTIT xi)] 
= cos [27r (ft — — 

xi X 
(15.29) 

where x1 is the path distance. The reflected radiation reaches the 
antenna over a slightly longer path x2, and, furthermore, suffers a phase 
reversal of 180 degrees upon reflection at the earth's surface. There-
fore, the field strength due to it is 

7 VI-47 x2)] 
e2 = cos [ 2ir (ft — — (15.29a) 

X2 X 

The resultant field, which is the vector sum of el and e2, is to a close 
approximation 

7Nrli 2 — x1) 
e — — 2 sin 2r (f/ cl) sin ir   

X X 

= —  27r  sin 2ir (ft — (-1) 
d X X 

Since the difference x2 — x1 is given by 

" d2 (h a)2 — Vd2 (h — a)2 2ah— 

(15.30) 
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the amplitude of the field strength at the receiving antenna is 

287 1/4 47ah 
E —   d2X (15.31) 

If a and h are measured in feet, d in miles, E in millivolts per meter, and 
X in meters, this becomes 

0.0032ahN/TV 
E (15.31a) 

d2X 

It is interesting to note that the field strength varies inversely with 
the square of the distance separating the antennas, and, furthermore, 
that it increases with increasing frequency, subject to the implicit con-
dition 2rah/(cIA) < 1. The indicated variation is found to hold very 
accurately over distances which are within the horizon and over ter-
rain which is free from obstructions. In urban districts, absorption 
and reflection of the radiation are found to cause marked departures 
from the values given by the formula. In general, the field strengths 

for radiation in the neighborhood of 50 megacycles will be found to be 
30 to 60 percent lower than the values given by Eq. 15.31a. 

In the ultra-high-frequency range, the deviation of the observed 

field strengths from their theoretical values is much greater. Extensive 
surveys carried out in the New York * and the Washington t areas are 
summarized in Fig. 15.75. The deviation proved to be greater in the 
Washington tests, presumably in part because of the more effective 
isolation of the New York antenna on the Empire State Building, in 
part as a result of the less favorable location of the majority of the 
receiving stations in Washington. In Fig. 15.76, the same data are 
replotted so as to indicate the deviation of the measured field strengths 
from the theoretical curve for 67.25 megacycles. This set of curves 
makes it possible to read off directly the change in the radiated power 
requirements accompanying a change in carrier frequency. It is clearly 
impractical to achieve, in the ultra-high-frequency band, as complete 
coverage of receiver locations as is possible in the very-high-frequency 
range. An exhaustive field test carried out in the Bridgeport area with 

station KC2XAK operating on 530.25 megacycles has led to results 
similar to those obtained in the Washington tests4 

*See Brown, Epstein, and Peterson, reference 62. 
t See Brown, reference 63. 
# See Guy, reference 64. 
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In compensation, ultra-high-frequency reception is less subject to 
man-made interference than very-high-frequency reception. Further-
more, the possibility of attaining high directional gains with transmit-
ter antennas of reasonable dimensions invites the use of radiation pat-
terns closely fitted to the service area. This is possible by appropriate 
phasing and spacing of the radiators. Unidirectional antennas may 
frequently be found more economical to install and quite as effective 
as the omnidirectional types preferred in the very-high-frequency 
range. 
Beyond the horizon, the field strength decreases more rapidly than 

the inverse square, owing to the quasi-optical properties of the radia-
tion. At 40 megacycles, the field strength decreases with 1/dm; at 100 
megacycles it is given by approximately the inverse fifth power; and 
at 400 megacycles by the inverse ninth power. As a first approxima-
tion, the only radiation reaching points beyond the line of sight is that 
diffracted by the earth's surface at the horizon. Calculated results 
obtained on this basis agree fairly well with numerous experimental 
measurements. The increased tendency of the shorter-wavelength 
radiations to east sharp shadows of obstacles is, of course, also respon-
sible for reduced effectiveness in reaching many receiver locations in 
urban areas. 
The effective horizon, determined by the height of the transmitting 

antenna, is given by 

= 1.22 Nrit 

where h is the antenna height in feet and / is the distance to the hori-
zon in miles. Usually, the value obtained from this expression is taken 
as the practical service radius of a given transmitter, although reliable 
reception is often obtained at a considerably greater distance. 

In fact, the above formula for the horizon distance takes no account 
of refraction in the earth's atmosphere. The density of the atmosphere 
decreases upwards, and the velocity of propagation of electromagnetic 
waves increases correspondingly. This increase in velocity causes a 
deflection of the wave normals toward ground. Under normal atmos-
pheric conditions, its effect is such as to increase the effective horizon 
distance from 1.221/ IT miles to 1.41 -ei miles.* In exceptional weather, 
the horizon distance may become much larger than this, an important 
factor in assessing interference effects between stations operating on 

the same frequency channel. On the other hand, reflection of very-

* See Fink, reference 10. 
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high-frequency radiations by the ionosphere are very rare and occur 
only for the longest-wavelength channels. The reception in the United 
States of pictures transmitted from London is on record; * however, 
the received pictures are invariably badly distorted as the result of 
multiple-path propagation. 
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Fig. 15.77. Distance from Transmitter for Which Signal Strength Exceeds Signal 
from Interfering Station by 30 Db, as Function of the Distance of the Interfering 
Station, for a Common Carrier Frequency of 63 and 195 Mc, Respectively. 

(Reference 66.) 

300 

Since the service areas are cut off beyond the horizon distance with 
increasing sharpness as the carrier frequency is increased, interference 
problems are more serious in the very-high-frequency channels than 
in the ultra-high-frequency channels. To minimize interference effect 
between stations operating in the same television channel in fringe 
areas, it is customary to offset the carriers of such stations relative to 
each othent The optimum frequency difference would be half the line 
frequency (7.875 kilocycles), since in this manner alternate lines of 
the interfering picture would be superposed in reverse polarity. By 
making the frequency offset ± 10.5 kilocycles instead, interference may 
be minimized for three neighboring co-channel stations. With this 

*See Goddard, reference 65. 
t See RCA Laboratories Division, reference 66. 

WorldRadioHistory



Sec. 15.12] UHF Transmitter 705 

arrangement, interfering signals may exceed by 15 decibels those which 
can just be tolerated with nonsynchronous operation of the receivers; 
in the latter instance, the interference takes the form of broad drifting 
horizontal bars. 
Viewer tests established that a signal difference of approximately 

30 decibels was required with offset carrier operation to render inter-
ference between two co-channel stations unobjectionable. Figure 15.77 
shows the distance d from the desired transmitter for which this signal 
difference is obtained 90 percent of the time for 50 percent of the loca-
tions as function of the distance D between transmitters. 

15.12 Special Features of an Ultra-High-Frequency Transmitter. 
The problems of ultra-high-frequency traiP.,miion have been touched 
upon at several points in the preceding sections. It remains to indi-
cate how a very-high-frequency transmitter may be modified to serve 
in the ultra-high-frequency range. The TTU-1A Transmitter,* which 
has been operated for several years in the .M9 to 535 megacycle band 
at Bridgeport, will serve as an example. 
The TTU-1A transmitter provides 1 kilowatt of ultra-high-frequency 

output power and is based on the 500-watt TT-500B very-high-fre-
quency transmitter. The principal new elements consist of a tripler 
stage added to the carrier generator, a new power amplifier stage, and 
a cathode-follower modulator direct-coupled through a suitable buck-
ing bias to the video amplifier of the very-high-frequency transmitter. 
The tripler and the power amplifier stage are physically similar. Both 
employ eight 4X150A tubes working into a single cavity. Figure 15.78 
shows a cross-section diagram of these two stages joined by a coaxial 
line variable impedance transformer. The tubes are mounted on 
parallel anode, screen, cathode, and grid plates; the output resonant 
cavity is formed between the anode and screen plates, the input cavity 
between the grid and cathode plates. Both screen and cathode plates 
are radio-frequency grounded, and the field-free space between them 
is utilized for the distribution of the 60-cycle and d-c potentials to the 
tube electrodes. Silvered mica sheets placed on the screen-grid and 
anode plates serve as blocking condensers. 
At full power output, the output impedance of the power amplifier 

is one-half ohm, that of the tripler one-fourth ohm. Since the trans-
mitter works into a 51.5-ohm line and the input impedance of the 
power amplifier is 100 ohms, matching transformers must be provided 

for the output of both stages. They consist of two quarter-wave lines 

*See Lappin and Bennett, reference 67. 

WorldRadioHistory



Re-entrant line for 
S.G. voltage blocking 

S.G. d-c connection 

8 brass tube Wiring 
mounting blocks space 

Anode 
plate 

Screen 
plate 

Dielectric 

Flexible 
connection 

Grid 
by- pass 
capacitor 

Vanable 
Impedance 
transformer 

Grid bias 
connection 

ZOI 

X/4 

X/4 

X/4 

X/4 

+1200v 

Metal shim 
and silvered 
mica sheet 

Silvered 
mica sheet 

Grid plate 

Anode tuning 

Annular shorting bar 
' adjustment for grid 

circuit tuning 

Individual adjustment 
for grid circuit 

S.G. 
Anode 

+900 v 

SE9 6121I 

+300 v 

Copper spider 
for cathode 

connections and 
two mica sheets 

Cathode 
terminals 

Individual adjustment 
for grid circuit 

I 3 

Fig. 15.78. Cross-Section Diagram of Tripler and Power Amplifier Cavities in 
Ultra-High-Frequency Transmitter RCA TTU-1A. 
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in series, with inner and outer conductors dimensioned to yield a surge 
impedance which is the geometric mean of the input impedance and the 
desired output impedance. In practice, the quarter-wave lines are 
made asymmetric, so that the transformer ratio may be adjusted by 
a rotation of the outer and inner conductors relative to each other. 
The modulator consists of eight parallel-excited 6L6 tubes in cath-

ode-follower circuits, each controlling the grid voltage of a single 
power amplifier tube. This individual connection facilitates the bal-
ancing of the static plate current in the power amplifier tubes. Fur-
thermore, the cathode follower connection minimizes the required plate 
current in the modulator tubes and reduces their effective input capaci-
tance, owing to degeneration. 
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16 The Receiver 

In this chapter a functional analysis of the various divisions of the 
monochrome television receiver is given with the purpose of acquaint-
ing the reader with its basic operation. No attempt is made to furnish 
him with a detailed blueprint for the construction of a receiver. In 
part there is an integration of the preceding chapters, bringing to-
gether such elements as the antenna, video amplifier, deflection gener-
ator, kinescope, etc., into a coordinated whole. Some divisions includ-
ing the i-f and r-f amplifiers are discussed only in this chapter. 
Second only to obtaining a picture of high quality, the aim of re-

ceiver design is dependability and simplicity. Notwithstanding, the 
modern television receiver is a complex instrument when compared 
with the average amplitude-modulated broadcast receiver. 

16.1 Elements of the Television Receiver. A twofold function is 
performed by the television receiver, the reception of amplitude-modu-
lated picture signals and generation of a visual image therefrom, and 
the reception of frequency-modulated aural signals and production of 
sound. All receivers operate upon the superheterodyne principle 
whereby the aural and picture carriers and sidebands beat with a local 
oscillation to shift them to a lower frequency range. Figure 16.1 illus-
trates in block diagram the two types of receiver which differ only 
in the treatment of the sound. In the first type, indicated by dashed 
lines, the sound signal is split off from the picture signal early in the 
video i-f amplifier and is amplified and detected in a separate fre-
quency-modulated receiving circuit. A different handling of the sound 
signal termed "intercarrier" sound is shown in dashed-dot lines. Here 
the sound and picture signals are amplified together in the picture i-f 
amplifier and are separated in the video amplifier. The older, separate 
sound method has been largely superseded by the intercarrier sound 
arrangement. 
The order of gain usually provided in the various divisions of a 

typical receiver are 20 times in the r-f section, 3 times in the conversion 
process, 20,000 times in the i-f amplifier, and 20 times in the video 
amplifier. 

711 
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Synchronizing signals which occupy the range from 75 to 100 per-
cent amplitude of the detected video signal must first be separated from 
picture components and then segregated by filters into horizontal and 
vertical synchronizing pulses. Absolute synchronism of the horizontal 
and vertical sawtooth generators with the corresponding deflection 
generators on the camera must be maintained on the average by the 
timing information contained in the pulses. If the video amplifier is 
capacitor-coupled, the average brightness information conveyed by the 
d-c and very low-frequency components of the picture is lost tem-
porarily and must be restored at the grid of the kinescope by a d-c 
restorer. 

16.2 The Receiving Antenna. A high signal-to-interference ratio 
greatly facilitates the functioning of a television receiver to the end of 
presenting an acceptable picture. Receiving conditions that influence 
the ratio include: 

1. Signal strength of the direct radiation. 
2. Magnitude of any reflected radiation (ghosts) in free space. 
3. Magnitude of reflected waves on the transmission line. 
4. Presence of impulse noise, diathermy radiation, and other inter-

ference created by electrical apparatus in the vicinity of the antenna. 
5. Reflected radiation by airplanes overhead. 
6. Interference from other communication services such as adjacent 

channel and co-channel television stations, transoceanic broadcasts, 
and amateur transmitters. 

Two primary factors ordinarily determine the signal input to the 
receiver: (1) the antenna gain, and (2) the field strength of the direct 
radiation from the transmitter in the vicinity of the antenna. The 
quasi-optical properties of high-frequency electromagnetic waves used 
for television transmission result in pronounced shadow and reflection 
effects from relatively small obstacles, such as buildings, gas or water 
tanks, and bridges. Consequently, the direct radiation field strengths 
may be radically different at points separated by only a few feet. The 
resultant field may also contain an appreciable reflection component. 
Where such circumstances are present the location of the antenna must 
be selected with care, even in a locale where the average field strength 
is high. 
The most important factor influencing the desirability of a possible 

antenna position is the presence or absence of reflections. These re-
flections cause a blurring of the image, or even the appearance of 
multiple images, owing to the delay in time of arrival of the reflected 
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signal as a consequence of the longer path traversed. At first sight 
it may appear that the delay caused by a few hundred feet of addi-
tional path length would be inconsequential. However, when it is con-
sidered that the linear velocity of the spot across a 19-inch picture 
screen is in the neighborhood of 300,000 inches per second, it will be 
realized that the spot moves 0.0003 inch per foot of signal path length. 
Consequently, a reflection path which is only 300 feet longer than the 
direct path results in a secondary image displaced by 0.09 inch from 

Fig. 16.2. Effect of Reflections on Reproduced Picture. (S. W. Seeley, refer-
ence 1.) 

the wanted image. The blurring effect of such reflections is clearly 
visible in the reproduced picture * shown in Fig. 16.2. 

Reflections, of course, occur from any conducting surface such as 
metal roofs and tanks. Large buildings are also potential sources of 
this type of interference since the difference in dielectric constant be-
tween the surrounding air and such building materials as stone, brick, 
or concrete is sufficient to produce strong reflections. Interference by 
reflections is avoided in part by properly positioning the antenna, and 
in part by making use of the directional properties of television an-
tennas.t 

The most frequently used television antennas are the half-wave 
dipole and related forms (Fig. 16.3). This type of antenna has already 

*See Seeley, reference 1. 

t It should be added that in some circumstances in which the direct radiation 
cannot be received without the intrusion of reflections, it is preferable to orient 
the antenna for the reception of a single strong reflection to the exclusion of the 
direct radiation. 
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been introduced in the preceding chapter. In the simple form, the 
dipole consists of a straight-rod conductor divided at the center for 
feeding a balanced transmission line. When coupled in this way the 

Fig. 16.3. Hull-Wave Dipole Antenna. 

dipole has a radiation resistance of approximately 72 ohms at reso-
nance. For television reception, the transmission line and its termin-
ating impedance at the receiving end are rarely set equal to the im-

54-88 Mc 174 Mc 216 Mc 

Fig. 16.4. Polar Characteristics of Simple Half-Wave Dipole Antenna. 

pedance of the dipole since a matched dipole is sharply resonant at 
one frequency. 
The adopted practice calls for a 300-ohm transmission line and load 

for which the dipole becomes sufficiently broad-band over the lower 
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very-high-frequency television band from 54 to 88 megacycles when 
the length of the dipole corresponds to a half wave in the vicinity of 
59 megacycles. However, as the frequency is increased, the sensitivity 

Fig. 16.5. Winged Dipole Antenna with Reflector. 

pattern changes as indicated in Fig. 16.4, and in the band 174 to 216 
megacycles the pattern of the same dipole is characterized by four 

Fig. 16.6. Dipole Antenna with Reflector. 

lobes. If the dipole cannot be rotated to utilize the maximum sensi-
tivity of one of the lobes, the voltage resulting at the receiver terminals 
drops to a low value for the normal orientation. 
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Various modified dipole arrangements have been devised to restore 
the pattern to the two-lobed character over the upper bands. One 
arrangement is the "winged" dipole shown in Fig. 16.5. Here, the 
addition of rods approximately 0.07À long, spaced at approximately 
0.1À from the center of the dipole, effectively suppresses additional 
lobes over the upper ultra-high-frequency channel. 

54 Mc 88 Mc 

174 Mc 216 Mc 

Fig. 16.7. Polar Patterns of Dipole Antenna with Reflector. 

An improvement in the signal-to-interference ratio and sensitivity 
results when a parasitic element or reflector is placed behind the di-
pole at a distance of approximately À/4, as illustrated in Figs. 16.5 
and 16.6. The action of the reflector may be explained by noting that 
the main field induces a current in the reflector which sets up a field in 
phase opposition to the main field. The field due to the reflector is 
propagated away in both directions from the reflector. This radiation 
arrives at the dipole in phase with the main field, and the total current 
flow in the dipole is thereby reinforced. In a similar manner, the 
sensitivity to radiation arriving from the backward direction is dimin-
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ished by the phase opposition of the current induced in the dipole by 
the field of the reflector. The directional patterns are shown in Fig. 
16.7. Wide-band operation is obtained by the addition of wings to the 
dipole as in Fig. 16.5 and the interposition of a shorter reflector ele-
ment spaced approximately midway between the dipole and long re-
flector. 
A variety of other receiving antennas described as rhombic, bi-

conical, vee, folded dipole, yagi, multi-array, etc., are useful for gen-
eral reception and special purposes.* 

16.3 Radio-Frequency Amplifier. The r-f amplifier includes all 
circuits between the output of the transmission line and the input of 
the frequency converter. An adequate r-f amplifier performs the fol-
lowing functions satisfactorily: 

1. Termination of the transmission line with an impedance which 
is well matched over the television bands for prevention of reflections 
on the transmission line and efficient transfer of signal energy. A ter-
mination balanced to ground is also desirable for suppression of inter-
ference picked up on the transmission line. 

2. Provision of adequate selectivity (image rejection) so that sig-
nals outside the desired channel are excluded which would otherwise 
give rise to a frequency spectrum coincident with the desired spectrum 
after frequency conversion. 

3. Low random-noise injection. 
4. Uniform amplitude frequency response over the desired channel. 
5. High attenuation to the passage of oscillator voltage backward 

through the r-f amplifier to the antenna. Radiation of energy from 
the receiving antenna may seriously interfere with the reception at 
other receiving points. 

6. Sufficient gain to over-ride random noise generated in the fre-
quency converter circuit. 

7. Economical and trouble-free construction. 

In the very-high-frequency range the driven grounded-grid triode 
circuit or cascode circuit qualifies well as an r-f amplifient Pentode 
amplifiers compare unfavorably with triode amplifiers on account of 
the higher tube noise of pentodes. 
The cascode circuit (Fig. 16.8) is basically a grounded-grid triode 

amplifier, T2, driven at the cathode by a second triode, 771. Amplifica-
tion in the circuit is supplied by T2, whereas T1 makes possible a satis-

* See Bailey, reference 2. 
t See Cohen, reference 3, and Murakami, reference 4. 
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factory impedance match for the transmission line and serves as an 
efficient driver for T2. The input impedance of a grounded-grid stage 
varies with the transconductance of the tube and is, therefore, not 
easily matched directly to the transmission line. 

Feed-through of voltage from the local oscillator is attenuated to 
about the same extent by the shielding action of the grounded grid in 
the cascode circuit as by the screen grid of a pentode amplifier. 

1-2 

To 
transmission 

line 
AGC C 

Cascode r-f 
amplifier 

L, 

Converter 

u, 

r-

Output to i-f 
amplifie)r 

Oscillator 

Fig. 16.8. Cascode R-F Amplifier, Converter, and Oscillator. 

The tendency for regeneration to occur in the input stage through 
the plate-to-grid capacitance of T1 is neutralized by a signal fed back 
from the second stage through the neutralizing capacitor, C.. 

Individual pretuned inductors, L1, L2, and L3, are switched in for 
each channel. The values of L1 and L2 are determined by the require-
ment of matching the antenna circuit to the input impedance of T1 
over a 6-megacycle bandwidth with good efficiency. 

In the ultra-high-frequency range (470 to 890 megacycles) dis-
tributed tuning elements such as the variable transmission line replace 
the physically familiar coils which no longer may be treated as lumped-
circuit constants at the high frequencies involved.* 

*See Newton, reference 5. 
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16.4 Frequency Converter and Local Oscillator. Television receiv-
ers use the superheterodyne principle of combining a locally generated 
sine wave signal with the desired r-f signal spectrum at the grid of a 
converter tube so that sum and difference spectra are formed in the 
plate circuit.* The frequency of the local signal is adjusted for each 
channel so that the first difference spectrum lies in the passband of the 
i-f amplifier. Picture and sound signal are converted to the lower fre-
quency range simultaneously. 

Conversion takes place as a consequence of the wide variation of 
the grid voltage over the nonlinear parts of the grid voltage-plate cur-
rent characteristic of the converter tube. Increased useful output is 
obtained as the amplitude of the local signal is increased up to a point. 
A ratio of useful output signal to input picture signal of about one-
third of the gain of the converter when used as an amplifier is obtained. 

Triodes rather than pentodes or multigrid tubes are favored as con-
verters for very-high-frequency receivers since the noise injection of 
the triode is less. 

Simplicity of the crystal triode is an influential factor in a choice of 
converter for the ultra-high-frequency receiver even when theoreti-
cally a suitable tube triode would yield greater conversion gain. 

Figure 16.8 illustrates the fundamental arrangement of a converter 
circuit and the associated local oscillator. 
A relatively large signal taken from a Colpitts oscillator through a 

small coupling capacitor C1 is combined with the output of the r-f 
amplifier at the grid of the converter. A different pretuned inductance 
1.14 is switched into the circuit for each television channel. C2 is a fine 
tuning capacitor for accurate adjustment of the positions of the beat 
frequency picture and sound carriers on the selectivity characteristic 
of the i-f amplifier. 

16.5 Receiver Noise. Small voltages due to the random motion 
of electrons in circuits and vacuum tubes constitute an ever-present 
background of noise which produces visible effects on the viewing 
screen when the gain of the receiver is high for the reception of weak 
signals.f Noise voltages originating in the antenna circuit, the r-f 
amplifier, and the converter circuit are the principal concern since the 
useful signal in these parts of the receiver may be quite low. 

If it is assumed that the receiver contains no noise sources whatever, 
the thermal noise of the antenna radiation resistance would still im-

*See Herold, reference 6. 
t For an extensive discussion of receiver noise, see Dome, reference 7, pp. 122-

164. 
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press a noise voltage on the receiver terminals. Hence, a design cri-
terion from a noise standpoint is the noise factor defined by the ratio 

total noise NA + NR 
F =   (16.1) 

antenna noise NA 

where NA represents noise power generated in the antenna and NR 
represents noise power generated in the receiver. 
The noise factor of a receiver is a measure of how closely the signal-

to-noise ratio approaches the theoretical minimum ratio. The mini-
mum ratio applies to the output of the receiver when all noise voltages 
within the receiver are set equal to zero and only the thermal noise 
generated by the antenna resistance remains. When all noise voltages 
are calculated at the same point in a circuit, the noise factor may be 
taken as the ratio of the total noise voltage and the noise voltage due 
to the antenna resistance. 
Any passive circuit at an absolute temperature T viewed as a two-

terminal network gives rise to an rms noise voltage of magnitude 

E = (4kTf12 R(f)df) 
It 

(16.2) 

in which k = Boltzmann's constant, 
R(f) = resistive component of the two-terminal impedance ex-

pressed as a function of frequency over the band. 

If R(f) is a constant over a specified band F cycles per second in 
width, the noise voltage in the band may be represented by a generator 
having an rms voltage 

E = (4fTRF) 1 (16.3) 

acting through a series resistance of R ohms, which is noiseless. 
Two types of noise voltage arise in vacuum tubes; shot noise due to 

the random flow of electrons from cathode to plate and noise originat-
ing in the transit time resistance. Shot noise voltage is independent of 
frequency and, in a triode, corresponds to the thermal noise of an 
equivalent input resistance given approximately by the formula 

2.5 
R. = — 

gm 

in which g,,, is the transconductance of the tube. 
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Fig. 16.9. Circuit of Cascode R-F Amplifier and Converter Showing Noise 
Voltages. 
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Noise voltage due to transit time resistance is approximated by Eq. 
16.3 for a temperature which is approximately five times the ambient 
temperature. R(f) varies here as the square of the frequency. 

Application of these principles is illustrated in the following analysis 
of the cascode r-f amplifier and triode converter shown in Fig. 16.9. 
Circuit elements not involved in the calculations are omitted. 

rpi rp2 

The antenna resistance R. reflected into the input circuit of the 
driver tube is assumed to be constant over the bandwidth F. Accord-
ing to Eq. 16.3 the voltage of the equivalent noise generator is 

E. = (4kTRaF) 

A similar noise voltage E 1 arises in the resistance of the input circuit 
of the driver tube. 

Transit time resistance noise is accounted for by a generator having a 
voltage 

Eel = (4k • 5T • RilF) 3* 

acting in series with a resistance R. 
Shot noise voltage is represented by a generator 

E.1 = (4kTR.1F)%4 

R.1 is the equivalent resistance for shot noise. 
The four noise voltages mentioned above have the following values at 

point A of the circuit: 
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RciRil 
(Ea)A = Eagl 

Ra(R81 + Rt1) ± Rc1RE1 

&lilt 
(E81)A = Eclgl. 

Rci (R. ± Rt1) + RoRil 

RaRei 
(Eil)A = Et114 

Rii(R. ± Rc1) ± RaRci 

723 

(E81)A = EalP1 

The total noise voltage at A is 

EA --= REa)A2 ± (E cl)A2 + (Etl)A2 ± (E sl)A2ei 

Therefore, a noise ratio FA = EA/(Ea)A exists at A. 
EA is referred to point B by allowing for the gain Gk of the grounded-

grid stage and the voltage dividing effect of the three resistances: rp, the 
plate resistance; R12, the transit time resistance; and Rk, the input re-
sistance viewed from the cathode. There results 

in which Gk — 

(EA)B = EAGk 

Ra(m2 ± 1) 

rp2 + Ra 

RkRe2 

RkRt2 + rpl(Rk + RE2) 

Noise voltage E2 referred to point B becomes 

(E12)13 = GkV4k(5T)FRI2 
Rkrpl 

Rkrpi ± Re2(Rk ± rpt) 

Noise voltage E 82 is referred to B by applying the gain factor G, for 
triode operation with a cathode resistor R«. The result is 

(E82)B = Gg[4klieTei 

(i2 + 1)Ra  
in which G, — 

rp2 -F Ra -I- Re(i.i2 ± 1) 

R, — 
Rt2rpl. 

R12 + rpl 

All noise voltages summed at B yield 

Eg = E(EA)B2 + (E12)B2 + (Es2)B2r2 
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Dividing Eft by (Ea) B, the antenna noise voltage referred to B, gives 
the noise factor at B. 
The calculation of the noise factor is extended to point C at the plate 

of the converter grid by steps similar to the preceding ones. In gen-
eral, noise voltages occurring beyond the point C are negligible in com-
parison with those referred to that point from earlier sources. 

Receiver noise factors ranging from about 3 decibels in the low very-
high-frequency channels to 6 decibels in the high very-high-frequency 
channels have been achieved in practice.* 

16.6 Intermediate-Frequency Amplifier. Since the i-f amplifier is 
relied upon to furnish the largest part by far of the overall gain and 

Fig. 16.10. Simple Parallel-Tuned I-F Stage. 

adjacent channel selectivity of the receiver, several amplifying tubes in 
cascade are employed. The networks coupling the successive stages 
must have an overall frequency response consistent with the require-
ments of vestigial sideband transmission (Fig. 15.2c). There must be 
sufficient rejection for adjacent channel picture and sound signals. If 
a separate i-f amplifier is used for sound, the picture i-f amplifier must 
attenuate the sound i-f carrier after the point of sound take-off. 
Coupling networks in the picture i-f amplifier fall into three classifi-

cations: (1) stagger-tuned, (2) synchronously tuned with more or less 
coincident bandwidths, and 13) combination of (1) and (2). 

It is well known that multistage amplifiers with identical amplitude 
and phase characteristics may be designed on any one of the three 
plans. Two or more simple parallel circuits nonsynchronously tuned 
and isolated by tubes may have the same transmission characteristic 
as the multiple-tuned coupled circuit. Factors involved in making a 
choice are practicability and simplicity of construction, ease of adjust-
ment, and gain per stage. 

* W. H. Pan. "Investigation of UHF Television Amplifying Tubes," presented 
at the Fall Radio Meeting, Toronto, Canada, October 26-28, 1953. 
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The single parallel-tuned circuit (Fig. 16.10) cannot be repeated 
exactly through several stages of a multistage amplifier without a 
serious reduction in the overall bandwidth. However, if the indi-
vidual resonant frequencies are "staggered" and the individual Q's 
appropriately chosen, a more nearly rectangular overall response is 
attained without the sacrifice in bandwidth which would accompany 
an equal number of identical stages. Defining bandwidth in the usual 
manner as the width of the frequency response characteristic at the 
point of 70.7 percent response, the bandwidth for N synchronously 
tuned circuits is to a good approximation given by * 

Bandwidth of single-tuned stage 1/(2rRC) 

1.2N% 1.2N34 

where R is the load resistance and C the total shunt capacitance. For 
example, in a five-stage amplifier designed for an overall bandwidth of 
3.5 megacycles, each individual stage must have a bandwidth of 10 
megacycles. By stagger-tuning five stages, an overall bandwidth of 10 
megacycles is attainable with the same overall gain. 
The frequency response of the N stage stagger-tuned amplifier is 
[ 6f)2N]% 

-I-1/1 (2 — , where of is departure of the given frequency from 

center frequency and if is the bandwidth. 
Figure 16.11 illustrates the shape of the selectivity characteristic of 

an amplifier with N staggered stages, N = 1 to 5, for equal overall 
bandwidths of àf megacycles and maximally flat response. The re-
sponses of the individual stages of a five-stage amplifier are shown in 
Fig. 16.12. 
In practice, if a small ripple is allowed in the overall response, a 

wider bandwidth or greater gain is obtainable. This result is accom-
plished by narrowing the passband of each tuned circuit, but retaining 

the same resonant frequency. Considerable narrowing is required to 
produce appreciable deviations in the overall response of a stagger-
tuned amplifier. 

It is generally considered that the lowest i-f signal which can be sat-
isfactorily used is 50 to 100 microvolts. With this sensitivity, opera-
tion of the diode detector over its full range requires an amplification 
of about 20,000 times, which is easily achieved by five stages of stagger-
tuning. 

*See Wallman, reference 8. 
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Fig. 16.11. Response of Amplifier with Stagger-Tuned Stages (N = Number of 
Stages). 
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Fig. 16.12. Overall Response (D) of Five Stagger-Tuned Stages A, A', B, B', 
and C. 
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Rejection of adjacent sound and picture carriers in a stagger-tuned 
i-f amplifier is accomplished by simple parallel or series-resonant trap 

circuits. Figure 16.13a shows a parallel-tuned circuit inductively 

A 

(a) 

(6) 

Fig. 16.13. Parallel-Tuned I-F SI age with Inductively Coupled Trap Circuit. 

coupled to the tuning inductance of a stagger-tuned stage such that 
absorption of energy occurs at the trap frequency. The equivalent 
circuit of the combination is shown in Fig. 16.13b. 

100 
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e 50 

o 
40 42 44 46 
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48 

Fig. 16.14. Response of Three Stagger-Tuned Pairs, Including Traps. 
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The impedance represented by the branch A—B has a zero at the 
rejected frequency given approximately by 

in which 
fo f2/V1 — K2 

12 = 1/(27CVL2C2 ) 

An indication of the overall amplitude characteristic of a stagger-
tuned i-f amplifier with absorption traps is given in Fig. 16.14. 

16.7 Detection and Video Amplification. Various forms of detec-
tion have had limited use in television receiver design, but the pre-

Last pix I-F Detector Video 
amplifier 

Fig. 16.15. Diode Detector and Coupling Circuit to Video Amplifier. 

ferred detector is the simple diode shown in a typical circuit in Fig. 
16.15. Here the diode acts substantially as a peak rectifier of the im-
pressed i-f signal. The capacitance C1 is charged by positive peaks 
of signal and discharged by the load resistor RI. Although R1 must 
be large enough to maintain the charge on C1 from cycle to cycle of 
i-f signal, it must be small enough to allow the charge to follow the 
envelope or video modulation. Ci is usually of the order of 10 micro-
microfarads and R1 approximately 5000 ohms. Inductances L1 and 
L2 constitute series and shunt peaking for compensation of the stray 
capacitance C2. 

Since by far the greatest part of the overall amplification in a tele-
vision receiver is accomplished in the i-f amplifier, the video amplifier 
is called upon for only a moderate gain of the order of fifty times. A 
bandwidth of approximately 4 megacycles is usually adequate, al-
though bandwidth per se does not uniquely determine the fidelity of 
a video amplifier. 
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Basically, video amplifier circuits are modifications of the familiar 
resistance-capacitance coupling with inductances added for the exten-
sion of the frequency band over which the amplitude is substantially 
flat. Three types of compensation illustrated in Fig. 16.16 are in gen-
eral use: shunt, series, and series-shunt. The transmission characteris-
tics of these types are given in Chapter 13. 

Shunt Series 

Series-shunt 

Fig. 16.16. Shunt, Series, and Series-Shunt Video Amplifier Coupling Circuits. 

At low frequencies the response of the shunt circuit is determined by 
R since both C and L are ineffective. At higher frequencies the shunt-
ing effect of C tends to be reduced by a resonance action of L, but 
eventually a frequency is reached beyond which C dominates and the 
response decreases. Shunt compensation increases the bandwidth of 
the R-C amplifier about 1.5 times. 

Series compensation and series-shunt compensation are four-terminal 
coupling networks in which the stray shunting capacitances associated 
with the output and input tubes of the stage are separated by inductive 
elements. In the series form an inductance L resonates with the stray 
capacitance C2 near the end of the useful band, thereby tending to 
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compensate for the shunting effect of C1. Series compensation will 
yield an increase in bandwidth of about two times relative to the un-
compensated R-C coupled amplifier. 

Series-shunt compensation combines the two types of compensation 
found in the shunt and series circuits. An increase in bandwidth of 
approximately 2.5 times over the uncompensated R-C amplifier is 
possible. 

16.8 Synchronizing. Since the broad principles of synchronizing 
circuits have been considered in Chapter 14, the discussion here will 
be concerned chiefly with application to the receiver. 

Low plate 
voltage 

ip 

----WI-

r,- Max. pos. 
grid swing 

'Cut off 

Fig. 16.17. Limiter for Separating Synchronizing from Video Signal. 

Before the synchronizing pulses can control the deflection generators 
they must be separated from the picture signal, and also horizontal 
and vertical signals must be isolated. The initial separation may be 
accomplished by the action of a clipper tube which is biased so that 
the pulses are accepted and picture signals below black level are re-
jected. A typical grid bias R-C synchronizing clipper is shown in Fig. 
16.17. Synchronizing pulses of positive polarity cause grid current to 
flow at the pulse peaks and rapidly charge C to such a potential that 
plate conduction ceases. During the ensuing interval, C discharges 
slowly through R. The tube is operated at a low plate voltage so that 
cutoff occurs when the grid is only moderately negative. The time con-
stant of the R-C circuit is made fairly large so that only the peaks of 
the synchronizing pulses carry the grid to zero potential, that is, to the 
point at which the grid starts drawing current. The amplitude of the 
synchronizing pulses must be sufficient to swing the grid to cutoff. The 
video signal, which is more negative than the synchronizing signal, is 
beyond the cutoff of the tube and, therefore, is not reproduced in the 
plate current of the limiter. 
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In the simple form of Fig. 16.17, the R-C separator is vulnerable to 
impulse noise that simulates synchronizing pulses. Some degree of 
discrimination against noise is provided by a resistor inserted in series 

o 
EA 

EB 

Ec 

a 

fL C TL 

rL 

Video 
1— '-output 

  To sync. 
separator 

Inverter cutoff 
Inverter zero 

bias 

Plate supply 
voltage 

Plate supply 
voltage 

Fig. 16.18. Noise Inverter Circuit. 

Noise 
inverter 

with C which develops an appreciable voltage drop when high noise 
peaks are present. 

In the main, however, noise immunity in most receivers is obtained 
in the video amplifier before the signal is applied to the synchronizing 
separator. This noise immunity is obtained by a tube that limits the 
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excursions of noise pulses to a level near the top of the synchronizing 
pulses. Automatic gain control of the signal insures a definite signal 
amplitude at the input of the noise limiter and thus leads to accurate 
limiting. 

Limiting is of small avail when noise is so intense that the duration 
and the number of noise pulses obscure the regularity of synchronizing. 
Although the modern television receiver has been enabled by automatic 
frequency controlled synchronizing to outperform by far its predeces-
sors in respect to satisfactory synchronization in the presence of noise, 
further improvements in synchronizing pulse separation can still be 

utilized. 
When many noise peaks widely exceed the synchronizing pulse peaks, 

the separator tends to pass noise pulses in preference to the synchro-
nizing pulses of lower amplitude. Under such conditions the noise 
inverter circuit shown in Fig. 16.18 gives a significant improvement in 
the quality of the separated pulses. The principle of operation is 
as follows. Picture signal of positive polarity (synchronizing down) 
is applied to the grid of the video amplifier and the cathode of the 
noise inverter tube. A negative bias on the inverter tube prevents the 
flow of plate current whenever the applied signal and noise pulses are 
less negative than the peaks of synchronization. Consequently, plate 
current flows in R1 in response only to noise voltages more negative 
than synchronization. Since the voltage developed at B by the video 
amplifier is in phase opposition to the drop across R1, noise peaks can-
not exceed the potential of the plate supply. High peaks such as b 
and c are depressed at point C into the picture region and exert no 
effect on synchronizing pulse separation. 

16.9 Automatic Gain Control. The purpose of automatic gain con-
trol in a television receiver is maintenance of a substantially constant 
video signal at the input of the detector for a wide variation of r-f 
signal input to the receiver. Besides the obvious variations in field 
strength of various transmitters there are also the fluctuations due to 
the reflected waves from passing airplanes which may detract greatly 
from satisfactory viewing. 
There are many AGC systems, each differing in detail but basically 

operating according to the same theory. A d-c voltage proportional to 
the synchronizing peaks of the i-f signal at the detector is developed 
by a diode and applied as a grid bias to one or more tubes in the r-f 
and i-f amplifiers. Thus, a weak signal tends to develop less bias 
voltage and thereby raises the gain of the r-f and i-f amplifier. If the 
AGO circuit is sufficiently sensitive, a new equilibrium is established 
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from which the video signal is only slightly less than that correspond-
ing to a stronger input signal. A simple AGC circuit (Fig. 16.19) ac-
complishing this is essentially a peak-reading voltmeter. The diode 
rectifier has its cathode connected to output of the i-f amplifier so 
that conduction occurs during negative peaks of the i-f signal corre-
sponding to synchronizing pulses. The time constant RC is sufficiently 
large that C is not discharged appreciably in a line period. A time 
constant of the order of 0.01 second is a typical value. The voltage of 
C is a measure of the peak amplitude of the i-f signal. An increase in 

Last pix I-F AGC Detector 

AGC 
voltage 

Fig. 16.19. Basic Circuit for Automatic Gain Control. 

this amplitude causes a more negative potential to develop at point P 
which is applied to the variable gain stages to bring about a reduction 
in the gain of the i-f and r-f amplifiers. 

Closer control of the gain may be obtained by amplification of the 
d-c output of the AGC diode. A bias may also be applied to the AGC 
to forestall the development of AGC voltage until a certain peak sig-
nal is present at the detector. In this manner, the gain of the receiver 
for weak signals may be held at maximum value. 
The simple peak detector described above may respond to impulse 

noise which rises to the synchronizing level and above and thus gener-
ates a false bias. In this manner the effect of noise peaks is more 
extensive than in the absence of AGC since the bias cannot return to 
normal until the capacitor discharges through R. Discharge through 
the high resistance R is much slower than the charge through the low-
resistance diode. 
Many circuit modifications have been devised for decreasing the 

effect of noise on the operation of AGC.* 

Video 
amplifier 

* See Wendt and Schroeder, reference 9. 

WorldRadioHistory



734 The Receiver [Chap. 16 

16.10 Separation of Horizontal and Vertical Synchronizing Pulses. 

One form of horizontal separator circuit shown in Fig. 16.20a is a high-
pass filter which has a differentiating action on the pulses applied to 
the circuit. Comparatively narrow pulses are generated at each abrupt 
rise and fall of the synchronizing wave form with a positive polarity 
for a rise and a negative polarity for a fall. Pulses in the positive half 
of the separator output occur at line frequency, with the exception of 

In I? Out 

(a) 

ii ÇMWiii 

Horizontal 
pulses 

Equalizing Vertical ,I!qualizing 
— pulse sync  I I-.-- pulse -.-I 

nterval interval interval 

 Vertical blanking 

(b) 

Horizontal 
pulses 

Fig. 1620. Separation of the Horizontal Synchronizing Pulses from Composite 
Synchronizing Waveform: (a) Basic Circuit; (b) Synchronizing Waveform; (c) 

Differentiation of b. 

extra pulses that occur during the vertical synchronizing period. Only 
the positive half of the separator output is used for synchronizing. 
The extra pulses in the output do not correspond to the natural period 
of the horizontal deflection generator and are, therefore, ineffective. 
The vertical separator is a low-pass filter operated as an integrating 

circuit. Figure 16.21 illustrates schematically the output wave shapes 
for even and odd fields. Equalizing pulses at two times horizontal 
line frequency are part of the vertical synchronizing pulse. The pur-
pose of the equalizing signals, as has already been pointed out, is to 
make the synchronizing pulses corresponding to the odd and even field 
traversals of the interlaced scanning substantially identical. This pre-
caution, together with those necessary to prevent any cross-talk be-
tween horizontal pulses from the deflection generator and the input to 
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Fig. 16.21. Selection of Vertical Synchronizing Signal (Schematic). 

the vertical selector circuit, must be taken if interlacing is to be main-
tained. 

16.11 Horizontal and Vertical Deflection Systems. The synchro-
nized blocking oscillator described in Chapter 14 has long been used 
as a source of pulse voltage for vertical and horizontal sawtooth gen-
eration in television receivers. Figure 14.32 shows a typical blocking 
oscillator and discharge circuit. Positive pulses of voltage, due to 
periodic blocking of the oscillator, are applied to the grid of the dis-
charge tube. The resulting plate current is supplied largely by the 
charge on the capacitor C. As a consequence of the large dropping 
resistor R, inappreciable current is supplied by the plate• supply during 
this short discharge or flyback interval. After the passage of the pulse, 
conduction ceases through the discharge tube and the potential of C 
rises slowly and uniformly throughout the deflection interval as charge 
is supplied by the plate supply through R. A substantially linear rise 
in the potential of C is insured by the selection of a large value of R. 
In this way, use is made of only a small part of the charge cycle which 
would be completed if it were not prematurely arrested by the opening 
of the conduction path through the discharge tube. Ample linear saw-
tooth voltage output, both vertical and horizontal, is easily generated 
in the foregoing manner for application to the deflection tube. 
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The horizontal blocking oscillator is a triggered device requiring 
uninterrupted application of synchronizing signals from a differentiat-
ing circuit (Fig. 16.20). Random noise and other forms of interfer-
ence which would not otherwise seriously impair the reproduction of 
fine detail may induce irregular triggering of the oscillator, and in this 
round-about manner actually reduce the resolving power of the re-
ceiver. With the introduction of automatic frequency controlled syn-
chronizing (AFC) greatly improved synchronization in the presence 
of noise was achieved.* An analysis of AFC circuits is given in Chap-
ter 14. 

Vertical circuits that have long been serviceable for magnetic de-
flection of the kinescope are the simple transformer coupling arrange-
ments shown in Figs. 14.18 and 14.19. Since the impedance of the ver-
tical deflection yoke windings is too low for efficient loading of a de-
flection tube, a transformer is normally employed to raise the imped-
ance level at the plate of the tube. In practice, the yoke currents are 
also sawtooth in wave form, made possible by linear operation of the 
deflection tube. The circuits in Figs. 14.18 and 14.19 are well adapted 
for the requirements of vertical deflection since the range of frequen-
cies from 60 to the order of 1000 cycles does not lead to excessive 
transient voltages in the windings of the yoke and transformer. 
On the other hand, the distributed capacitances and inductances of 

the iron core circuits exhibit an oscillatory character in the range of 
horizontal frequencies from 15,750 to 150,000 cycles, especially during 
the short flyback time. This phenomenon and the various methods of 
damping are analyzed in Chapter 14. 
The basic horizontal circuit employed extensively in home receivers 

is shown in Fig. 16.22. A modified sawtooth voltage is impressed on 
the grid-biased deflection tube. The excursion of grid voltage extends 
from zero grid bias to a point beyond cutoff. An explanation of the 
operation of the circuit is conveniently started at point to at the end 
of the conduction interval of the tube. After to, the stored energy in 
the yoke is released to the circuit. The inductance of the yoke and 
associated shunt capacitance form an oscillatory circuit which swings 
through a half cycle of oscillation at the resonance frequency of the 
yoke circuit (inductance L). At the juncture t1 the plate of the 
damper diode becomes positive and the stored magnetic energy is per-
mitted to flow into the capacitor C. The oscillatory character of the 
discharge current is damped completely by the new conduction path 

*See Wendt and Fredendall, reference 10. 
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through the damper tube. At t2, conduction of the diode ceases. It 
should be noted that C adds its voltage to the plate supply with which 
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Fig. 16.22. Basic Horizontal Deflection Circuit with Power Feedback. 

it is effectively in series. If the circuit had no losses, the energy re-
quired for deflection would be periodically returned to the plate supply. 
However, energy dissipation in the iron core and windings, tube drops, 
and the high voltage take-off reduces the efficiency. 
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Additional circuit elements not shown in Fig. 16.22 are incorporated 
in a working circuit for the control of linearity and flyback time. 
These have, however, been discussed in Chapter 14. During flyback 
time very high pulse voltages are developed across the auxiliary wind-
ing which are rectified by the H.V. diode in the manner of a peak 
rectifier. Voltages of the order of 10 kilovolts may be built up across 
Co and used as the anode voltage for the kinescope. This form of high-
voltage supply has the advantages of economy of components, insur-
ance against burning of the phosphor screen in the event of the failure 
of deflection, and small space requirements.* 

16.12 Direct-Current Component. Any particular halftone value 
in a televised scene is represented by a definite level (expressed in per-
cent) of the envelope of the r-f carrier. As illustrated in Fig. 14.46 it is 
standard that black shall correspond to 75 percent and white to 10 
percent of peak carrier. In the output of a diode detector which fol-
lows substantially the envelope of the i-f carrier, the relationship of 
halftone to definite levels is still preserved. If blocking capacitors are 
used in the subsequent video amplifiers, the d-c component is entirely 
lost and very low frequency components are attenuated. 

Figure 16.23b shows the potential at the output of a diode detector 
representative of all-white and all-black scenes. Very little imped-
ance is offered by C1 to the abrupt wave fronts of the all-black signal, 
but as a charge is built up across C1 the net potential of the grid must 
diminish until only horizontal synchronizing pulses are passed. The 
sudden drop in voltage applied to C1 at the beginning of the all-white 
picture is transmitted faithfully with reference to magnitude as are 
subsequent synchronizing and blanking signals, but the absolute levels 
are lost by the gradual discharge of C1, as illustrated in c. At d the 
voltage is shown subtracted by the capacitor which must be restored 
to the signal at the grid of the kinescope. 
A commonly used d-c restorer is the diode shown in a typical con-

nection in Fig. 16.23a. The action of this circuit may be described as 
follows. When the plate of the diode becomes positive with respect to 
the cathode during a horizontal synchronizing pulse, current flows until 
the capacitor C2 is charged to such an extent that the plate is no longer 
positive. During the interval between synchronizing pulses, the poten-
tial of the plate drops slightly due to discharge current through R.. 
If subsequent synchronizing peaks exceed others, more charge is ac-
cumulated on the capacitor; and if others are of lower amplitude, a 

*See Friend, reference 11, and Schade, reference 12. 
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smaller charge, insufficient to replace that which has previously leaked 
away through R2, is accumulated. The result is that the voltage of the 
condenser establishes a unidirectional voltage at the synchronizing 
peaks consisting of a series of small sawteeth occurring at the frequency 

(a) 

A B 

All-black picture 
(b) 

Kinescope 

D-c 
restorer 

11 11 H  
All-white picture 

(c) 

(d) 

Fig. 16.23. Direct-Current Restoration: (a) Basic Circuit for D-C Restoration; 
(b) Output of Detector at Point A; (c) Potential at Point B; (d) Voltage Sub-

tracted by C1. 

of horizontal scanning. This component, which is added to the im-
pressed signal, is a good approximation of the component lost by the 
blocking capacitor Cl. 
D-c restoration is unnecessary in the direct-coupled video amplifier 

which amplifies uniformly all video frequencies down to direct current. 
In such amplifiers relatively high cathode voltages may be resorted to 
so that the tubes are properly biased in the absence of blocking ca-
pacitors. 
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1 6.1 3 Sound Systems. Two types of sound reception are in gen-
eral use, the older separate sound system and the intercarrier sound 
system. Both systems utilize the same frequency-modulated sound 
signal transmitted on a separate carrier spaced 4.5 megacycles above 
the picture carrier. The maximum deviation is 25 kilocycles. The 
audio modulation extends from 50 to 15,000 cycles per second. Pre-
emphasis of the high frequencies is produced by an RC circuit having 
a time constant of 75 microseconds. The difference in treatment occurs 
after the heterodyning process in the converter stage of the receiver. 

(a) Separate Sound System. The difference beat between the fre-
quency of the local oscillator and the frequency-modulated sound sig-
nal is separated from the picture signal at a point in the initial stages 
of the picture i-f amplifier and passed to a high-gain narrow-band i-f 
amplifier (see Fig. 16.1). All the sidebands essential for satisfactory 
reconstruction of the sound modulation are included in a 100-kilocycle 
passband. After amplification the sound signal is amplitude limited 
for the removal of undesirable amplitude modulation and noise and 
then impressed upon a conventional frequency-modulated discrimina-
tor. The output of the discriminator at the a-f level is amplified and 
applied to the loudspeaker. The position of the sound carrier is held 
to a tolerance of 0.002 percent by a crystal-controlled oscillator in the 
sound transmitter. Hence the accuracy of the i-f sound frequency 
formed in the output of the converter is dependent upon the frequency 
stability of the local oscillator. Receivers using separate sound com-
monly include a fine tuning control in the frequency-determining cir-
cuits of the oscillator so that drifting of the circuit components during 
the warm-up period and at other times is compensated manually. The 
frequency should be held to within about 25 kilocycles of the correct 
value. 

(b) Intercarrier Sound System. In the intercarrier system of sound 
reception both picture and sound i-f signals are amplified simultane-
ously in the picture i-f amplifier. A beat frequency difference between 
the picture i-f carrier on the one hand and the sound i-f carrier and 
sidebands on the other is generated by the picture detector (see Fig. 
16.1). In effect, the sound i-f carrier and sidebands act as sidebands 
of the picture carrier. It is desirable that the sound carrier is less than 
the lowest amplitude of the picture carrier at all times so that the 
detector does not introduce distortion. In standard transmission, mini-
mum picture carrier corresponding to white has been established as 
not less than 10 percent of peak carrier during the transmission of the 
synchronizing pulse. It has been determined that satisfactory sound 
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signal is obtained if the amplitude response of the i-f amplifier is about 
3 percent in the vicinity of the sound carrier (Fig. 16.24). 
Absorption traps properly coupled to one or two stages of the i-f 

amplifier is one method of achieving the required attenuation of the 
sound signal. The output of the detector contains video components 
in the range of 0 to 4 megacycles and a sound carrier and sidebands 
centered at the difference frequency of 4.5 megacycles. As indicated 
in Fig. 16.1, the sound signal is removed from the composite signal 
and impressed upon the grid of a tube whose limiting action removes 
the amplitude variations brought about by the varying amplitude of 
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Fig. 16.24. Amplitude Response of the I-F Amplifier for Interearrier Sound. 

the picture carrier used in the demodulation process. After limiting, 
the signal becomes a true frequency-modulated carrier and is applied 
to a discriminator centered at 4.5 megacycles for demodulation. 
A circuit for intercarrier sound is given in Fig. 16.25. The sound 

carrier and sidebands centered about a frequency of 4.5 megacycles 
and the video signal are impressed on the video output tube. On the 
plate side the impedance of the series tuned circuit is low only in the 
vicinity of the resonant frequency of 4.5 megacycles. Inductances L1 
and L2 act as series and shunt compensation. The series circuit simul-
taneously removes the sound components from the wave form im-
pressed upon the grid of the viewing tube and through the selective 
action of series resonance builds up appreciable sound voltage at the 
input of the limiter. 

Beyond the point P the sound signal is limited and demodulated in 
the conventional manner of frequency-modulation reception. 
The stability of the difference carrier frequency is dependent upon 

only the relative constancy of the picture and sound r-f carrier fre-
quencies, which are controlled with great accuracy by crystal oscil-
lators at the transmitter. Therefore, there is no possibility for appre-
ciable movement of the sound carrier beyond the center of the dis-
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criminator except as circuit constants of the demodulator may drift 
and change the tuning, a contingency which is unlikely in a well-
designed receiver. The chief contribution of the intercarrier sound 
principle is that precise setting of the frequency of the local oscillator 
is not required for distortionless reproduction of sound. In typical 
cases the frequency is not critical over a range as great as 500 kilo-
cycles. 

Video output 
tube To kinescope 

grid 

Fig. 16.25. Basic Circuit for Intercarrier Sound. 

Audio 
output 

16.14 Transient Response of a Television Receiver. In a television 
picture of high fidelity the transitions in halftones corresponding to 
abrupt transitions in the subject are sharply defined, and there is a 
minimum of spurious effects such as white edges, ringing, and long 
black or white smears. A critical test wave form that permits con-
venient and valid assessment of the fidelity of a television receiver is 
the step function or its practical equivalent, the square wave. The 
abrupt transitions in a square wave represent abrupt transitions in 
picture halftones that involve the transmission of video frequencies of 
a few hundred kilocycles to 4 megacycles. 
When the square-wave response is determined experimentally, a car-

rier corresponding to one of the standard picture carriers is light-modu-
lated with a square wave and impressed on the antenna terminals of 
the receiver. The full double sideband signal is used since sideband 
attenuating means normally employed in television transmitters intro-
duces phase and amplitude distortion. A square-wave period of about 
10 microseconds allows the steady state of the response to be attained 
after each transition of the square wave. Hence, for analytical pur-
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poses the response is substantially the same as the response to a step 
function. 
The fidelity of the receiver is revealed by the wave shape of the 

output voltage of the video amplifier in response to the r-f test signal.* 
The response shown in Fig. 16.26 is intended to illustrate the types of 
distortion that occur in improperly aligned receivers. 
A damped oscillatory component, owing to the abrupt cutoff dis-

played by the amplitude characteristic in the vicinity of the sound 
traps, occurs after the main rise in signal. Cutoff transients appear 

White-to-black (W-B) transition Black-to-white (B-W) transition 
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Fig. 16.26. Degradation in Square-Wave Response. 

visually as striated patterns near the transition halftone. The fre-
quency of oscillation tends to be approximately the same as the cutoff 
frequency. A less abrupt cutoff reduces the amplitude of ringing but 
simultaneously increases the rise time and leads to halftone transitions 
which are less sharp. Usually a compromise position is taken. 

Failure of the axis of the ringing to coincide with the steady-state 
level at 100 percent response signifies that a smear component exists 
after each abrupt transition in halftone. A measure of this undesir-
able component is the deviation of the axis from the reference level 
either upward or downward, and the length of time required for the 
axis to attain this level. 
Lack of symmetry of the sidebands about the carrier and too rapid 

roll-off through the carrier position lead to smearing. Operation of 
the carrier too far below the point of 50 percent response and an exces-
sively rapid roll-off introduce leading white transients in a white to 
black transition. 
The response illustrated in Fig. 16.27 would be termed acceptable 

since leading white fringes and smear are substantially absent and the 
frequency of ringing is high enough that the striations produced in the 
image are not resolved at a normal viewing distance. Overall ampli-

* See Kell and Fredendall, reference 13. 
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tude and phase characteristics are given as calculated from the tran-
sient response.* 
Low-frequency square waves (60 cycles) have been used extensively 

for studying the low-frequency response of a receiver in the range of 
60 to 100,000 cycles. The fidelity is judged by the extent of the devia-
tion of the response over the flat top of the square wave as illustrated 
in Fig. 13.25. Excessive deviation may result from inadequate time 
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Fig. 16.27. Overall Transient Response of a Television Receiver and Corre-
sponding Amplitude and Phase Characteristics. 

0.8 1.0 

constants in plate and screen filters or blocking capacitor and grid lead 
combinations. 

16.15 Community Distribution Systems. The great majority of 
television viewers obtain satisfactory reception from an individual 
rooftop antenna or even an antenna built into the television set. There 
are, however, two greatly different groups who require a more complex 
installation. They are, on the one hand, dwellers in large apartment. 
houses or hotels in urban centers and, on the other, residents of out-
lying communities separated by hills or mountain ranges from the 
nearest television station, or merely great distances away. 
The apartment dweller is, in general, not free to employ an individual 

rooftop antenna because his landlord, for his own protection, will not 
permit him to do so. Furthermore, the interference between closely 
spaced antennas serving individual tenants would be such as to make 

* See Bedford and Fredendall, reference 14. 
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satisfactory reception impossible. Built-in antennas are also likely 
to prove unsatisfactory for a large proportion of apartment dwellers, 
since the apartment building and adjoining structures may provide 
effective shields for the desired signal. 
The solution of the problem is found in the installation of master 

antennas on the rooftop, feeding a distribution system with signal 
outlets in the several apartments.* If the number of outlets is small 
(e.g., less than six) and the signal 

Antenna 
strength at roof level is high, a 
single broadband antenna may be --300- line 

employed, with a 300-ohm trans-
mission line feeding the several 
outlets. The line is terminated in 
its characteristic resistance. Re-
sistive networks at each outlet 
serve, furthermore, to isolate the 
individual receivers from each 
other (Fig. 16.28). 

This simple passive distribution 
system, obviously, is practical 
only if there is signal strength to 
spare. Furthermore, the employ-
ment of a single antenna makes it 
impossible to choose a location 
and orientation which will mini-
mize "ghosts" from reflected sig-
nals for all channels simultane- 300-2 
ously. Accordingly, more complex terminating 

distribution systems are favored resistor 
Fig. 16.28. Simple Passive Distribution for all sizable apartment house 

and hotel installations. System. 

In master antenna systems such as the RCA Antenaplex System 
individual antennas are provided for the locally assigned television 
channels, and eventually for the frequency-modulated, short-wave, and 
broadcast band as well. Each antenna is placed and oriented so as to 
provide a strong single-path signal for the selected channel. The out-
puts of the antennas are fed by 300-ohm cable to individual tuned r-f 
amplifiers with gains of the order of 70 decibels. This gain is suffi-
cient to compensate losses in distribution cables and in resistive net-
works placed at the individual outlets to prevent cross-feed between 

*See reference 15 and Kamen and Dorf, reference 16. 
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Fig. 16.29. Distribution System for Struvture with Broad Horizontal Base. 
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receivers. Attenuator pads are also inserted in the cables between the 
antennas and the amplifiers. These pads serve to equalize the signal 
strength on the several channels. 
The arrangement of the distribution system depends on the type of 

structure which is to be served. For a structure with broad horizontal 
base a system is appropriate which spreads out fanwise with the aid 
of a sequence of distribution transformers or equivalent elevator trans-

Amplifier 

Distribution 
transformer 

I I I I I 75-11 distribution 
II II II cables II II III 

Fig. 16.30. Method of Adding Channel Ampl'fier Outputs. 

former coils, which derive four 75-ohm outputs from a single 75-ohm 
input (Fig. 16.29). The individual distribution transformer is an r-f 
transformer with a single primary and four secondary coils, flat over 
a wide frequency range, such as 50 to 220 megacycles. For the unit 
following the amplifiers, the outputs of the amplifiers may be added by 
direct series connection with the primary of the transformer (Fig. 
16.30). 
An elevator coil distribution unit is illustrated in Fig. 16.31. A 

match is obtained between the 75-ohm input cable and the four 75-ohm 
output cables, since the input impedance of each 1:1 transformer is 
150 ohms. 

For a tall, narrow structure a single signal-splitting unit following 
the antenna amplifiers is employed, and twenty or more connections 
are made to each feeder cable (Fig. 16.32). The isolating resistances 
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for each outlet are placed directly in contact with the inner conductor 
of the feeder cable, so as to minimize signal reflections at this point. 

"{-

75-9 cable 

 1 75-e cables 

Fig. 16.31. Employment of Elevator Transformer Coils for Signal Splitting. 

The resistances are decreased with increasing distance from the dis-
tribution center, so as to equalize the signal level at successive outlets. 
Normally separate outlets are provided for television and frequency-

From 
amplifiers 

Distribution 
transformer 

t__ 
I---
L _ _ 

r r - 

Outlets 

L_ — — 

L___ 

L_ 

r---

r---

r 

Terminating 
resistor 

Fig. 16.32. Distribution System for Tall, Narrow Structure. 
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modulated signals and for broadcast and short-wave signals. The 
feeder cables, finally, are terminated in their characteristic impedance. 
Master antenna systems, with distribution to individual dwellings 

by coaxial cable, have also proved valuable in providing high-quality 
television reception for outlying communities, isolated from broadcast-
ing centers by geographical factors. However, here, both the magni-
tude of the antenna structure and the length of cable required tend to 
be of a different order. In flat areas antenna towers 500 feet in height 
may have to be constructed to approach line-of-sight connection with 
the nearest television transmitter antennas. In mountainous regions, 
an antenna structure of smaller height, placed on a near-by mountain 
top, will be satisfactory. At the same time, the greater distance be-
tween the antenna and the service area will demand a greater length 
of cable. All this results in relatively high installation costs, generally 
exceeding 100 dollars per subscriber. In addition, maintenance re-
quires a service charge of the order of 4 dollars monthly. Even so, by 
March, 1953, some 70,000 to 85,000 homes had availed themselves of 
the service provided by community television systems.* 
Although community television systems are to be found in all parts 

of the United States, they were first introduced and enjoy greatest 
popularity in the mountainous regions of Pennsylvania.t The com-
munity television system of Pottsville and Minersville, serving 1650 
subscribers (1952), is a good example. Pottsville, ringed by moun-
tains, is 75 air miles from Philadelphia. To obtain reception from 
Philadelphia stations operating on Channels 3, 6, and 10 a 150-foot 
twin tower was erected atop 1400-foot high Sharp Mountain. Three 
selective stacked antennas tuned to these channels are mounted on the 
top of the tower (Fig. 16.33). The signal from each is amplified in a 
separate preamplifier. Signals from Channels 6 and 10, combined by 
a distribution amplifier, as well as the signal from Channel 3 are con-
ducted by two coaxial cables to amplifiers at the foot of the tower. 
These amplifiers are provided with automatic gain control to equalize 
the signal strength on the several channels. Furthermore, signal con-
verters shift the Channel 10 signal to Channel 4 and the Channel 3 
signal to Channel 2 (Fig. 16.34). By reducing the signal frequencies 
in this manner to the lowest values consistent with operation on no 
adjacent channels, cable attenuation and, hence, the number of line 
amplifiers required are minimized. The converters employ, in general, 

*See reference 17. 
t See Carroll, reference 18, and Lucas, reference 19. 
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crystal-controlled local oscillators and frequency multipliers and a 
vacuum-tube or crystal-mixer stage. Two converters are required for 
the shift from Channel 3 to Channel 2, since the rejection of the un-
wanted signals is impracticable when the frequency shift is of the 
same order as the bandwidth of the desired signal. 

Fig. 16.33. Antenna Installation for Community Television System. (Courtesy 
of Pottsville Transvideo Corporation.) 

The antenna and line amplifiers are essentially similar. They may 
consist either of a single broadband amplifier utilizing the principle of 
distributed amplification (see section 15.7) or, more commonly, of 
three parallel amplifiers, each stagger-tuned with a passband of 6 
megacycles and a gain of 50 to 60 decibels. The second solution is 
generally preferred, since it permits compensation, for the different at-
tenuations of the several channels by the cable. 
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With the parallel amplifier system, the amplifier outputs are recom-
bined, e.g., by a network such as that shown in Fig. 16.35. The use of 
series-resonant circuits in each output and of connecting half-wave 
lines prevents signal loss in the load (•irenits of the paralleled amplifiers. 

r*" 
AGC 

Channel 6 
amplifier 

Channel 10 
amplifier 

Channel 6 
amplifier 

Channel 6 
amplifier 

AGC 

Channel 10 
amplifier 

Converter 
Ch. 10 4 

Channel 4 
amplifier 

Channel 4 
amplifier 

AGC 

Channel 3 
amplifier 

Channel 3 
amp ifier 

Converter 
Ch 3- -Ch. 12 

Converter 
Ch. 12—Ch. 2 

Channel 2 
amplifier 

Trunk 
cable 

Fig. 16.34. Block Diagram of Antenna Tower Installation for Community Tele-
vision System. (Carroll, reference 18.) 

As the trunk line, supported by power line poles, enters the com-
munity which it serves, it is split up into a series of subtrunk lines, and 
these, in turn, are split up into feeder lines. The splitting may be 
carried out either by passive or by active networks. The elevator 
transformer coils shown in Fig. 16.31 represent a suitable passive net-
work. An active network for coupling subtrunk or feeder lines to a 
trunk line is shown in Fig. 16.36. Each coupled line is fed by a pentode 
bridged across the trunk line. House connections, finally, are com-
monly made by tapping a feeder line with an isolation resistance or 
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capacitance, in the same manner as in the apartment house system 
shown in Fig. 16.32. 

Channel 2 
amplifier 

Channel 4 I— , o 
amplifier 

\\J\I B 

Channel 6  e  
0-6-0 ‘- 11  amplifier 

Trunk cable 

"A 

B= IX of Channel 4 carrier 
A+ B= -21) of Channel 2 carrier 

Fig. 16.35. Signal-Adding Network. 

The lines on the antenna tower, as well as the trunk and subtrunk 
lines, generally employ a 1/2-inch, 75-ohm coaxial cable (RG-11/U). 
It has a loss of 1.5 decibels per 100 feet at 50 megacycles and a loss 

IL 

6AK5 

--1"1 

Trunk 
line 

Feeder lines 

r I I 
iii iii I I 

+B 

1—=/-

Trunk 
line 

Fig. 16.36. Active Net work for Coupling Feeder Lines to Trunk Line. 

of 2.9 decibels per hundred feet at 200 megacycles; the loss increases 
approximately as the square root of the frequency. For the house con-
nections it is customary to use 1/4-inch, 73-ohm coaxial cable (RG-
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59/U) with a loss of 2.5 decibels per 100 feet at 50 megacycles. Com-
munity distribution systems generally aim to provide a minimum sig-
nal level of the order of 200 microvolts at the subscriber's set. 
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17 Color Television 

Fundamentals 

17.1 Introduction. That color should be added to television is as 
inevitable as that it should have been added to ordinary photography 
and to moving pictures. It nevertheless presents a serious technical 
challenge, and the way in which this challenge has been met is the 
subject of this and the next two chapters. In addition, color presents 
many new problems to the program producer and director. The value 
of the addition of color to natural scenes needs no comment. The addi-
tional information obtainable for many sporting events, newsworthy 
spot pickup, etc., is obviously helpful to the viewer. Also the enter-
tainment and gaiety of many variety shows are enhanced by color. 
By the same token, it is much more difficult to produce truly artistic 
pictures in color than in black-and-white. This has been true with 
moving pictures to the extent that nearly all the great artistic pictures 
are in black-and-white. Since retakes and interruptions to continuity 
cannot be tolerated in television, artistic presentation is even more 
difficult in this new medium. 

In earlier chapters, it has been pointed out that television is practical 
only because of certain characteristics of human vision. The problem 
of color is similarly simplified because of limitations of both physiolog-
ical and psychological mechanisms involved in the perception of color. 
Principal among these limitations which permit the simplification of 
the color problem are the following. The eye does not resolve the 
spectrum over the visual range of radiation, but rather synthesizes the 
sensation of color out of three primary spectral responses. Detail dis-
crimination in color is much less accurate than for brightness variation 
and, finally, the speed of response of the eye to changes in color is 
much slower than to changes in brightness. 

This chapter discusses the principles of color television in general 
qualitative terms. It attempts to present the problem and its solution 
with a minimum of mathematics. Chapter 18 continues the discussion, 
but takes it up from a more theoretical point of view. Chapter 19, 
finally, describes the components of a practical system of color tele-

757 

WorldRadioHistory



758 Color Television Fundamentals [Chap. 17 

vision. Whereas the present chapter will treat the subject in sufficient 
detail to give the reader a grounding in the subject, Chapters 18 and 19 
may be of value to the specialist and the research worker as a back-
ground for advancing the field. 
The second section of this chapter deals with the general problem of 

color, introducing the concepts of tricolor visual stimulation, with its 
representation in terms of a color triangle. It is followed by a discus-
sion of the two basic systems of color television, the simultaneous and 
the sequential systems. Separate sections are devoted to various simul-
taneous and sequential systems, including the three-channel simulta-
neous system and field, line, and element sequential systems. A simul-
taneous system derived from the element-sequential system is treated 
in considerable detail in several sections. The emphasis is placed on 
this method of color television because it leads to a completely com-
patible transmission having the full detail of ordinary black-and-white 
television. In other words, when the transmitted signal is received on 
an ordinary monochrome receiver, a good black-and-white picture is 
obtained. The same signal received on a color receiver, of course, re-
produces the picture in full color and detail. 
The final sections of the chapter discuss the essential components of 

the terminal equipment required to transmit and receive color tele-
vision. 

17.2 Color Vision. The light from any surface, whether due to its 
own luminosity or the result of reflecting radiation from some other 
primary source, consists of radiant energy distributed as a more or less 
continuous function of wavelength. Therefore, an exact description of 
the radiation from a colored scene would be a three-dimensional func-
tion R = F (x, y, À) varying in time. A television system which re-
quired the transmission of the exact description would be technically 
virtually impossible. 

Earlier chapters have described the reduction of the variables x, y, 
and t into discontinuous elements by the principle of scanning, which 
takes advantage of certain limitations of human vision. In color tele-
vision, this simplification is retained, and to it is added the reduction 
of À to three discrete components made possible by the nature of color 
vision. 
The sensation of color relates to the spectral quality of the light 

being perceived. However, it is not a complete description of the spec-
tral distribution of this radiation. As a result of many experiments and 
tests over a period of years, it has been established that color percep-
tion may be described in terms of the stimulation of three types of 
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light-sensitive receptors in the eye, each having a different spectral re-
sponse. This tricolor theory of color vision was first proposed by 
Helmholtz in 1868 and, since then, has been repeatedly verified with 
minor modifications. 
As a consequence of the trichromatic nature of color vision, the color 

sensation of any spectral distribution can be reproduced by means of 
three monochromatic sources (e.g., red, green, and blue) which stimu-
late the three receptors to the same extent as the original distribution. 
The tristimulus system of color vision and its representation has been 
the subject of considerable quantitative study. Before taking up the 
rigorous representation of this system of vision, it might be advanta-
geous to consider it from a qualitative nonrigorous point of view. 
Assume that three fairly narrow spectral bands, red (r) , green (g), 

and blue (b), have been selected as the artificial sources with which to 
match nearly any spectral distribution. A particular distribution A (x) 
might be matched by ar, 1)0, cb, where a, b, and c are the intensities of 
the color bands indicated by the subscripts. If the distribution A (A) 
is obtained by a white light source illuminating a colored surface or a 
colored source illuminating a white surface, the color does not change 
if the source is moved closer or farther away from the surface. How-
ever, the surface becomes brighter or less bright. In other words, 
although the magnitudes of a, b, and c change, the ratio a: b:c is con-
stant. This then distinguishes between brightness, luminosity, or lumi-
nance and color, chromaticity, or chrominance. 
A special case of matching a spectral distribution is the reproduc-

tion of "white" by means of the three color bands r, g, and b. A prop-
erly chosen ratio of the three color components, which for the present 
will be designated as m0, and nb, will be indistinguishable from a 
continuous spectral distribution with a constant energy per unit wave-
length over the visible band, which by definition is "equi-energy 
white." Again it is sufficient to maintain the ratio 1: m: n to give the 
impression of white. 

If an arbitrary surface is again considered (which can be matched 
by ar, b0, cb), it will be possible in general to describe the color as white 
plus two color components. In other words, a constant s can be selected 
such that one of the components 

(a,. — s•1„), (b, — s•mg), or (cb — s•nb) 

vanishes, leaving the other components positive or zero. Thus any 
spectral distribution can be described as two color components plus 
white. Saturation of a color is the term used to denote the degree 
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with which a given color approaches a spectrally pure color, or a pure 
purple formed of a mixture of spectral blue and red. A saturated color 
is one which contains no white (s = 0). The color components which 
are required to be added to the white define the "hue" of the color. 
The tristimulus concept can be put on a more quantitative basis by 

the following argument, which leads to the color triangle standardized 
by the International Commission on Illumination in 1931. The bright-

0.8 
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4) 

-a 4.: 0.4 (.3 

0.2 
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Wavelength (X) in angstrom units 

Fig. 17.1. The Luminosity Function. 

ness or luminance of a surface emitting light in accordance with the 
energy distribution function E (À) is given by the integral relation: 

L KfE(X)V(X) dX (17.1) 
o 

where V (X) is the average visibility or luminosity function (Fig. 17.1) 
and K is a constant giving the photometric equivalence of electromag-
netic radiant energy. The visibility function describes the average 
sensitivity of the human eye as a function of wavelength. It has been 
derived from measurements on a large number of observers and stand-
ardized in 1924 by the International Commission on Illumination. 
Two surfaces E1 (À) and E2 (À) are said to have equal brightness or 
luminance if L1 = L2. 
Three analogous functions i(X), g(X) and 2(X), the tristimulus values, 

have been defined for the tricolor response of the eye. These functions, 
which are related to the responses of the three color receptors of the eye, 
have been evaluated in detail by extensive measurements on a large 
number of observers. These tristimulus values are so defined as to be 
everywhere positive. They are illustrated graphically in Fig. 17.2. By 
means of these functions, the color of any luminous surface with spectral 
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700 

distribution E(X) can be described by the three quantities X, Y, and Z, 
where 

X = Kf E(X)2(X) A 

Y = KfE(x)g(x) A 

Z = Kf E(X)2(X) A 

Since the color or chromaticity of the surface does not change if it is 
simply made brighter or less bright by changing X, Y, Z by a multiplying 
factor, they may be normalized as follows: 

X 
x =  

X ± Y Z 

Y 
Y   

X + Y Z 

z — 

so_that x + y + z = 1. 
X ± Y Z 
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Obviously, with this scheme of representation, all possible colors or 
chromaticities can be represented by two variables, for example, x and 
y since z = 1 — x — y. Because of the way in which i(X), g(X), and 
Z-(X) were defined, x and y (and also z) must at all times be positive. 

Since only two variables are required to represent all chromaticities, 
it is possible to represent them on a plane. If x and y are plotted in a 
rectangular coordinate system, all colors must be within the triangle 
determined by the x(y = 0) and y (x = 0) axis and the line x + y = 1. 
The pure spectral (monochromatic) colors can be located in the color 

triangle by a direct application of the tristimulus value curves. Thus 
the position of the chromaticity characterized by the single wavelength 
x.k is given by 

2(Xk)  
xk = 

f(4) 9(Xk) + .2(Xk) 

g(Xk)  
Yk = 

(X k) g (X k) 

The location of all the spectral colors of the visible region of the spec-
trum (from 3800 A to 7500 A) is indicated in a color triangle as shown 
in Fig. 17.3.* Along the line AA' of this figure lie the purples which 
are not spectral colors but are complementary to the spectral colors 
from about 5700 A to 4920 A. 
One of the properties of the color triangle is that the color which re-

sults from the mixing of two colors (additively) lies on a straight line 
connecting the two color points. Thus, if a white surface is illuminated 
by two sources, one of which when illuminating the surface alone can 
be represented by the color point a and the other by the color point b, 
the color resulting from the mixture must lie on the line ab. 
On the color triangle (Fig. 17.3) the location of the color daylight 

white is indicated by C. Complementary colors are a pair of colors 
which, when added together in proper proportions, produce white. 
Thus, 6000 A (d) and 4870 A (e) are complementary. 
As has already been noted, color in television is obtained by the ad-

mixture of light from three different color sources. These sources may 
be a white phosphor seen through the filters of a color disk, or the 
colored phosphor elements of a three-color viewing tube. Each of the 
three colors used can be represented by one point on the color tri-

* On the chart, as elsewhere, wavelengths are given in millimicrons instead of 
angstroms (1 rap = 10 A). 
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angle. Any color which lies within the triangle determined by the 
three color points can be obtained by adding various relative amounts 
of the three colors. The points R, G, and B on Fig. 17.3 represent the 
three color phosphors used in a practical tricolor kinescope. The tri-
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angle bounding all the colors which can be reproduced by such a tube 
is also shown. It will be noted that nearly all colors except those hav-
ing a very high degree of saturation, and consequently rarely found in 
natural objects, can be reproduced. 
The luminosities of the three colors used in the kinescope are very 

different when mixed in proportions to produce white. The luminosi-
ties can be determined from the three integrals: 

Lr = K f E ,.(X)V (X) dX 
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Lg = K f E g(X)V (X) dX 

Lb= 4 Eb(X)V(X) dX 

In the particular example considered, the ratios are found to be 

Lg:Lr:Lb = 1:0.5:0.15 

Still on the subject of color vision, a few other facts which are ger-
mane to the problem should be discussed. The resolving power of the 
eye for differences in chromaticity is very much less than for differ-
ences in luminance. In other words, the eye will distinguish between 
two light areas separated by a dark area where the angle of separation 
is about a minute of angle, but, in order to resolve two areas of one 
chromaticity separated by a second color where the luminance is the 
same, the angle must be considerably greater. 

Similarly, the time resolution of the eye for chroma or hue changes 
is much lower than for changes in luminance. As has been pointed out 
in Chapter 5, in order to avoid flicker at brightness levels which have 
been found desirable for television, the field repetition rate must be 60 
per second. Flicker due to changes in chromaticity where there is no 
change in luminance becomes perceptible at a very much lower fre-
quency threshold. In fact, an alternation of only a few cycles per sec-
ond is sufficient completely to eliminate color flicker. The difference 
in threshold is the basis of the flicker photometer which compares the 
luminosity of a colored surface with that of a white standard whose 
brightness can be controlled. The point at which flicker ceases when 
the two surfaces are viewed in sequence at an alternation rate of a 
few cycles per second indicates equality of brightness of the surfaces. 
The significance of the lower space and time resolution of the eye 

for color changes is that color reproduction does not need to be car-
ried into the fine detail of a picture as long as luminance changes are 
faithfully preserved. Also, spurious alternations in chromaticity, even 
if at a lower repetition rate than field frequency, will not be visible if 
unaccompanied by luminance changes. 

17.3 Basic Color Television Systems. All color television systems 
which have been seriously proposed so far may be divided into two 

broad classes, simultaneous systems and sequential systems. Simulta-
neous systems are three-color systems in which the red, green, and 
blue pictures are each transmitted and reconstructed at the same time. 

AalalMiuliktaia•Mal...e..—:-._ 
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The three pictures are superimposed in registry by electrical or optical 
means. With sequential systems, as the name implies, the three colors 
are transmitted at separate times and the superposition is accomplished 
by the persistence of vision. 
There are three principal classes of sequential systems characterized 

by the fraction of the picture (field, line, or picture element) which is 
used as the unit of division. All such systems may be represented by 
the block diagram shown in Fig. 17.4. The color camera ArAelb con-
tinuously produces video signals corresponding to the three color corn-

D 

Fig. 17.4. Generalized Sequential Three-Color System. 

ponents of the image. Preamplifiers may be associated with these 
three color channels to raise the signal level above the switching noise 
of the commutator B where necessary. The commutator connects the 
communication channel C with the three color components in sequence. 
The commutator may be a rotating color disk in front of the camera, 
a mechanically operated switch, or an electron tube commutator. It 
may even be incorporated in the camera pickup tube. The output from 
the communication channel feeds a commutator D at the receiver 
which is synchronized with B through the synchronizing circuit E. 
The output from the commutator supplies the three color components 
to the three-color viewing device. Again the commutator may be elec-
trical or may be a color disk in front of a viewing tube. It might be 
pointed out that, in principle, the commutator may have more than 
three positions and be so connected that one or more colors is repeated 
during one cycle. For example, a possible sequence for these commu-
tators might begrgbgr, etc. 
With this block representation, the conventional field sequential 

color system requires that the commutators have the three positions 
r g b and traverse one cycle every three scanning fields. Actually, in 
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this case, optical commutators are used for both the transmitter and 
the receiver. A more complete description of this system is given in 
the next section. 

If the commutator completes its cycle in the period corresponding 
to that required for three horizontal sweeps, the system becomes a line 
sequential system. This system is a compromise system which has 
most of the weaknesses of the field sequential and the element sequen-
tial systems and very few advantages unique to itself. It is looked 
upon with the least favor of any of the sequential systems, and it is 
extremely doubtful that it will ever be widely used. It will be dis-
cussed somewhat further, however, in section 17.6. 

Oblecl Camera Reproducer Image 

Fig. 17.5. Three-Channel Simultaneous System. 

Amplifiers Amplifiers 
and and 

modulators demodulators 
G_ 

To obtain element-sequential color reproduction, the commutator 
must complete a cycle in the time required for the beam to traverse 
three picture elements. This system can be greatly improved by alter-
ing it in such a way as to form the basis of the technically most attrac-
tive form of color system. Several sections will be devoted to these 
modified element-sequential systems and to the simultaneous system 
derived from them. 
A schematic diagram of a typical simultaneous system is shown in 

Fig. 17.5. Here the system is represented by three completely separate 
television chains, one for each color. Superposition of the three pic-
tures is accomplished optically. It obviously could be accomplished as 
well or better by means of a tricolor kinescope. 

If the full color detail is to be transmitted for each of the three pic-
tures, the bandwidth in the r-f spectrum needed is three times that for 
a monochrome picture. This is the same whether three carriers and 
three channels are employed or whether one carrier and one very wide 
channel carries the information. By taking advantage of the limited 
color resolution of the eye noted in the previous section, an economy 
in bandwidth can be effected. For example, the separate color infor-
mation of only the lower 0.3 megacycle of the video signal for each 
channel might be transmitted and a mixed high frequency signal (cor-
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responding to a monochrome signal) for the remainder of the video 
signal from 0.3 to 4.1 megacycles could be common to the three chan-
nels. With such a compromise, only 4.7-megacycle bandwidth would 
be needed to transmit a picture which had detail equivalent to a black-
and-white 4.1-megacycle bandwidth picture. 

Actually, as will be discussed in some detail later, this principle of 
mixed highs is employed in the simultaneous compatible system de-
rived from an application of the element-sequential principle. 

17.4 A Three-Channel Simultaneous System. This section is a 
brief account of a three-channel color system tested at RCA Labora-

Fig. 17.6. Three-Color Simultaneous Camera (Cover Removed). 

tories as part of a general investigation of color television. The sys-
tem itself is not now suitable for television broadcasting because of the 
great bandwidth required. However, a great deal of important infor-
mation of general applicability was obtained from the experiment. 
The camera consisted of three image orthicons in very close me-

chanical and optical register. The optical images focused on the tar-

gets of the three tubes were obtained from a single objective with three 
dichroic mirrors following it to divide the image into its three color 
components and to direct these separation images onto their respective 
targets. Figure 17.6 illustrates this camera. Very great care was 
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taken to insure stability and linearity of deflection in the three tubes, 
since electrical register of the image is fully as important as optical 
register. Each camera channel had its own preamplifier and video 
amplifier into which were inserted the necessary blanking and shading 
signals. 

Red kinescope, 

Red-reflecting 
dichroic at 45° 
angle (passes 
blue and green) 

Blue-reflecting 
dichroic at 45° 
angle (passes 

green) 

Plane viewing 
mirror in 

cabinet cover 

Plane mirror 

Blue kinescope 

Green kinescope 

Fig. 17.7. Three-Tube Viewing System. 

Various amplifiers, both video and intermediate frequency, could 
be inserted into the three channels to permit a variety of tests of 
amplifier characteristic requirements. Complete separation of the 
three channels was maintained through the system up to and including 
the viewing tube. 
The viewing arrangement, illustrated in Fig. 17.7, used three white 

screen kinescopes which were viewed through a pair of dichroic mir-
rors. The arrangement of the system was such that one of the tubes 
(carrying the green pictures) was viewed directly, while the other two 
were seen reflected in the mirrors. In one system, two tubes were 
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mounted so that their axes were parallel to each other but at right 
angles to the first. One tube faced upward, the other downward. Sev-
eral tube arrangements were tested in receivers with equal success. 
Again great pains were taken to make certain that the linearity and 
the stability of the deflection were as high as possible. 
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Fig. 17.8. Block Diagram of a Simultaneous System. 

A complete discussion of the circuitry of this system is beyond the 

scope of this chapter. The circuit in detail is very complex, but for 
the most part follows standard practice. A simplified diagram of a 
particular circuit arrangement is given in Fig. 17.8. A few specific 
points relating to the system might be mentioned because of their gen-

eral importance to color television. 
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The entire system was made as perfect as was technically practi-
cable. The amplifiers were linear over a wide range, the system gains 
were matched, and the background levels were correctly set. A com-
parison of the picture performance under these conditions with that 
obtained when known changes in linearity, background level, devia-
tions from registry, etc., were made gave quantitative information as 
to the characteristics needed to generate a picture of any prescribed 
quality. 

Color Film Scanning Unit 

Red 

Scanning 
cathode-ray 

tube 

Lens 

Color 
film 

Fig. 17.9. Flying-Spot Pickup System (Schematic). 
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In addition to the studio camera discussed in the beginning of the 
section, color pickup from slides was effected with a flying spot scanner 
and three secondary emission multiplier phototubes. This pickup sys-
tem is diagrammed in Fig. 17.9. The projection kinescope used to 
generate the scanning light spot employed a zinc oxide screen. Because 
the color of the spot must be effectively white, advantage could not be 
taken of the very fast time constant of the ultraviolet component of the 
fluorescence from zinc oxide. Therefore, an electrical filter was re-
quired to compensate for the decay time of the phosphor. The mul-
tiplier phototubes were of the RCA 5819 type, although some had 
modified spectral responses to extend the spectral response in the red. 
Excellent results were obtained from this arrangement. 
A projection receiver was also tested with this color system. This 

receiver consisted of three Schmidt projection units mounted so that 
the three pictures were in register on the screen. A bright picture, 9 by 
12 feet, was produced by this receiver. In order to demonstrate overall 
accuracy of the system, a circuit arrangement was provided to mix the 

video signals and supply this to the three projection kinescopes in the 
proper proportions to produce a black-and-white picture. The absence 
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of color shading and color fringes in the black-and-white picture was 
very convincing evidence of the perfection of the overall system. Fig-
ure 17.10 is a photograph of the color projector. 

Fig. 17.10. Three-Color Projection Receiver. 

17.5 Field-Sequential Color Systems. Color television obtained by 
rotating a color filter disk in front of both the pickup device and the 
viewer was the first type of system investigated. It was used by Baird 

G   Camera tube 

Synchronized 
disk drive 

Fig. 17.11. Field-Sequential System. 

G 

WorldRadioHistory



772 Color Television Fundamentals [Chap. 17 

in England in early experiments in 1928, before electronic television 
was developed. As applied to an electronic system, the arrangement is 
shown schematically in Fig. 17.11. The color disks rotate in front of 
the viewing tube and the pickup device. The rotation of the two disks 
is kept together and held in phase with the scanning pattern by means 
of the same synchronizing signal that controls the deflection. This 
timing signal controls the rotation so that the color filters change with 
each field sweep of the deflection. 

Since the scanning is interlaced, the sequence of colors for three 
frames which is required for a complete color cycle is as follows: 

Red Frame 1 Field 1 Lines 1, 3, 5, etc. 
Green Frame 1 Field 2 Lines 2, 4, 6 
Blue Frame 2 Field 1 Lines 1, 3, 5 
Red Frame 2 Field 2 Lines 2, 4, 6 
Green Frame 3 Field 1 Lines 1, 3, 5 
Blue Frame 3 Field 2 Lines 2, 4, 6 

etc. 

If it were feasible to use the same frame frequency as that standard-
ized for black-and-white television, this field sequential system would 
be compatible. In other words, a black-and-white picture could be 
obtained from the color picture signal. Some unbalance of detail would 
be present because of the difference in luminosity of the three colors. 
This probably would be quite unobjectionable. 
The difference in luminance of the three component pictures is the 

factor which makes it impossible to use a 60-cycle field rate with 
satisfactory picture brightness. It has been noted that, for a black-
and-white scene, the green field has twice the luminance of the red 
and six to ten times that of the blue. It will be seen from the schedule 
of the color sequence that the green field repetition rate is only one-
third the deflection field rate. Therefore, with the normal 60-cycle 
field frequency, the green repetition rate would only be 20 per second, 
introducing an entirely intolerable brightness flicker. 

In order to reduce the flicker to a tolerable level, it has been found 
necessary to increase the field rate of field-sequential color television 
to 144 cycles. Not only does this make the system noncompatible, 
but it also reduces the information that can be transmitted per frame 
over the accepted television channels by a factor of more than two. 
In order to balance the consequent loss of definition between the hori-
zontal and vertical directions, the number of lines per frame is reduced 
from 525 to 405. 
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The lack of compatibility and the decreased definition are the two 
most serious weaknesses of the field-sequential system. They are 
faults which are fairly fundamental to the system. Both conditions 
are uneconomical and seem very undesirable. 
A less important but nevertheless somewhat annoying defect also is 

fundamental to the system, namely, color fringing and color breakup. 

Fig. 17.12. Filter Disk for Pickup Tube. 

If an object moves very rapidly in the picture, its image shows leading 
and trailing color fringes since the successive color images are dis-
placed so far that they are no longer in register. For a similar reason, 
if the observer's eye moves rapidly, the successive color fields will not 
be in register at the retina of the eye, and an unpleasant sensation of 
bright color flashes is experienced. 
Most of the work on this type of system has been done with mechani-

cal rotating color disks (or color drums). The most efficient shape for 
the filter panels have been calculated, taking into account characteris-
tics of the white phosphors used in the viewing tube. A pattern which 
has been selected as quite suitable is illustrated in Fig. 17.12. The 
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filters employed with this disk are rotated in front of the pickup tube. 
Different filters, determined by the spectral response of the pickup tube 
and the chromaticities of the viewing tube phosphor observed through 
the receiver filters, are required at the camera and at the receiver. 
A rotating disk gives an acceptable picture for special-purpose ap-

plications. Receivers with 7- or 10-inch kinescopes which have rotating 
color disks in front of them would be entirely feasible, particularly in 
the field of industrial television. For larger tubes, 16 to 20 inches, 
such a disk seems quite undesirable. A color drum encircling the tube 
back to front is more practicable. Even this seems rather formidable 
for home use. It is probable that, if the system should be widely 
adopted, the picture would be presented on a tricolor kinescope, with 
three-color guns operating one at a time in sequence, instead of 
simultaneously as they would operate in the system for which the tube 
was designed. The sequential operation reduces the brightness cor-
respondingly. 

In spite of the limitations noted above, the system is capable of pro-
ducing an excellent color picture, particularly with the increased band-
width and field frequency employed in industrial color television 
chains. The colors are well saturated and natural looking. There is 
no question of the very high entertainment value of the picture. 

Recent investigations on the field-sequential system have taken 
full advantage of the capabilities of the system and have developed it 
into a very workable method of obtaining color pictures. Except for 
three inherent limitations which were noted in the preceding para-
graphs, it might well have been regarded as. entirely satisfactory for 
a permanent system of color television broadcasting. 
Except for the color disk itself, the circuit element adjustments re-

quired to alter the frame and line frequencies, and the means for color 
synchronization, this television system is identical with normal mono-
chrome television. Hence, no further discussion of the circuits is re-
quired. 

17.6 Line-Sequential Systems. The line-sequential method of ob-
taining television pictures in color presents a number of interesting 
technical problems. Unfortunately, however, it offers little promise. 
With this system, each line is presented in a different color, the colors 
being repeated in some sequence such as g r b. 
The first consideration is the order of occurrence of the three colors 

among the lines for successive frames. The type of pattern obtained 
will depend upon the number of lines per field or frame. Interlaced 
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scanning is assumed throughout. Where even-line interlace is em-
ployed, three possible patterns result, as indicated in Table. 17.1. 

TABLE 17.1. SEQUENCE OF COLOR LINES IN LINE-SEQUENTIAL 
SCANNING PATTERNS WITH EVEN-LINE INTERLACE 

First Second Third Fourth Fifth Sixth 
Field Field Field Field Field Field 

Line 
1 G 
2 
3 
4 
5 
6 
7 G 
8 

Line 
1 G 
2 
3 
4 
5 
6 
7 G 
8 

Line 
1 G 
2 
3 
4 
5 
6 
7 G 
8 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

These three patterns would be highly unsatisfactory. The first shown 
in the table is static, with green always at line 1 and 2, and so on. 
Because of the difference in luminance of lines of different color, the 
arrangement would show a very pronounced line structure and would 
have only about one-half the vertical resolution of a normal television 
picture. 
The second and third patterns might be expected to give full vertical 

detail and be satisfactory from this standpoint. However, it will be 
noted that, in successive frames, the pattern as a whole moves down, 
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producing a very distressing impression of crawling of the scanning 
pattern and causing a subjective loss of detail similar to that noted 
for the first pattern. 

With odd-line interlace, the same phenomena are also present. The 
patterns are either static or suffer from interline crawling. None of 
these patterns is acceptable. 

This account exhausts the possibilities of patterns made up by a 
regular repetition of the three primary color lines. A more compli-
cated schedule can be devised for laying down the lines which avoid 
both static and crawling patterns. Even with such arrangements, 
which present some technical difficulties, the picture is not wholly 
satisfactory. Although crawling is absent, the picture will show a 
shimmer or quiver which at normal brightness levels is very unpleasant. 

Since the line frequency is more than 15,000 cycles per second, line-
sequential systems do not lend themselves to the use of a mechanical 
color commutator such as a rotating filter disk. As a consequence, 
some electronic means must be used to change the colors. The three 
kinescopes arranged as described in connection with the simultaneous 
system offer one way of forming the line pattern. In fact, a number 
of experimental test units have been built up to explore this type of 
system. A tricolor kinescope offers an alternative. As with the field-
sequential system, only one gun at a time would be operating, which 
would decrease the maximum brightness that could be obtained. 
Because the line-sequential method of obtaining color television does 

not seem to offer any particular advantages over other systems, and 
has certain objections peculiar to it, this television system will not be 
discussed further. 

17.7 Element-Sequential Color Television. With element-sequen-
tial color television, the picture elements along each line go through the 
sequence of colors. The system in its simplest form is illustrated in 
Fig. 17.13. Here the maximum frequency which the video channel can 
accept is assumed to be 4.1 megacycles, and the commutator rotates at 
4.1/3 million revolutions per second, giving 4.1 million color elements 
each second. The commutator is synchronized by means of the leading 
edge of the horizontal synchronizing signal and controlled in such a 
way that not only does each line in succession start with a different 
color in sequence, but also the first line of each frame starts with a 
different color. Thus, in three frame periods, every picture element 
will have carried the information of each of the three colors. 
The camera for this system may employ three pickup tubes with 

registered optical images and carefully matched deflections. Each 
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tube would have associated with it amplifiers with enough gain to 
raise the video signal level well above commutator noise. 
The reproducer might employ three optically registered kinescopes 

similar to those described in section 17.4. A tricolor kinescope would 
be an equally suitable alternative. 
A moment's consideration will show that the dot color pattern formed 

by this system will have green and blue (maximum and minimum) ver-
tical or diagonal lines which apparently move as the frames change. 
Thus this elementary element-sequential system would give an impres-
sion of a crawling pattern like that noted for the line-sequential tele-

vision system. 

Object Camera 
Transmitter 
commutator 

Receiver 
commutator 

Fig. 17.13. Element-Sequential System. 

Amplifiers Amplifiers 

Reproducers Image 

So far, it has been assumed that each color gun was on only during 
the time the two commutators connected the channel and pickup tube 
to it. It is possible to store information in low-pass filters so that 
each gun stays on until the commutator makes a revolution and re-
turns to the contact which supplies more information. If this is done, 
it is evident that it entails a considerable loss in definition. This ex-
pedient by itself does not solve the difficulty. However, if black-and-
white or luminance information corresponding to the higher frequen-
cies can be supplied to all the kinescope guns simultaneously to fill in 
the fine detail, the system begins to take on many desirable charac-

teristics. 
When handled in this way, the fine detail appears in the form of 

luminance variations, whereas only in the coarse structure is color 
preserved. This, however, does not detract from the picture quality, 
as has been noted in section 17.2, since the eye does not resolve fine 
spatial detail in chromaticity changes, but only in luminance varia-
tions. The system is economical, therefore, in the sense that valueless 
fine detail color information is sacrificed in exchange for the elimina-
tion of flicker and crawling which would otherwise be present, as it is 
in all other sequential systems examined. 
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This system can be made completely compatible. It will yield a 
black-and-white picture in an ordinary receiver which is indistinguish-
able from the picture produced by a monochrome transmission. No 
changes are required in the deflection or synchronizing circuits. 

In this system involving low video frequency color and mixed highs, 
the concept of a commutator as applied to the electronic color switch 
loses its meaning. The process can be more appropriately designated 
as phase and amplitude modulation of a subcarrier. "Sampling" and 
subcarrier modulation will, in large part, be used interchangeably in 
the subsequent discussion. Once relieved of the commutator implica-
tion, the question arises as to the best frequency for the subcarrier or 
sampler. It will be pointed out in the next section that a much higher 
frequency is preferable because it makes simpler the separation of the 
sidebands associated with the subcarrier frequency from the low-
frequency video component. These questions, together with others 
relating to the frequency band saving which is a fundamental feature 
of this system, will be taken up in the next two sections. 

17.8. A Simultaneous System Derived from Element-Sequential 
Color. As introduction to this class of system consider a simultaneous 
system derived from the element-sequential method of obtaining color. 
In addition to employing a much higher frequency sampler, it has 
filters in the three color channels to limit the frequency of the video 
signal and a circuit for bypassing and adding the high-frequency com-
ponents of the signal. A basic diagram for a sequential sampling sys-
tem is shown in Fig. 17.14. In discussing this system, the sampler and 
desampler will be assumed to have a repetition rate of 3.58 megacycles, 
thus making the time separation between sampling 0.09311 micro-
second. The length of time the sample switch is turned on is a very 
small fraction of the time between colors, a procedure known as "sharp 
sampling." 

In discussing the operation of this system, consider first the output 
of the sampler as a transient phenomenon. It will be necessary later 
to treat the frequency spectrum of this signal in order to understand 
the processes in detail. However, the direct time variation of the sig-
nal reveals many of its features. 
When the scanning beam of the pickup tube is passing over a satu-

rated red area, the sampler output is zero except at the red contact 
position. The output signal, therefore, consists of a series of equal 
pulses at a 3.58-megacycle rate phased to correspond to the red phase 
angle. This state of affairs is illustrated in Fig. 17.15a. When this 
pulse signal is passed through the low-pass filter having a cutoff fre-
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quency of 4.1 megacycles, the wave shape is altered to be a sine wave 
of 3.58-megacycle frequency aml phase corresponding to the red signal 

Sync 
generator 

Color 
camera 

Green 

Florizontal drive 

f" pulse 
Sampling 

generator 

L. P. 
filter 

GL 

0.52 Mc 

Red 
Blue 

L. P. 
filter 

L. P. 
filter 

RL 

Sampler 

BL 

Adder 
No. 2 

Sound 

Television receiver 
(R-f, picture i-f, 
detector, sync 

separator, sound i-f, 
discriminator, audio) 

B. P. 
filter 

Adder 
No. 1 

Mil 

0.52 - 4.1 Mc 

HX Loudspeaker 

Composite fef  

video 
Sampler I ----

L Hor  sync 

Bandpass 
0.52-4.1 Mc 

L. P. 
0-0.52 Mc 

L. P. 
filter 

0-4.1 Mc 

V.H.F. 
trans-
mitter 

V.S.B.F. 

Sound H Sound 
input transmitter 

Mil 

GL 

Adder I 

L. P. RL 
0 0.52 Mc 

L P 
0-0.52 Mc 

Adder 

Green 
video 

Red 
video 

BL Blue 

Sampling 
pulse 

generator 

Vert synch  
Deflection 
circuits 

video 

Picture 
reproducer 

Fig. 17.14. Simultimeoue, Derived System. 

angle. It will be noticed that the sine wave, in addition to having an 
amplitude A, is displaced by a (l-c component B. It may be said in 

first approximation that the d-c component is a measure of the bright-
ness of the area, and it is this signal which is the video signal used by 
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a black-and-white receiver in reconstructing a monochrome picture. 
If, instead of red, the area were colored a saturated green, a similar 
series of pulses would be formed but would be displaced by a phase 
angle. The low-pass 4.1-megacycle filter again produces a sine wave 
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Fig. 17.15. Sampler Output for Colored Areas of Equal Brightness. 

plus a d-c component. The amplitude A and displacement B are the 
same as for the red, but the phase has been shifted to the green posi-
tion. Thus it is apparent that the phase of the sine wave determines 
only the hue of the color. The ratio of the amplitude to the d-c com-
ponent indicates the saturation of the transmitter color. 
The desampler is placed in such a way that its contacts occur at the 

peaks of the corresponding color signal. It will be noticed that when 
a saturated red is being transmitted, the signal is exactly zero at the 
positions of the green and blue contacts. Similarly, with a green sig-
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nal the transmitted signal is zero at the red and blue contact points, 
insuring that the reproduced color will be saturated. 

Figure 17.15c illustrates the wave form for an unsaturated red color. 
The phase of the sine wave signal from the filter is exactly the same 
as that of Fig. 17.15a, but its amplitude is small. However, at the 
same time the d-c component B is relatively larger. Thus the signal 
can easily be seen to be made up of white plus a small amount of red. 
A pure white area produces a sampler output consisting of equal 

pulses at three times the sampling rate. When put through the low-
pass filter, no a-c 3.58-megacycle component is found at the output. 
The only output signal is the d-c output B. This condition gives a 
high luminance area with a monochrome receiver. With a color re-
ceiver, the desampler has equal signals applied to the three contacts 
so that white is reproduced by activating the three kinescope guns 
equally. 
The final signal to be examined (Fig. 17.15d) is from a color region 

which has only red and green components. The signal from the sam-
pler consists of pairs of pulses at the red and green positions and 
nothing at the blue. When filtered, the output consists of a sine wave 
with an amplitude half as large as that in Fig. 17.15a and b and with 
its peak half way between the red and green positions. The d-c com-
ponent is twice the amplitude of that for the pure red and pure green 
components alone. It will be noted that the sinusoidal variation can 
be interpreted as a blue signal shifted in phase by 180 degrees—in 
other words, minus blue. The color may rightfully be thought of as 
white minus blue, a prediction which could be made from the nature 
of the color triangle discussed in section 17.2. 
The three outputs from the desampler are filtered with low-pass cir-

cuits having high-frequency cutoffs at about 0.52 megacycle. They 
remove all traces of the high frequencies corresponding to the de-
sampler switching and leave only low-frequency changes covering 
periods of many cycles of the switch. Thus, when a large green area 
is being scanned, the gun of the green kinescope turns on and stays on 
until the edge of the area is reached. If the green area has some fine 
detail in another color, the filters prevent it from carrying through 
to the color guns. In other words, the whole system is geared to the 
experimental fact that the eye cannot see color detail. To avoid a 
possible misunderstanding at this point, it should be explained that the 
low-frequency color averages will appear in the reproduced picture. 
For example, suppose that a red area of 100 picture elements in width 
is the subject of the picture and that in the center of the red field is 
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a patch 20 elements wide, where red is alternated with blue at one or 
two element intervals. As far as the color component is concerned, 
the picture would be reproduced as a red field with a purple (red and 
blue) patch, 20 elements wide in the center. If there were a difference 
in luminance between the red and blue, the bypassed mixed highs 
would cause this difference to reproduce as variations in brightness 
level in the purple. A simple test with a card colored with the red-
blue pattern held at the appropriate distance from the eye will show 
that the picture reproduced by the system agrees very closely with 
what the observer sees. 
The mixed highs which are included to carry the information about 

the luminance changes in fine detail are obtained in a fairly conven-
tional manner. The video signal from the three color pickup tubes 
passes through a low-pass filter with a 0.52-megacycle cutoff before 
going to the sampler. A fraction of the signal from each tube also goes 
to an adding circuit, which combines them and is followed by a band-
pass filter which transmits the portion of the spectrum between 0.52 
and 4.1 megacycles. The output from this filter is added to the out-
put from the filter following the sampler. This combined signal con-
stitutes the complete video signal. 
At the receiver, the complete signal is supplied to the desampler. 

A portion of the video signal is passed through a bandpass filter, which 
transmits the video spectrum above that transmitted by the desampler 
filters. This signal is added to the color signal supplied to the three 
guns, providing the detailed information which will be reproduced as 
variation in the white content. 

In order to answer certain questions about the interaction of various 
frequency components, as well as to obtain a more quantitative under-
standing of the operation of the system, it is convenient to take a some-
what different point of view, that is, instead of using the transient wave 
form approach, to consider the frequency spectrum involved. The 
input to the sampler is confined to a narrow band of frequencies from 
0 to 0.52 megacycle for each channel, as indicated in Fig. 17.16a. 
Where sharp sampling is used, the output is in the form of pulses, 
which in terms of their Fourier components consist of a fundamental 
at the sampling frequency together with components of equal ampli-
tude at integral multiples of the fundamental. This pulse output is 
modulated by the low-frequency video signal. The general form of 
the signal is 

P(t) = A (0(1 ± 2 cos 22-f.t + 2 cos 4218t + 2 cos 6rfat • • •) (17.2) 

WorldRadioHistory



Sec. 17.9] Derived Simultaneous System 783 

Actually, the relative amplitudes of the higher harmonics depend upon 
the shape of the sampling pulse. However, this is unimportant here 
because all but the fundamental is removed by the filter which follows 
the sampler. Since the amplitude A varies, representing the low-
frequency video signal, the Fourier representation shows 0.52-mega-
cycle sidebands about each of the harmonics as indicated in Fig. 17.16b. 

0.52 
Mc 

(a) 

Frequency— ,-

0 0.52 
Mc 

fs 
—0.52 Mc +0.52 Mc 

(b) 

Fig. 17.16. Spectrum of (a) Low-Frequency Video Signal and (b) Sampler Output. 

There are, of course, terms similar to that of, e.g., Eq. 17.2 for each 
of the three colors, shifted in phase relative to each other by 120 de-
grees. The form of the total signal for the color information is: 

S(t) = *Ar(t) kAg(t) +4b(t) 

eilr(t) cos 2irf st I.Ab(t) cos [271-M + 1201 

*Ab(t) cos [2118t ± 2401 (17.3) 

To this signal is added the mixed high-frequency signal. The first 
three terms which do not vary sinusoidally with a frequency fs are the 
portion giving the brightness information of the coarse detail of the 

picture. This portion, together with the mixed high-frequency signal, 
constitutes the useful signal for reconstructing the black-and-white 

picture on a conventional monochrome receiver. 
It will be noticed that a spurious signal consisting of the sampling 

frequency (and its sidebands) may produce a fine-grained unwanted 
pattern in this picture. 

17.9 The Derived Simultaneous System (continued). The signal 
supplied to the receiver may be considered profitably from a slightly 
different point of view than heretofore. In the preceding sections the 

2fs 2fs 

—0.52 Mc +0.52 Mc 
Frequency--,— 
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signal to the desampler was considered to be a low-frequency compo-
nent (B of Fig. 17.15) plus a high-frequency component consisting of 
the sampling subcarrier and its sidebands (A of Fig. 17.15). The high-
frequency brightness component bypassing the sampler as mixed highs 
is added hereto. 

Instead, the entire brightness signal, i.e., the low-frequency part (B) 
plus the mixed highs, may be bypassed around the desampler. The 
desampler will then receive only the sampler subcarrier and sidebands 
(and a portion of the mixed highs signal). A block diagram showing 

Composite 
video   
signal 

Luminance channel 
Reproducer 

Chrominance 
channel 

Bandpass 
filter 

3.06-4.1 Mc 

L. P. filter 
0-0.52 Mc 

L. P. filter 
0-0.52 Mc 

L. P. filter 
0-0.52 Mc 

Fig. 17.17. Block Diagram of Receiver with Separate Chrominance and Lumi-
nance Channels. 

a receiver arranged in this manner is given in Fig. 17.17. Such a re-
ceiver is one in which the brightness or luminance signal and the 
chrominance signals are truly separated. The same result may be ob-
tained by replacing the sampler and desampler by three subcarrier 
modulators and demodulators phased to match the sampling angles. 
This second procedure is actually used in practice and will be discussed 
in detail in the next chapter. 
To clarify this procedure, consider the signal illustrated in Fig. 17.18. 

The color of the area is a saturated yellow (red plus green). The 
total signal from the sampler is a displaced sine wave with its maxi-
mum halfway between red and green, and a minimum of zero at blue. 
If this complete signal is supplied to the desampler, it is obvious that 
only the red and green kinescope guns will turn on. With the modified 
receiver, the signal reaching the desampler will be the sine wave of 
Fig. 17.18b without d-c component. The low-frequency component B 
will go directly to all the kinescope guns. At the contact positions for 
red and green, the desampler output is a positive signal which adds to 
the component B already on the red and green guns. At the blue posi-
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tion, the desampler output is a negative signal. This signal subtracts 
from the brightness signal on the blue gun and is just sufficient to can-
cel that signal. Thus the red and green guns are on while the blue gun 
remains cut off and the desired yellow is obtained. It is a simple mat-
ter to trace through this pattern of operation for other color combina-
tions. 

(a) 

Chrominance signal 

Luminance signal 

R I I I I I I 
i i i i L  

(b) 

Fig. 17.18. Signals for Derived Simultaneous Systems (a) with Bypassed Highs 
and (b) Bypassed Luminance Signals. 

It was pointed out in the preceding section that the sampling signal 
can produce a fine-grained interference in the black-and-white com-
patible picture. This interference is largely removed by using what is 
termed horizontal interlace. If the first frame starts with red signal, 
the second frame starts with blue, but displaced so that the element 
will lie halfway between the normal first and second element. A mo-
ment's consideration will show that this is equivalent to shifting the 
phase of the sampler by 180 degrees between frame pairs. Although 
the expedient does not give electrical cancellation of the spurious sig-
nal—and indeed it must not since, although it is spurious for the black-
and-white picture, it is essential for color—optical cancellation between 
frames results. 
Another type of spurious signal—this time in the color picture—is 

not eliminated. It is the low-frequency color signal resulting from a 
beat between the sampling subcarrier f4, and the high-frequency video 
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components. Since the interfering signal is not in any way synchro-
nized with the subcarrier, the interference does not have a definite color 
but rather goes through the sequence of red, green, and blue. The re-
versal of sampling phase in successive frames again produces optical 

Electrical Vectors 
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103° 
142° 

115° 

G 

 G 

(b) 

(a) 

Resultant = 

Luminance Vectors 

R 

l' Res°\"--‘'''k". 
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G 

Fig. 17.19. Vector Diagrams for "Constant Amplitude" and "Constant Lumi-
nance" Color Systems. 

cancellation. The residual color flicker associated with this effect is 
not readily visible. However, since the luminosities of the colors dif-
fer, a brightness flicker or quiver may be present. Although this inter-
ference is not prominent, it is undesirable. 

It was noted that, if this interference consisted simply of chroma-
ticity variations, it would not be detected and that only the luminosity 
differences of the colors cause the trouble. This observation led to 
the proposal of making the bypassed monochrome signal proportional 
to luminance and modifying the sampling process accordingly. Al-
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though this modification leads to a slight increase in complexity, it 
largely eliminated the fault under discussion. Figure 17.19 shows how, 
with constant-luminance sampling, any signal applied to the color 
channel is without effect on picture luminance. 

It is assumed throughout that for a white image the signal for the 
three colors is equal. A vector diagram of the electrical output of the 
filters following the desampler, for an arbitrary sinusoidal input signal 
in the passband range, is shown in Fig. 17.19a. In this same figure, 
the corresponding vector diagram of the luminance is also given. The 
resultant vector due to the unbalance of the luminance is very appar-
ent, and it is this resultant which leads to the brightness flicker when 
an interfering video signal close to the sampling frequency is present. 
By employing unequal gains in the three receiver color channels, a 
constant luminance chromaticity channel can be devised. In order 
to avoid the very large inequality of gain that would be required to 
bring the luminosity of blue up to those of the red and green, it is ad-
vantageous to alter also the phase of the sampling. In fact, consider-
able circuit simplification results from ignoring the luminosity of the 
blue entirely and balancing the red and green alone, placing these two 
vectors at 180 degrees with respect to one another. The error from this 
procedure is small. Figure 17.19b shows the luminance vector diagram 
together with the electrical vector diagram for the signals at the out-
put of the three color channels in the receiver, for a sinusoidal inter-
fering signal. Block diagrams of the transmitter and receiver for 
effecting this constant luminance color television transmission are 
shown in Figs. 17.20 and 17.21. Other methods of generating and de-
tecting the chrominance signal in a constant-luminance system will be 
described in Chapters 18 and 19. 

17.10 Color Viewing Tubes. The most important single item in 
the problem of color television, almost irrespective of the system se-
lected, is the means for reproducing the picture in color. Neither the 
method of employing a mechanical rotating color disk in front of a 
kinescope nor that of using three kinescopes with appropriate light 
filters in optical register is very satisfactory. Direct-view receivers 
using either of these means, although not completely impractical, 
would certainly be very awkward. Therefore, the development of a 
single tube capable of reproducing the three required colors has been 
of great importance for the wide acceptance of color television. 
A great many different methods of obtaining color in a single tube 

were studied and experimentally investigated in the research program 
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aimed at solving the problem. A few of them will be discussed in this 
section, but many must of necessity be omitted. 
Perhaps the simplest idea for a three-color tube is one where the 

phosphor screen is in the form of horizontal lines of colored fluorescent 
materials. The arrangement is illustrated in Fig. 17.22. Each triplet 
line (red, green, and blue) corresponds to one line of the raster. The 
beam is small enough so that it is only on one color at a time. Mag-
netic deflection is used to produce the scanning pattern, and auxiliary 
electrostatic plates serve to deflect the beam onto the appropriate color 
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e>>>>>>>>>>>>>>>>>>»>>>>>>>>>>>>; 
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Fig. 17.22. Horizontal and Vertical Phosphor Line Screens for Tricolor Tubes 

(Phosphor Line Widths Greatly Enlarged). 

line. This tube has a number of very real weaknesses. First, the de-
flection accuracy required is extreme. Second, the very small spot 
limits the average brightness. Finally, only one color can be used at 
a time, though this does not apply to similar tubes employing three 
guns. 

Figure 17.23 is a modification of this principle which reduces the 
accuracy requirements of focus and deflection. With this venetian 
blind screen having red on one set of the "slats" and blue on the other, 
while the green is on the tube face, a deflecting voltage is applied be-
tween pairs of slats which deflects the beam to the appropriate color. 
This arrangement is hard to construct, requires considerable power for 
color deflection, is optically rather unfavorable, and does not give good 
color purity. Furthermore, it is not suitable for a simultaneous color 
picture. 
A third deflection color selection tube is shown in Fig. 17.24. Here, 

the beam approaches a metallized coating which is at a slightly nega-
tive potential with respect to the gun and, hence, serves as an electron 
mirror for the beam. The beam is turned back by the mirror onto 
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Fig. 17.23. Venetian Blind Color Tube. 
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Sec. 17.10] Color Viewing Tubes 791 

strips which have the three color phosphors in bands. The color which 
the beam strikes depends on the exact mirror potential, and, therefore, 
the mirror can be used as color selector. Among the drawbacks to this 
tube are the high voltage differences required in the screen assembly, 
the accuracy of adjustment required, and the fact that only one color 
is on at a time. 
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Fig. 17.25. Penetration-Type Color Kinescope. 
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In an entirely different method of producing color, a screen made up 
of layers of different colored phosphors is used. Here the penetration 
of the beam governs the color. The arrangement is illustrated in Fig. 
17.25. Lack of color purity, scanning and color control interdepend-
ence, and the fact that only one color at a time could be used are all 
objections to this type of tube. 

In order to be able to have all three colors appearing at the same 
time and independently controllable, a whole class of tubes may be con-
ceived employing three separate guns, one for each color. Figure 17.26 
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illustrates a screen designed for a three-gun tube. This screen is cov-
ered with minute pyramids having their three faces at right angles 
(cube corners). Each face is coated with a different phosphor, and a 
beam approaching from a direction at right angles to one set of faces 
excites only one color. This arrangement has a number of desirable 

Green video 

Reo 

Blue videoy 

Fig. 1726. Pyramidal-Screen Color Tube. 

features, but requires separate deflections for the three guns, each with 
very marked "keystone" correction. Under these circumstances the 
problem of registering the three color images is formidable. 
The tricolor kinescope, which was selected as most practicable at the 

time of writing (1953), employs three guns, a shadow mask to insure 
color purity, and the colors in the form of a pattern of dots of color 
phosphors. 

A cut-away view of this tube, which will be discussed in greater de-
tail in Chapter 19, is shown in Fig. 17.27. The three scanning beams, 
forming angles of the order of 1 degree with each other, are deflected 
together across a thin metal mask perforated in a hexagonal array of 

Red phosphor.,\ 

Green phosphor--

Blue phosphor 
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apertures. Three dots on the screen of red, blue, and green phosphor, 
respectively, are so positioned with reference to each mask aperture 
and the three beam directions that one beam can strike only red dots, 
another blue dots, and a third green dots. Thus, as in the tube with 
the pyramidal screen, the three guns generate, individually and simul-
taneously, the red, blue, and green partial pictures in superposition, 
yielding a natural-color rendition of the original. Figure 17.28 shows 

Three 
electron 
guns 

Fig. 17.27. Cut-Away View of Shadow-Mask Tricolor Kinescope. 

Deflection yoke 

Shadow mask 
Phosphor screen 

the external appearance of such a three-gun shadow-mask tricolor 
kinescope. 
Although tubes of this type have been found to yield very satisfac-

tory color pictures, they possess one fundamental drawback. Approxi-
mately five-sixths of the beam power is dissipated at the shadow mask. 
This places a definite limit on the picture brightness which can be 
obtained, since color separation may be impaired when the energy dis-
sipation at the mask is excessive. Since the transmission of the mask 
becomes less as the convergence angle between the beams is decreased, 
it is generally not advantageous to employ very small convergence 
angles. Small convergence angles, however, do simplify the problem 
of obtaining perfect superposition of the three partial pictures over 
large angular scanning fields. 
A practical remedy for this difficulty may be found in the focusing 

action of slits. It may be shown from the Davisson-Calbick formulas 
in Chapter 3 that, if an accelerating field is applied between a linear 
mask consisting of parallel wires and a line screen, a parallel electron 
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beam incident on the mask will be focused into sharp lines on the 
screen, provided that the screen potential (measured relative to cathode 
potential) is about four times the mask potential. With this arrange-
ment, the open area of the mask may be greatly increased. It should 
be noted that the focusing process here described implies beam ac-
celeration after deflection ("postacceleration"). 

Fig. 17.28. Three-Gun Shadow-Mask Tricolor Kinescope. 

A line screen tube with a single beam, employing postacreleration to 
obtain the desired focusing effect, has been demonstrated.* Sequential 
color selection after the manner proposed by A. C. Schroeder t was 
obtained by applying voltage differences at color change frequency 
between alternate wires (Fig. 17.29). Four hundred 0.008-inch wires, 
0.040 inch between centers formed the focusing grill; 400 green, and 
200 red and 200 blue phosphor strips were deposited on the screen, 
0.4 inch behind the grill. A switching voltage of 440 volts was re-
quired to deflect the electrons from the green strips to either the red 
or the blue strips. The fact of sequential operation, inherent in this 

*See D. G. Fink, "Phosphor Strip Tricolor Tubes," Electronics, Vol. 24, pp. 89-
91, December, 1951. 
t See A. C. Schroeder, T.T. S. Patent 2,446,791 issued August 10, 1948. 
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as in most single-beam tubes, tends to compensate the gain in bright-
ness arising from application of the focusing principle. 

17.11 The Color Receiver. Through the r-f and i-f portion of the 
receiver, the instrument for reproducing color does not differ essen-
tially from a conventional monochrome receiver. Care must be taken, 
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Fig. 17.30. Simp ified Diag.am of Color Demodulator. 

however, that the full width of the video channel is maintained. Also, 
there must be no serious discontinuities in the phase or amplitude re-
sponse of the channel. This is obviously so because the important color 
information is all located at the high-frequency end of the channel, 
whereas the major part of the brightness or luminance signal is in the 
low-frequency region. 
The desampler which follows the second detector is unique to the 

color receiver. A simplified diagram of this triple demodulator is 
shown in Fig. 17.30. The main controlling subcarrier oscillator is 
brought into synchronism and phase by a special wave train or burst 
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which follows the standard synchronizing pulse. This oscillator drives 
the three demodulators. 
The outputs from the desampler are filtered by specially designed 

but more or less conventional filters. They are next amplified by 
linear video amplifiers and applied to the three appropriate cathodes. 
The bypassed brightness signal after passage through a filter is 

amplified and applied to the grids of the three guns simultaneously. 
Separate gun bias controls are provided to regulate the color back-

ground. Furthermore, separate gain controls for the three color am-
plifiers control color balance. 
The deflection generators and power supplies follow more or less 

conventional design. No further discussion will be given of these com-
ponents. 
A block diagram of the complete receiver is given in Fig. 17.21. 
17.12 Color Camera and Transmitting Equipment. Active investi-

gation of three-color camera tubes is being carried on. A number of 
solutions have been proposed and are being studied theoretically and 
experimentally. It would be premature to discuss these solutions at 
this time. The problem, of course, is an important one, but it does not 
rank with the problem of a three-color viewing tube because for every 
camera there are tens or hundreds of thousands of viewing devices. 
The cameras in use to date are based upon one or more conventional 

pickup tubes, (e.g., image orthicons) and the required filters. For 
field-sequential systems, the camera uses a single image orthicon and 
a rotating color disk. In order to take as much advantage as possible 
of storage, the filter is placed close to the cathode of the tube so that 
the edge of the filter can follow the vertical movement of the beam. 
However, full storage cannot be effectively used because of the scan-
ning interlace. For example, if the first field of a frame is red and the 
second green, some red stored picture will be present on the green field, 
accumulated during the first field. In order to avoid the loss of satura-
tion that may result, it is necessary to operate at high enough light 
levels so that only line storage is involved. With an image orthicon, 
this light level in any case corresponds to normal studio usage. Other 
considerations for this type of camera relate to good mechanical and 
electrical practice. The rotating disk must be free from mechanical 
imperfections which might introduce microphonics, hunting, and other 
instabilities in the rotation of the disk. 
The second type of camera employs three image orthicons in optical 

register. This type of camera is illustrated in Fig. 17.6. Such a 
camera can be advantageously used for all the color systems discussed 
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in this chapter. When used for field-sequential systems, it gives an 
enormous gain in storage. Each camera can store charges not only 
during its own field time but also for the two other field periods. This 
feature results in a direct sensitivity gain which would be important 
for outdoor and indoor spot pickup. For the element-sequential-
derived simultaneous system this camera also takes full advantage of 
storage so that its sensitivity is high. 
The electronic equipment associated with the pickup units will be 

described in more detail in Chapter 19. A representative block dia-
gram for a derived simultaneous system transmitter has already been 
given in Fig. 17.20. Again, the sampler or subcarrier modulator is the 
most characteristic circuit element of the color terminal equipment. In 
principle, it is like the desampler of the receiver but has greater flexi-
bility and accuracy. 
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18 Color Television 
Principles 

Chapter 17 provided a general survey of color television. The basic 
properties of the eye, relevant to the discrimination of color, were out-
lined and various systems of color television making use of these prop-
erties were described. It was found that these systems differed ma-
terially both in the effectiveness with which they are adapted to the 
peculiarities of the eye and in the degree to which they meet com-
patibility requirements, permitting the reception of color transmissions 
and monochrome transmissions on both color receivers and mono-
chrome receivers. In both respects, the "derived simultaneous" or 
"dot-simultaneous" system was found to be outstanding. 

In this chapter, the principles of colorimetry and their implications 
for color transmission systems are treated somewhat more quantita-
tively. Furthermore, the operation of the dot-simultaneous system is 
analyzed and several variations designed to overcome specific short-
comings are described. This discussion provides a basis for an outline 
of the standards ultimately adopted by the Federal Communications 
Commission. 
A description of the practical implementation of the dot-simulta-

neous system and of experience gained in its operation is reserved for 
Chapter 19. 

18.1 Principles of Colorimetry as Applied to Color Television. It 

was brought out in the last chapter that the human eye behaves as 
though it contained, in the color-sensitive portion of the retina, just 
three types of receptors with different spectral responses. Whereas the 
nature of these receptors is unknown and there is no direct proof of 
their existence, tricolor processes of color reproduction have a firm 
basis in the following experimental facts: 

1. Any light sample may be matched by any three primary lights. 
Here, the primary lights are defined as three lights of different color 
(e.g., green, red, and blue) such that none of the three can be matched 
by combinations of the other two. A match may be effected by illu-
minating one perfectly reflecting diffusing surface with the sample 
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light, an adjoining similar surface with the primary lights, and adjust-
ing the intensities of the latter until the two surfaces appear identical. 
The match may, eventually, require the addition of one or two of the 
primaries to the sample rather than to the comparison field. In this 
case, the sample is matched not simply by the addition of primary 
lights, but by their addition and subtraction. 

2. A match effected at one intensity level is valid within a wide 
range if the intensities of the components are scaled up or down in 
proportion. 

3. Two lights matching a third, match each other. 
4. If one matching pair of lights is added to another matching pair, 

the resultant combinations match each other. 
5. The relative proportions of primaries effecting a match for a 

given sample light vary little for different normal-sighted observers. 
Furthermore, since luminance, the objective measure of brightness as 
carried out by a photometer, is an additive property—i.e., the lumi-
nance of a surface illuminated by two different light sources is equal 
to the sum of the luminances when illuminated by either source alone— 
the judgment of the relative luminance of the two lights also varies 
little among normal-sighted observers. 

The last fact permits an objective description of light samples in 
terms of the reaction of a "standard observer," who represents a sta-
tistical average of a large number of normal-sighted observers. In this 
description it is convenient to separate luminance or brightness and 
chromaticity or chrominance as given by the relative intensity of the 
three matching primaries. The term "chrominance" has been intro-
duced, finally, to describe the difference between a given light sample 
and a prescribed white of equal luminance. 
As has already been pointed out in the last chapter, an objective 

measure of the brightness is the luminance L of the sample, which may 
be established with the aid of the luminosity function V(A) (Fig. 17.1) , 
provided that the spectral distribution of the radiance of the sample 
E (À) (radiant energy in unit wavelength range emitted by unit area 
of the source per unit time into unit solid angle) is known: 

L = kfE(X)V(X) dX (18.1) 

The luminosity function indicates the relative luminance of mono-
chromatic sources of equal radiance, referred to a monochromatic 
source of 555041, for which the luminance is a maximum. For this 
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latter source the ratio of luminance to radiance is given by the constant 
k and is equal to 680 lumens per watt. The unit of luminance, the 
candle per square centimeter or lumen per steradian per square centi-
meter, has been fixed with relation to the luminance of freezing plati-
num, set at 60 candles per square centimeter. The more commonly 
employed unit of luminance, the foot-lambert, is defined as 1/7r candle 
per square foot or 1/7r lumen per steradian per square foot. 

0.4 

0.3 

—01 
3800 4200 4600 5000 5400 5800 6200 6600 7000 7400 7800 

Wavelength in À 

Fig. 18.1. Color Mixture Curves for the Spectral Primaries at 7000, 5461, and 
4358 A, with Equi-Energy White as Reference White. (Wintringham, reference 

5.) (Courtesy of Proceedings of the Institute of Radio Engineers.) 

The luminance of a sample of known spectral composition may thus 
be determined by summing the luminances of its spectral components. 
Its chromaticity may, in similar fashion, be specified in terms of the 
relative intensities of three primaries required to match it. Assume, 
to begin with, that these primaries are monochromatic sources at 
7000 A (red), 5461 A (green), and 4358 A (blue). Furthermore, a new 
unit of intensity of each of the primary sources is established, such 
that a white light sample is matched by equal amounts of each primary 
intensity. It is convenient to choose for this standard white sample 
a so-called equi-energy white, i.e., one whose spectral energy distribu-
tion is uniform. If the luminances of the three unit primary sources 
are now compared, they are found to be related by the ratios I.,: Lg: Lb 
= 1: 4.4907:0.0601. 
As a next step monochromatic sources of equal radiance are matched 

by the three primary sources. In this manner the color mixture curves 
f.(X), g(x), and ri(X) shown in Fig. 18.1 are obtained. The curves in 
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Fig. 18.1 represent a statistical average derived from the efforts of many 
observers to match, in hue, saturation and brightness, monochromatic 
sources of equal energy with the accepted three primary sources, just as 
the luminosity function of Fig. 17.1 represents a statistical average of 
efforts to match fields of different monochromatic colors in brightness. 
With the aid of the color-mixture curves, the color components or 

trichromatic coefficients R, G, B of an arbitrary light sample of known 
spectral composition are obtained by summing the chromaticities of the 
spectral components of the light sample: 

R = f E(X)f(X) dX 

= fE(x)c(x) dX 

B = f E(X)6(X) dX 

(18.2) 

For equi-energy white, these sums are given simply by the areas under 
the three curves in Fig. 18.1. Since the units of intensity of the pri-
maries were chosen so that the chromaticities of equi-energy white 
would be equal, it follows that the areas under these three curves, also, 
are equal. 
The chromaticity, as against the luminance, of a sample is given by 

the relative magnitudes of the three trichromatic coefficients, R, G, B 
or the relative trichromatic coefficients r, g, b obtained by dividing 
R, G, B by their sum: 

G 
r =  g =  b —   (18.3) 

R G B R G B R G B 

Since, now, b = 1 — r — g, r and g alone suffice to specify the chro-
maticity of the sample. Any chromaticity can thus be represented by 
a point on a two-dimensional chart on which r and g represent the 
abscissas and ordinates. The locus of the spectral chromaticities on 
this chart (Fig. 18.2) is a horseshoe-shaped curve which, together with 
the straight line connecting its two endpoints, encloses all known 
chromaticities. 

It follows from the definition of the coordinates of the color points 
that the color point corresponding to the mixture of two lights lies be-
tween the color points of the two components, on the straight line 
joining them. Specifically, if R1, GI, B1 represent the trichromatic 
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Fig. 18.2. Color Triangle for the Spectral Primaries at 7000, 5461, and 4358 A. 
with Equi-Energy White as Reference White. (Wintringham, reference 5.) 

(Courtesy of Proceedings of the Institute of Radio Engineers.) 

coefficients of one of the combining lights for unit radiance and R2, 
G2, B2 are the coefficients for the other light, also for unit radiance, the 
chromaticity coordinates for the mixture of the two lights with radi-

ance al and a2 become, respectively, 

r = 
a2R2 

ai(Ri G1 + 131) a2(R2 + G2 + B2) 

— Kr' + (1 — K)r2 

a2G2  
g = — Kgi -I- (1 — K)g2 

ai(R1 ± G1 ± /31) a2(R2 + G2 ± B2) 

ai(R1 -I- GI B1) 
with K =  Since K is inher-

ai(R1 ± G1 + 131) -1- a2(R2 -I- G2 + 132) 
ently positive and less than one, the point (r, g) lies between (r1, g1) 
and (r2, g2), on the line joining them. 
An immediate consequence of this relation between the point repre-

senting the mixture and the points representing the components is that 
all physically realizable colors lie within the spectral horseshoe curve, 

WorldRadioHistory



804 Color Television Principles [Chap. 18 

since they may all be obtained by the addition of spectrally pure colors. 
Furthermore, all chromaticities that may be produced by combining 
the chosen primaries lie within the triangle with the apices (0, 0), 
(0, 1), (1, 0). Point E, at (%, %), represents equi-energy white, 
whereas point C indicates so-called artificial daylight. The latter 
approximates the chromaticity of a black body at 6500°K. The "C 
illuminant" is readily obtained by employing suitable filters in con-
junction with an incandescent lamp at a color temperature of 2848°K.* 
Whereas the curved part of the perimeter of the horseshoe-shaped 
figure represents the spectral chromaticities, the bottom boundary cor-
responds to the purples, obtained by the mixture of violet and red. 
The spectral primaries used above are not necessarily most con-

venient for color specification; so-called filtered primaries, obtained by 
combining illuminant C with Wratten filters 25, 58, and 47 of pre-
scribed transmission to provide a red, green, and blue source, respec-
tively, are advantageous in a number of respects. In particular, they 
are more easily matched by the receiver primaries, i.e., the colors of 
the red, green, and blue partial pictures which, by superposition, yield 
the reproduced natural-color picture. 

The system of primaries which, by international convention, has 
been adopted for the specification of colors, differs from both the above 
systems. Both the spectral and the filtered primaries have the draw-
back that the color-mixture curves (Fig. 18.1) take on negative values. 
This must be so, since the spectral colors lie outside the triangle de-
fined by the trichromatic coefficients of the primaries and hence can-
not be matched by any additive combination of the primaries. The 
presence of the negative loops increases the errors which may arise in 
the calculation of the trichromatic coefficients from the spectral distri-
bution of a sample (e.g., by Eq. 18.2) and constitutes, hence, a material 
drawback for color specification. 
The primaries selected by the International Commission on Illumi-

nation (CIE primaries) ,t which are free from this drawback, hence 
cannot have a physical existence. To further simplify calculations, 
they are chosen so that one of the trichromatic coefficients (Y) speci-
fies the luminance of the sample, that the spectral colors in the red and 
yellow are mixtures as nearly as possible of two primaries only (X 

and Y), and that the triangle (0, 0), (0, 1), (1, 0)—namely, the color 
points of the primaries—while fully enclosing the horseshoe curve rep-
resenting the spectral chromaticities, contains as little area outside of 

*See Judd, reference 1. 
t In the earlier literature the abbreviation ICI commonly replaces CIE, 
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it as possible, subject to the preceding conditions. In terms of the 
spectral trichromatic coefficients, the CIE trichromatic coefficients are 

given by 
X = 2.7690R ± 1.7518G -I- 1.1300B 

Y = 1.0000R ± 4.5907G + 0.0601B (18.4) 

Z = 0.0000R ± 0.0565G + 5.5943B 

The CIE tristimulus values 2, th i for equi-energy monochromatic 
light samples are plotted in Fig. 17.2; since the horseshoe curve is wholly 
enclosed in the primary triangle, the tristimulus values are positive 
throughout. Furthermore, over a considerable range in the red and 
yellow, one tristimulus value, t", is zero. 
The CIE color chart itself is shown in Fig. 18.3. On it are shown 

not only the chromaticities of equi-energy white, and that of the C-

0.80 

.510 
Green 

'•0 530 

I I 1 I 1 1 I 1 

.0.540 

0.70 •• Q; GR 
G1 K 

I I 
I \56° 

• II 
'S 570 

0500 

0.50 / II I  Y Yellow \ 580 Ç. 
I 

\‘4619° 

0.40 —1 
# 

I 1 _ 
II g"6 Equal energy 

0.30 .= •o 490 I/ 

¡/81 

I I 
0.20 — o I 

I I ...--_ ..-
480 0. 1 j ....• 

0. 

— BI 460 y 03 32,43m 

II 1 1 I 11 .11 

610 620 mg 
630 
640 
650 - 
660 
670 

700-780: 

0.10 Bs 0.20 0.30 0.40 0.50 0.60 0.70 0.80 

Fig. 18.3. The CIE Color Chart. 
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illuminant (daylight), C, but also chromaticities and the corresponding 
triangles of the spectral primaries and the filtered primaries. Finally, 
the locus of black-body sources at different temperatures is indicated. 
The triangle defined by the filtered primaries (Rf, Gh 131) is of par-

ticular interest, since they correspond closely to the receiver primaries 
employed in color television systems.* At first sight, it might seem 
that this triangle encloses only a relatively small portion of physically 
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Fig. 18.4. Variation of Chromaticity Discrimination on the CIE Color Chart. 
(MacAdam, reference 4.) (Courtesy of Journal of the Optical Society of America.) 

realizable color values, particularly in the range of the greens and blue-
greens. However, the steps of chromaticity discrimination are particu-
larly large in this region; a large shift in the chromaticity point rep-
resents only a small change in color. This is shown by the chart in 
Fig. 18.4. Here the radius vectors to the ellipses from their centers 
represent an equal number of just perceptible steps of difference in 
chromaticity. 

Another way of showing the adequacy of the color range covered by 
the filtered primaries is by plotting the full range of chromaticities 
reproduced by pigments and printers' inks in color catalogues on the 
same chart as the filtered primary triangle (Fig. 18.5). The coverage 
by the filtered primaries is very evidently more extensive. Finally, it 

*The primaries corresponding to the phosphors employed in Tri-Color Kine-
scopes are indicated on Figs. 17.3 and 18.36. 
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should be mentioned that the colors which fall outside the triangle 
represent a high degree of spectral purity. This means that colored 
surfaces which give rise to them under white illumination reflect in a 
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Fig. 18.5. Range of Colors Reproduced by Pigments and Printers' Inks in Color 
Catalogues. (Wintringham, reference 5.) (Courtesy of Proceedings of the Insti-

tute of Radio Engineers.) 

very narrow spectral range and have hence, necessarily, low luminance. 
The areas which cannot be accurately reproduced in color are areas 
of low brightness and, hence, play a small role in the picture. 

Two methods may be indicated which permit the determination of 
the CIE trichromatic coefficients of a light sample without requiring a 
knowledge of the spectral distribution of the sample. In the first, the 
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sample is matched with three physical primaries, such as the spectral 
primaries, and the values of R, G, B so obtained are employed to find 
X, Y, Z by substitution in Eq. 18.4, or an analogous equation if the 
selected physical primaries differ from the spectral primaries. In the 
second, even more direct, method, a tristimulus photometer is employed. 
The light is distributed by a beam splitter to three multiplier phototubes 
provided with filters which give them overall spectral responses approxi-
mating the three curves 2(X), g(X), and 2(X) in Fig. 17.2. Under these 
circumstances the meters indicating the photocurrents may be calibrated 
to yield directly the trichromatic coefficients X, Y, Z. In practice, the 
spectral response of the 2-multiplier phototube takes account of the 
major (long-wave) loop of the 2-curve only; the contribution of the 
short-wave loop to X is obtained by unidirectional cross-feed from the 
output of the 2-multiplier phototube.* Procedures for transforming, 
more generally, the trichromatic coefficients from one set of primaries to 
another set can also readily be inferred from the preceding discussion. 
Obviously, if r'r, r'g, r% etc. denote the trichromatic coefficients of the 
unprimed primaries in terms of the primed primaries, the general 
transformation equations between an unprimed and a primed system of 
primaries become 

R' = r'rR ± r' gG ± r'bB 

G' = g'rR + g',G ± g' bB 

B' = b',.R ± b'gG ± b'bB 

This set of equations may be solved for R, G, B, leading to 

R = reR' + reG' + rb,13', etc. 

with re = (g' gb' b — biggib)/D, 

re = (b'gr'b — r'gb'b)1D, 

rb, = (r' gg'b — 9' gr%)/D, and 

D = 

r', r'g rib 
gl r  gt g  g, b 

b',. bg b 'b 

(18.5) 

(18.6) 

These relations permit the determination of the new set of trichromatic 
coefficients, provided that the coefficients of the new primaries in terms 
of the old primaries are known. 

*See Sziklai, reference 7. 
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The problem is rendered somewhat more complex if the luminance 
and the relative trichromatic coefficients are given for an arbitrary 
system of primaries and if, furthermore, the reference white (the color 
corresponding to equal intensities of the three primaries) is changed. 
Procedures for carrying out transformations in such instances may be 

found in the literature.* 
The conventional description of a light sample by the luminance (Y) 

and two relative CIE trichromatic coefficients (x and y) may be modi-
fied by the introduction on the color chart of polar coordinates with 
origin at the point corresponding to neutral white (e.g., the point C). 
The radial coordinate is now given by the ratio of the distance of the 
color point from C to the length of the same radius vector extended to 
the horseshoe-shaped curve, whereas the azimuth is given by the wave-
length corresponding to the intersection of this radius vector with 
the spectral locus. For points in the purple sector, the wavelength of 
the intersection with the spectral locus of the radius vector extended 
backwards is specified, and the radial coordinate is given a negative 

sign (Fig. 18.6). 
Whereas the description of color by the trichromatic coefficients is 

best suited for colorimetric computations, it can readily be seen that 
the description given by the polar diagram corresponds more closely to 
our instinctive classification of colors. Thus, for fixed azimuth, all 
colors are produced by mixing a spectrally pure color (or a purple) 
with different amounts of white. All, e.g., a delicate pink, a rich pink, 
and a full red, are recognized as having the saine hue. All the colors 
along the radius vector extended in the opposite direction have the 
complementary hue, in the above example a particular shade of green, 
with various admixtures of white. It follows from the properties of 
the color chart that two colors of complementary hues, added in ap-
propriate proportions, yield the neutral white corresponding to the 
origin of the polar diagram. The hue of any color is specified by the 
wavelength of the spectral color of the same hue or, for the purples, by 
the wavelength of the spectral color of the complementary hue. 
The radial coordinate indicates the relative proportion of the pure 

spectral color (or pure purple) and white, which, on addition, produce 
the color in question. It is called the "saturation" or "chroma." A 
saturation 1 corresponds to a pure spectral color or pure purple; a 

saturation 0, of course, to neutral white. 

*See, e.g., Wintringham, reference 5. 
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The parameters, brightness, hue, and saturation (also called purity 
or chroma) not only correspond to our instinctive description of light 
values, but are also found to have their definite counterparts in the 
picture signal transmitted in the dot-simultaneous system of color 
television. The similar parameters of value (corresponding to the 
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Fig. 18.6. Specification of Chrominance in Polar Coordinates. 

square root of the relative luminance), hue, and chroma are employed 
by Munsell to describe the reflectivities of his well-known system of 
color cards. 

18.2 Color Reproduction by a Television System. The basic con-
ditions for faithful color reproduction by a television system can be 
laid down without reference to the mechanism employed to effect the 
reproduction. Similarly, it is possible to determine quite generally 
the nature of the color distortions which may result from failure to 
observe these conditions. The only assumption regarding the system 
of color television will be that it includes a triple pickup system, with 
three different spectral responses, and a reproducing system in which 
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See. 18.2] Color Reproduction by Television System 811 

the picture signal generated by each spectral response forms a partial 
picture of the color of one of three receiver primaries (Fig. 18.7). It 
is a matter of indifference whether the partial pictures are presented 
simultaneously or in temporal sequence, as well as whether the differ-
ent color signals utilize three separate channels or, by some system of 
multiplexing, utilize the same channel. 

It is evident from the start that the reproduction of a large gamut 
of colors demands the use of receiver primaries, i.e., phosphors or 
phosphor-filter combinations producing the red, green, and blue com-
ponent pictures, which include as large an area as possible of the color 

Optical 
separation 

Camera 
responses 

Receiver 

Primary Optical 
pictures superposition 

Fig. 18.7. General Color Television System. 

Picture 

triangle. It has been mentioned, furthermore, that the so-called fil-
tered primaries, represented by R,, Gf, and Bf in Fig. 18.3, are quit2 
satisfactory from this point of view and, in addition, can be realized 
physically to a close approximation. 

It is also easy to lay down the basic requirement for the transmis-
sion channel. If color values are to be undistorted, the transmission 
channel must be linear: the brightness of any one partial image must 
be directly proportional to the light falling on the corresponding pickup 
element. Suppose that this is not fulfilled, that, e.g., the picture bright-
ness increases more rapidly than linearly with the light entering the 
pickup system. Then an orange tone, matched by a small green and 
a large red trichromatic component, will appear reddened in the re-
production, a yellow-green, greener than in the original. Quite gen-
erally, all colors will tend to be pushed toward their nearest primary 
colors. Conversely, with subnormal contrast, the colors will be shifted 
away from the primaries, giving a washed-out appearance to the 
picture. 
The appropriate spectral response of the pickup system or camera 

remain to be established. For this purpose, consider the condition for 
the faithful reproduction of a spectrally pure color of unit radiance. If 
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Sec. 18.2] Color Reproduction by Television System 813 

all spectrally pure colors are properly reproduced by the system, any 
color whatsoever will also be reproduced properly since, physically, it 
is formed by a combination of spectrally pure radiations. Now, any 
spectrally pure color of unit radiance is matched by the three receiver 
primaries if their amplitudes are adjusted to the ordinates of the cor-
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450 500 550 

Fig. 18.10. Addition of Outputs from Several Photosensitive Devices to Match 
Positive and Negative Loops of Color-Mixture Curves. 

responding color-mixture curves. In brief, faithful color reproduction 
demands that the spectral responses of the pickup system be given by 
the color-mixture curves for the receiver primaries. 
The receiver primaries employed in a particular dot-simultaneous 

television system are shown in Fig. 18.8, the corresponding color-mix-
ture curves in Fig. 18.9.* These primaries correspond quite closely to 
the filtered primaries mentioned in the last section. It is noted that 
the color-mixture curves possess, in addition to their principal positive 
peak, smaller negative loops. At first sight, it might appear that this 
would make it impossible to realize the prescribed spectral responses 

*See Epstein, reference 11. 

WorldRadioHistory



814 Color Television Principles [Chap. 18 

since photocurrents are, normally, unidirectional.* However, by add-
ing the outputs of several photosensitive devices with spectral responses 
corresponding to the positive and negative loops, respectively, and a 
polarity corresponding to the polarity of the loop (Fig. 18.10), an 
arbitrary response curve can be matched. 
As an alternative t a pickup system may be employed which has 

spectral responses that are positive throughout, as exemplified by the 
color-mixture curves for the CIE primaries. Each of the CIE pri-
maries can be matched by a certain known combination of the re-
ceiver primaries, in positive and negative amounts. In terms of the 
notation of Eqs. 18.5 and 18.6, these amounts are the coefficients rz, gz, 
bz; r„, gy, by appearing in the transformation equations 

R = rzX ryY rzZ 

G = gzX gyY (18.7) 

B = bzX byY brZ 

The same coefficients may be expressed in terms of the CIE trichromatic 
coefficients of the receiver primaries xr, yr, zr, etc., by the scheme of 
Eq. 18.6: 

Xr Xg X6 

rx = (Yeto ZgYb)/D, Xy = (ZgX6 — Xeb)/D, D = yr yg Yb 

Zr Xg Xb 

Specifically, for the spectral primaries 7000 A, 5461 A, and 4358 A with 
equi-energy white as reference white, a solution of Eq. 18.4 leads to 

R = 0.41847X — 0.09117 Y 0.00092Z 

G = —0.15867X -I- 0.25243Y — 0.00255Z (18.8) 

B = — 0.08283X + 0.01571Y -I- 0.17860Z 

If now the three camera signals, which correspond to the CIE tri-
stimulus values for the transmitted picture, are distributed in accord 
with Eq. 18.7 or Eq. 18.8 to the three receiver channels, the receiver 
primaries are excited in the proper ratio to reproduce the original color 
(Fig. 18.11). It is evident that this procedure is restricted to simul-
taneous systems of signal generation. 

*The quenching of dark current in photoconductors by radiations within certain 
wavelength ranges suggests that, at least in principle, it might be possible to match 
the required responses. 
t See Cherry, reference 12. 
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More precisely, both the last systems make it possible, in principle, 
to reproduce exactly all colors within the triangle defined by the re-
ceiver primaries. For points outside of this range, the signal applied 
to at least one of the red, green, and blue reproducing organs is driven 
negative, beyond cutoff. This has the effect of displacing the corre-
sponding chromaticities in the reproduction to the periphery of the 
receiver primary triangle. 
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Receiver 
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Fig. 18.11. Attainment of Correct Color Reproduction by Forming Appropriate 
Linear Combinations of the Camera Outputs. (Cherry, reference 12.) (Courtesy 

of Journal of the Society of Motion Picture and Television Engineers.) 

The intrinsic possibility of perfect color reproduction resident in the 
methods of multiple photosensitive units in the camera and of signal 
mixing outlined above is offset by practical difficulties. They are pri-
marily inefficient light utilization in the first instance and the necessity 
of a high degree of stability and careful adjustment of electronic cir-
cuits as well as a lowered signal-to-noise ratio in the second instance. 
For these reasons, it has been general practice to fit the camera sen-

sitivities as closely as possible to the principal positive loops of the 
color-mixture curves for the receiver primaries and to neglect the 
smaller negative loops. Thus the camera sensitivities employed in the 
color television system mentioned on page 813 are shown in Fig. 18.12. 
They are to be compared with the color-mixture curves for the receiver 
primaries shown in Fig. 18.9. If the amplifications of the three color 
channels are adjusted so that a white surface is reproduced correctly, 
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the other colors will be reproduced with a fidelity depending on the 
deviation of the camera sensitivities from the color-mixture curves 
for the receiver primaries. The color changes obtained with a linear 
transmission system are represented on the color chart in Fig. 18.13. 
The arrows indicate the displacement of the color points in the repro-
duction as compared with the original. The point E, representing the 
studio illuminant (equi-energy white) is not shifted since the channel 
amplifications have been adjusted to reproduce it correctly. 
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Fig. 18.12. Camera Responses Employed with Receiver Primaries Shown in Fig. 
18.8. 

The color reproduction shown is least faithful in the blue, if the 
minimum perceptible color difference is taken as unit of the color shift. 
The error is much less for the red and the green and becomes negligible, 
of course, for colors of low saturation. The degree of color fidelity 
shown is probably adequate for entertainment purposes. There are, 
however, examples of the use of television for scientific and educational 
purposes where greater fidelity might well be desirable. It then be-
comes necessary to resort to the use of multiple pickups or signal mix-
ing to increase the precision of color reproduction. 
The viewpoint accepted throughout in the preceding discussion is 

that the most faithful color reproduction is also the most desirable 
color reproduction. This is not true in all cases. For example, tests 
have shown that a majority of judges tend to reject the exact reprodue-
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tion of facial coloration as unsatisfactory, preferring paler tints.* 
Apart from this, the tolerance of deviations from the original color 
(or its preferred reproduction) varies greatly with the familiarity of 
the subject matter as well as the brightness and dimensions of the 
colored areas reproduced. Thus, again, the viewer tends to be more 
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Fig. 18.13. Errors in Color Reproduction Resulting from Use of Camera Re-
sponses in Fig. 18.12 with Receiver Primaries in Fig. 18.8. (Epstein, reference 11.) 
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critical of flesh tints than of other portions of the picture. More gen-
erally, a large amount of data will have to be amassed before a rational 
system of tolerable limits of deviation can be set up. 

18.3 The Discrimination of Chromaticity Variations and the Mixed-

Highs Principle. It is one of the significant points of superiority of 
simultaneous color television systems over sequential systems that they 
can utilize the reduced discrimination of the eye for chromaticity differ-
ences to enhance the detail in a color picture which may be trans-

* See MacAdam, reference 4. 
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mitted with a given bandwidth. This fact has already been brought 
out in the last chapter. It remains to indicate the method of deter-
mining the difference in the discrimination of chromaticity variations 
and luminance variations and to show once mare how the findings are 
applied in specific instances. 

In the tests devised by A. V. Bedford * observers were presented a 
small divided field with patterns of the type shown in Fig. 18.14, sur-

Blurred Sharp transition  transition 

Fig. 18.14. Test Patterns Employed for Determining the Relative Acuity of the 
Eye for Luminance and Chrominance Differences. (Bedford, reference 8.) 

(Courtesy of Proceedings of the Institute of Radio Engineers.) 

rounded by a uniformly illuminated white background with a bright-
ness of 10 foot-lamberts and were asked to locate the (unresolved) 
blurred regions at several different viewing distances. The recipro-
cal of the angle which the pattern subtended at a distance for which 
the identification was 50 percent successful was taken as measure of 
the acuity of the eye for the transition between two fields A and B. In 
the first tests, area A was made black and area B either white (20 

foot-lamberts) or green, red, or blue with a luminance equal to that 
required to produce a white-light brightness of 20 foot-lamberts by 
addition; this luminance was arbitrarily denoted as 100 percent. In 
the second set of tests, area A was made either red or blue and area B 
green or red, with the intensity adjusted so as to minimize the apparent 

*See Bedford, reference 8. 

WorldRadioHistory



Sec. 18.3] The Mixed-Highs Principle 819 

difference between the two fields. The results of the tests are sum-
marized in Table 18.1. 

TABLE 18.1. RELATIVE VISUAL ACUITIES 

Color 
Combination 
White-black 
Green-black 
Red-black 
Blue-black 
Green-red 
Green-blue 
Red-blue 

Relative Brightness Values 
Used in Tests 

White = 100 percent 
Green = 100 percent 
Red = 100 percent 
Blue = 100 percent 
Red = 100, green = 49 percent 
Blue = 100, green = 3.3 percent 
Blue = 100, red = 6.3 percent 

Acuity in 
Percent 

100 
94 
90 
26 
40 
19 
23 

The most important conclusions of these measurements are (1) that 
the acuity of the eye for chromaticity differences is less than half as 
great as for luminance differences, and (2) that detail in the blue par-
tial picture is not perceived unless it is approximately four times as 
coarse as the finest black-and-white detail that can be resolved. These 
results may also be interpreted in the following manner. If signals 
giving the luminance information and the chrominance information are 
transmitted separately and the passband of the luminance signal is 
adjusted relative to the viewing distance of the observer so that the 
finest horizontal detail which is transmitted is barely resolved, the 
passband of the chrominance signal may be made less than half that 
of the luminance signal and the passband of the blue signal one-fourth 
that of the luminance signal, without detracting in any way from the 
observed picture. 
The relationship between the required passband and the acuity tests 

may be made plainer by the following consideration. Figure 18.15 
shows the difference between the sharp transition and the blurred tran-
sition and the Fourier representation of this difference. As might be 
expected, the Fourier representation has a rather sharp peak at the 
point where the width of diffusion corresponds to one wavelength. If 
D refers to the retinal image of the transition and the cutoff wave-
length X, of the aperture admittance of the eye (in the sense of Chap-
ter 5) is appreciably greater than D (D/À, ≤ K < 1), the eye will not 
perceive a difference between the blurred and sharp transition. The 
tests in effect measure the relative value of the cutoff wavelength x, 
of the aperture admittance of the eye for different brightness and color 
transitions, K being fixed by the requirement that the difference be-
tween the sharp and the blurred transition just disappears. 
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It was shown in Chapter 5 that the bandwidth requirements of a 
television system were fixed so as to match the frequency response of 
the television system to the aperture admittance of the eye at normal 
viewing distance. The relation between wavelength and frequency is 

Difference between blurred 
and sharp transition 

Blurred 
transition-\ 

1.0 

0.8 

0.6 

a 
a max 

0.4 

0.2 

Sharp 
transition 

oo 0.5 1.0 1.5 
MX 

2.0 25 

Fig. 18.15. Difference between Blurred and Sharp Transition and Frequency 
Spectrum of This Difference. 

here of course 1/À v/y, where y is the linear scanning speed. Ex-
tending the passband appreciably beyond the limits set by the cutoff 
wavelength of the eye would be uneconomic and would not contribute 
to a perceptible picture improvement. Similarly, since the cutoff wave-
length for chromaticity differences was found to be over twice as great 
as that for luminance differences, no advantage is gained by making 
the passband for the chrominance signal more than half that for the 
luminance signal. 
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A three-channel simultaneous system which makes full use of the 
resulting permissible bandwidth economy is shown in Fig. 18.16. It is 
here assumed that the three camera responses correspond to the con-
ventional "filtered receiver primaries" and that the individual camera 
channel amplifications have been adjusted so that equal signal ampli-
tudes correspond to white. Then, according to Bedford's measure-

Transmitter Receiver 

G—> Adder 

G 

0.49R 0.03B 

4.1 Mc 
L.P. filter 

1.6 Mc 
L.P. filter 

Brightness signal M 

4.1 

0.7 Mc 
L.P. filter 

4.1 

RL 

1.6 
BL 

4.1 0.7 

Adder 
+ Mir 

n 

—0.49R —0.03BL 
RL, 

Fig. 18.16. Three-Channel Simultaneous System Making Full Use of Mixed-
Highs Principle. 

ments, the contribution to picture brightness of equal green, red, and 
blue signals is as 100:49:3.1. Accordingly, by adding to the green 
signal G 49 percent of the red signal R and 3 percent of the blue signal 
B, a picture signal M ("monochrome") is obtained, which corresponds 
to the luminance variations in the picture. This is transmitted with 
the full video bandwidth of 4 megacycles. If applied to a black-and-
white receiver, it will reproduce the original scene with proper tonal 
gradation and unimpaired resolution. The red signal, on the other 
hand, will be passed through a 1.6-megacycle low-pass filter and the 
blue signal through a 0.7-megacycle low-pass filter before transmission. 
In a simultaneous receiver appropriate fractions (49 and 3 percent, 
respectively) of the red and blue signals are subtracted from the mono-
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chrome signal to recover the green signal, to which now the mixed-high-
frequency components MH of all three channels are added. In the 
natural color picture obtained by the superposition of the green, red, 
and blue partial images, color is accurately reproduced for areas ex-
ceeding about six picture elements in a horizontal direction; variations 
in the blue component which cover smaller areas are replaced by varia-
tions in the green component of equal brightness; similarly, brightness 
variations of the red component covering only one or two picture ele-
ments are reproduced as equal brightness variations of the green com-
ponents, whereas red brightness variations covering appreciably larger 
areas are correctly reproduced. In brief, by rendering intensity fluc-
tuations for which the eye is color-blind in monochrome, the total video 
bandwidth required for transmitting the color picture without deterior-
ation has been reduced from 12 to 6.3 megacycles. More recent obser-
vations indicate that even materially smaller transmission bands for 
the red and the blue component are permissible, as has already been 
noted in the last chapter. 

The method of application of the mixed-highs principle is not unique. 
Thus, the contribution of the blue component to the high-frequency 
brightness fluctuations is generally so small that it may be neglected. 
Furthermore, the mixed-high signal may be applied to both the green 
and the red channels, so that it represents a fluctuation in the white 
content of the picture.* Figure 18.17 shows a system in which this is 
carried out. Here, the mixed highs, derived from the green and red 
camera channels, are added to the green signal, which, like the red and 
blue signals, is passed through a low-pass filter. In the receiver, the 
mixed highs, selected from the green signal by a high-pass filter, are 
added to the red signal. The green signal with the mixed highs gener-
ally approximates the complete luminance signal sufficiently closely to 
yield a high-quality monochrome reproduction of the scene. 
The application of the mixed-highs principle to a dot-sequential sys-

tem of color television is indicated in Figs. 18.18 and 18.19. In the 

*Here, fluctuations in white are reproduced exactly; detail fluctuations in the 
brightness of any one color will be reproduced as fluctuations in chroma (high 
brightness = low chroma) as well as brightness. In the system shown in Fig. 18.16, 
fluctuations in green will be reproduced exactly; detail fluctuations in the bright-
ness of white will appear as fluctuations between (low-brightness) purplish white 
and (high-brightness) greenish white. Similarly, detail fluctuations in red will be 
reproduced as fluctuations between (low-intensity) purplish red and (high-inten-
sity) orange red. As long as these detail fluctuations are confined to a range in 
which the eye does not discriminate colors, these differences are, of course, entirely 
immaterial. 
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transmitter, the individual camera signals are passed through low-pass 
filters and sampled. The sampler output (after filtering) then consists 
of the sum of the low-frequency brightness signal plus a sampling fre-
quency component which is phase- and amplitude-modulated by the 

L.P. 
filter 

Transmitter 
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Picked-up signals 

GL+ Mr, 

H -  

Adder RL + Mil 

Br. 

Receiver 
(b) 
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Reproduced signals 

(c) (d) (e) 

Fig. 18.17. Color Television System with Mixed Highs Reproduced as High-
Frequency Variations in White Content of Picture. (Bedford, reference 8.) 

(Courtesy of Proceedings of the Institute of Radio Engineers.) 

chrominance information contained in the picture. The mixed-highs 
signal, obtained by adding the camera signals and passing them through 
a bandpass filter, supplements the sampler output to provide the com-
plete video signal. In the receiver (Fig. 18.19), the low-frequency 
components are recovered by passing the complete video signal through 
a desampler and removing the high-frequency components of the de-
sampler output by filtering; the mixed-highs signals, selected by a 

Transmitted signals 
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bandpass filter from the complete signal, are added to the red and green 
channels to reproduce fine detail. Apart from the appearance of spu-
rious signals, which will be discussed later, the application of the 
mixed-highs principle is here the same as in the three-channel simul-
taneous system of Fig. 18.17. 

In the bypassed monochrome system, as exemplified by Figs. 17.20 
and 17.21, the brightness and color signals are completely separated, so 
that the bandwidth saving obtained through application of the mixed-
highs principle is achieved by transmitting the brightness signal with 
the full video passband and limiting the chrominance signal by suitable 
filters in the modulator and demodulator outputs and inputs. This 

Sound 

Green lows ) Mixed highs Blue lows 

1 1.7 2 2.81 3 3.89 4 

Red lows 

45 

Fig. 18.20. Frequency Interlace Color Television System. Disposition of sub-
carriers and sidebands. 

system, in its various modifications, will form the subject of most of 
the remainder of this chapter. 

In one form of frequency interlace system, finally, two color sub-
carriers, for the red and the blue low-frequency components, respec-
tively, are provided. Sideband filters prevent overlap between the two 
color signals (Fig. 18.20). However, the red color signal overlaps the 
mixed-highs (i.e., green and red high-frequency component) signal 
which is added to the low-frequency green channel. In the receiver, 
the mixed-highs signal is added to the demodulated red and blue signals. 

In conclusion, it may be noted that the permissible reduction in the 
bandwidth for the color signal indicated by Bedford's tests has been 
found to be conservative. Viewer tests of television pictures indicate 
that the chrominance bandwidth may be reduced to one megacycle 
without perceptible picture degradation. 

18.4 Dot-Sequential and Dot-Simultaneous Color Television. In 
the following, the character of the signal obtained with a simple dot-
sequential system such as is illustrated in Fig. 17.13 will be considered 
in a more quantitative fashion. It will be assumed that the preampli-
fier gains in the camera have been adjusted so that the three signals 
G, R, B delivered to the sampler are equal in amplitude for portions 
of the scene which correspond to some selected standard white; the 
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usual choice is the CIE C illuminant, approximating average daylight 
or a 6500°K source. With infinitely narrow sampling with a frequency 
«08/(27r) at phase angles 0, Or, Ob for the green, red, and blue channels 
and for the specific sinusoidal camera signals 

G = Ag cos cogt, R = A, cos cort, B = Ab cos cobt (18.9) 

the sampler output becomes 

S = A g cos cogt(1 ± 2 cos coat + 2 cos 2cost + • • •) + 

A,. cos (4(1 ± 2 cos (0)44 + Or) + 2 cos 2(cost ± Or) -I- • • •) + 

Ab cos cobt(1 ± 2 cos (co„t + Ob) ± 2 cos 2(wat + Ob) + • • •) 

=-• A g{cos cogt + cos (co. — cog)t + cos (co. + cog)t + cos (2co„ — cog)t 

± cos (2co, ± cog)t ± • • • } ± Ar{ cos tort + cos [(co, — wr)t + 

Or] ± cos Rco, + wr)t + Or] ± cos [(2co, — wr)t + 20r] 

+ cos [(2w8 ± wr)t ± 20,]+•••1 ±Ab{•••) (18.10) 

This signal is filtered by the video low-pass filter with a cutoff fre-
quency co,/ (27r) (corresponding, e.g., to 4.1 megacycles), modulates a 

carrier, and is transmitted. In the receiver, the filtered signal is re-
covered at the second detector and is applied to the receiver sampler 
(or desampler), which is synchronized with the transmitter sampler. 
For reasons which will appear presently, the sampling frequency 
oh,/ (27r) is always chosen high enough and the passband of the low-
pass filters preceding the transmitter sampler, which determine the 
upper limit of (0,,,, cur, and cot, small enough, that the terms with 2%, and 
higher multiples of co, in Eq. 18.10 are removed by the video filter. 
The green signal obtained from the desampler then becomes 

G1 = KS(1 + 2 cos cost + 2 cos 2cost ± • • • ) 

= KAgfcos cogt + cos (co„ — cog)t ± cos (co, + cog)t -I- • • • 

-I- cos co,t + cos (co, — cog)t + cos (co. + cog)t + • • • + 

cos cogt -I- cos (0.1„ — cog)t ± cos (co„ + cog)t -I- • • • I 

-I- KAr(cos curt + cos (co. — w,-)t + cos (co, + wr)t -I- • • • 

+ cos (cort — Or) ± cos [(co. — wr)t ± Or] ± 

cos [(w8 + wr)t — Or] • • • ± cos (wrt ± Or) ± 

cos [(w8 — wr)t — Or] + cos [(wa ± wr)t ± Or] • • • 1 

-I- KA b{ • • •} (18.11) 
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Here K is a general constant which represents the gain of the transmis-
sion channel. The dots generally represent terms with 2%, etc., which 
would be removed by a low-pass filter with cutoff (00/ (27r) between de-
sampler and reproducer; in the last line they replace a term completely 
analogous to that multiplying KA,.. Finally, successive lines in Eq. 
18.11 correspond to successive terms in the expression for S (Eq. 18.10) , 
omitting terms removed by the video filter. 

It is seen immediately that if a filter between desampler and repro-
ducer removes the terms in Eq. 18.11 which contain co., the first term 
in this equation reduces simply to 3KG, i.e., becomes identical with the 
green camera signal except for a constant multiplier representing chan-
nel gain. The removal of the unwanted terms without loss of the signal 
itself is possible only if oh, is less than (0„ — oh,. This leads to the fol-
lowing condition for the low-pass filter preceding the transmitter sam-

pler: 

(1) Wg < wa/2 (18.12) 

Since the resolution in the picture is limited by the maximum value of 
wg (and the identical maximum value for oh. and 04), it is evidently de-
sirable to make the sampling frequency as high as possible. An upper 
limit is set, however, by the requirement that, e.g., the red and blue 
camera signals do not add spurious terms to the green signal G1 at the 
receiver. Since (with the symmetrical sampling here assumed) Or = 
120°, Ob = 240°, the terms in Eq. 18.11 which are multiplied with "L-

and Ab, respectively, cancel: 

cos a -I- cos (a — 0) ± cos (a ± 0) 

cos a(1 ± 2 cos 8) = 0 for 0 = 120° or 240° 

This is obvious, since it represents simply the projection on the x-axis 
of the resultant of three unit vectors forming 120 degrees with each 
other (Fig. 18.21). However, if one or two of the terms are removed 
by the video filter, the sum will no longer be equal to zero, and the red 
and blue camera channels will contribute to the intensity distribution 
in the green partial image. This is prevented only if the sum of the 
sampling frequency and the maximum values of oh., 04, and oh, is less 

than the cutoff frequency: 

(2) 04 Wg max = 34.18/2 < co,; (08 max = 2wc/3; 

wg ma, = wc/3 (18.13) 

Thus, the maximum horizontal resolution which can be obtained with 
this simple system is just one-third that obtainable with a standard 
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monochrome television system with the same frequency bandwidth, and 
the optimum sampling frequency is two-thirds of the cutoff frequency. 
If the cutoff frequency is 4.1 megacycles, the sampling frequency is 
2.73 megacycles, and the passband for the three individual color chan-
nels, 1.37 megacycles. This is exactly the performance to be expected; 
the resolution is the same as for a field- or line-sequential system with 
the same number of lines and color frames per second. 

Y 

R 

6, = 120° \ 

Oh= 240° G 

Fig. 18.21. Vector Diagram for Symmetrical Sampling. 

The dot-sequential system differs from, e.g., the field-sequential sys-
tem, however, in permitting an improved distribution of bandwidth in 
accord with the mixed-highs principle (Figs. 18.18 and 18.19). To this 
end, the sampling frequency is increased to, e.g., 3.58 megacycles, and 
low-pass filters with a cutoff frequency of 0.52 megacycle are inserted 
between the camera outputs and the sampler and between the de-
sampler and the reproducer. This system thus transmits the low-
frequency signals, GL, RL, BL, up to 0.52 megacycle without any color 
cross-talk or other error. In addition, the three camera signals G, R, 
and B are added in proportion to the luminance of the three primaries 
required to produce standard white and are passed through a bandpass 
filter from 0.52 to 3.06 megacycles, yielding the mixed-highs signal 

MH = (LHGH LRRH LBRH)I(LG ± LB) (18.14) 

Typical values of the coefficients for a set of phosphor primaries are 
La:LB:LB = 0.59:0.30:0.11, whereas in Bedford's visual acuity tests, 
these ratios had the values 0.66:0.32:0.02. 
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The mixed-highs signal MH is added to the sampler output SL to form 
the complete video output. Since the two signals do not overlap in 
their frequency ranges (SL :0 — 0.52; 3.06 — 4.1 megacycles; MH :0.52 
— 3.06 megacycles), they can be completely separated in the receiver. 
The sampler with its low-pass filters generates simply the low-fre-
quency signals GL, RL, BL, whereas a bandpass filter selects out the 
mixed-highs signal, which is simply added to all three reproducer chan-
nels. The relative gain of the mixed-highs and the sampler channels 
are adjusted so that, but for a common multiplying constant, the sig-
nals applied to the reproducer are 

G1 = GL + MH, R1 = RL ± MH, B1 = B1, + M I/ (18.15) 

The picture will give exact color reproduction up to frequencies of 
0.52 megacycle, corresponding to horizontal detail about eight times 
as coarse as that which can be resolved in monochrome television. The 
brightness reproduction, on the other hand, is true up to 3.06 mega-
cycles, giving three-fourths the horizontal resolution of the standard 
monochrome system. This can be shown in the following manner. The 
luminance of the picture (in relative units) is obtained by multiplying 
GI, RI, and B1 by LG, LB, and LB, respectively, and forming the sum 
of the products. Substitution of MH from Eq. 18.14 then leads to the 
simple expression 

L = LGG1+ Lei + Lei 

= LG(GL GH) LH(RI, ± RH) + LB(B1., BH) (18.16) 

This is simply the luminance of the original scene, with detail corre-
sponding to frequencies above 3.06 megacycles omitted. 

Consider now the reproduction obtained when the transmitted signal 
is applied to a standard monochrome receiver. It will be assumed, to 
begin with, that the video passband of the receiver has been modified 
to provide cutoff at 3.06 megacycles. The luminance of the picture on 
the kinescope is now simply given by the transmitted video signal, 
SL M . This is not proportional to the expression in Eq. 18.16 and 
hence does not yield correct brightness gradation; in particular, blue 
parts of the picture will appear too light, green parts too dark. A 
simple modification, however, will yield proper gradation in the black-
and-white picture without altering the reproduction of the color pic-
ture. It is only necessary to make the camera channel gains such that 
the output signals are proportional to the luminance of the three par-
tial pictures instead of to the ratio of their luminance to that which, 
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in combination, produces white. This implies that the components of 
the sampler output which depend on GL, RL, BL are multiplied by 
(La, LB, LB)/ (Lo ± LB + LB). In compensation, the amplification of 
the desampler outputs is made proportional to the reciprocal factors 
(La+ LB ± L)/L0, (La ± LB ± LB)/LB, (L0 + LB ± LB)/LB (Fig. 
18.22). The transmitted video signal is now, apart from the terms with 
frequencies above 3.06 megacycles (corresponding to w. — w mai = 
20), — 01/4), a measure of the luminance in the picture. 

The utilization of the video passband with this system is seen to be 
the following. In the color receiver, the brightness is reproduced for 
the full 3.06-megacycle range, whereas the chromaticity information, 

corresponding to two quantities, hue and chroma, is added over 0.52 
megacycle, adding up to the full passband of 4.1 megacycles. In the 
monochrome receiver, on the other hand, only 3.06 megacycles, or 
three-fourths of the available information is utilized. 
The system as outlined, however, presupposes a reduction in the 

receiver bandwidth. Suppose, next, that the passband of both the band 
filters in the color transmitter and receiver and the passband of the 
monochrome receiver are extended to 4.1 megacycles. Now the mixed-
highs signal and the signal from the sampler overlap and cannot be 
separated by filters. On the one hand, the sampler signal frequency 
components between 3.06 and 4.1 megacycles are added to the mixed-
highs signal in this range and tend to falsify the brightness variation 
in this range; on the other, the mixed-highs signal in the same fre-

quency range is converted by the desampler into spurious signals in 
the 0 to 0.52-megacycle range which tend to falsify color values. 
The effect of the spurious signals is minimized in practice by making 

the sampling frequency a half-integer multiple of the line frequency, 
e.g., 04/(27r) = 3,583,175 = 227.5.15,750 second -1 .* This has the ef-
fect of reversing the sign of the spurious signal on alternate frames, so 
that, averaged over two successive frames or 3/45 second, the spurious 
signals cancel for a stationary picture. The visual effect of these spu-
rious signals will cancel also provided that (a) the reproducer has a 
linear characteristic and (b) the eye integrates stimuli over periods of 
% 5 second or longer. Neither condition is fully satisfied. Hence, it is 
desirable to take special measures to minimize the visibility of the 
spurious signals. 

* As will be seen later, the subcarrier frequency 3,579,545 second-1 is adopted 
in practice to reduce sound-carrier interference, and the line frequency is reduced 
slightly to maintain the half-integer relationship. 
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In greater detail, the reversal of the spurious signal terms can be 
seen by reference to Eqs. 18.10 and 18.11. Let T be a frame time and 
H a horizontal period, so that T = 525H = (2n, + 1)H; at the same 
time, (o8/ (27r) = (m 1/2)/H, n and m being integers. Then, the 
high-frequency components of the sampler output which are added to 
the mixed-highs signal may be written (eventually with the addition 
of constant factors such as given in Eq. 18.14) : 

SH (t) = 2 {G(t) cos coat R(t) cos (cost + Or) 

B(t) cos wat Ob) 1 (18.17) 

A frame time later, at t T, the camera signals take on the same val-
ues for a stationary picture: 

G(t T) = G(t), R(t T) = R(1), B(t T) = B(t) 

On the other hand, 

w.(t T) = (eat ± 27(2n + 1)(m + 1/2) 

= cost ± 27(2nm m n) 

Thus, the argument of all three cosine terms changes by 7, apart from an 
immaterial integer multiple of 27. Since this is equivalent to a change 
in sign of the original terms, 

SH (t T) = —SH (t) 

Consider now the effect of mixed-highs signals in the range between 
3.06 and 4.1 megacycles on the signals delivered by the desampler and 
low-pass filter. For a stationary picture, any mixed-highs component 
may be written a cos (wHt 0), where coif is an integer multiple of 
2ir/ T. Substitution of this component for S in Eq. 18.11 results in low-
frequency spurious terms, 

Ka cos [(coa — (011)1 — 41] 

Substitution of t T for t results again in the addition of an odd in-
teger multiple of ir to the argument of the cosine, which is equivalent 
to a change in sign of the original term. Thus here, also, the spurious 
signals average to zero over two successive frame times, or 345 second. 

It is also of interest to consider the effect of the spurious signal on 
the brightness distribution in a single frame. Assume that, as sug-
gested on page 829, the transmitted signal is a luminance signal and 

that the gain in the three channels beyond the desampler is made in-
versely proportional to the luminance of unit intensity of the three 
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primaries. The contribution to luminance of the three component sig-
nals becomes then, for a linear reproducer, directly proportional to the 
three sampler signal outputs. Specifically for any mixed-highs com-
ponent in the 3.06 to 4.1 megacycles range, this leads to a brightness 
contribution 

LH = Ka(cos [(cos — coH)t — 4)] + cos [(ws — wli)t — + Or] 

± cos [(cos — coH)t — + Obi 

= 0 for Or =-- 27/3, Ob = 4r/3 

Generally, with this receiver, no interfering high-frequency term en-
tering the sampler affects the brightness distribution of the image. 
Since, as noted before, the sensitivity to flicker as well as the acuity 
of the eye is much less for chromaticity differences than for luminance 
differences, the visibility of the spurious low-frequency terms is mini-
mized. 
The effect on the picture of the spurious high-frequency terms added 

to the mixed-highs signal is the same in a color receiver and in a mono-
chrome receiver. It is most readily visualized by reference to the 
sampling order for a sampling frequency equal to a half-integer mul-
tiple of the horizontal frequency (Fig. 18.23). The letters G, R, and B 
represent the positions of green, red, and blue dots in the three-color 
image obtained without low-pass filters between sampler and repro-
ducer. Making the sampling frequency a half-integer multiple of the 
line frequency causes a 180-degree shift in the sampling phase for every 
alternate line (i.e., lines succeeding each other in time) and an equal 
shift in phase for alternate frames. The first circumstance causes the 
dots of a single color to be aligned neither vertically nor horizontally, 
whereas the second circumstance causes the dots of the second frame 
(third and fourth field) to be inserted midway between, or interlaced 
with, the dots of the first frame (first and second field). For the last 
reason, making the sampling frequency equal to a half-integer multiple 
of the line frequency is commonly designated as "dot interlacing." 
The interfering signals are phased in exactly the same manner as the 

sampling frequency. Hence, insofar as they become visible at all, they 
produce a dot pattern similar to that of, e.g., all the dots marked G 
in Fig. 18.23, representing the sampling pattern; for an extended area 
of uniform color even the dot spacings will be identical. The dot 
spacing becomes smaller as the sampling frequency is increased; thus 
a high sampling frequency is desirable either to make the dot pattern 
less visible or to make possible its removal altogether, with a minimum 

WorldRadioHistory



834 Color Television Principles [Chap. 18 

loss in resolution, by the insertion of a low-pass filter in the mixed-
highs channel. 

It is seen that the system described is fully compatible. The trans-
mitted signal, applied to a monochrome receiver with a linear charac-
teristic, gives the same horizontal resolution as a standard black-and-

First Lines 
field Nos. 

GRBGRBGRBGRB 
BGRBGRBGRBG 
BGRBGRBGRBG 
GRBGRBGRBGRB 
GRBGRBGRBGRB 
BGRBGRBGRBG 

Thid 
field 

BGRBGRBGRBG  
GRBGRBGRBGRB 

Ç GRBGRBGRBGRB 
BGRBGRBGRBG 
BGRBGRBGRBG 
GRBGRBGRBGRB 

Fifth field same as first etc. 

1 

2 

3 

4 

5 

6 

Second 
field 

1 

2 

3 

4 

5 

6 

Fourth 
field 

Fig. 1823. Relative Positions of Dot Centers in Four Successive Fields of a Dot-
Interlaced Color Television System. 

white signal. The only difference is that, for picture components above 
108 — = 3.06 megacycles, the frame period is increased from %o to 
1/45 second. Since these components correspond to very fine detail, the 
resulting flicker ("dot crawl") is relatively unimportant. It is seen 
that 3.06 megacycles + 1/2-1.04 megacycles = 3.58 megacycles of the 
signal are utilized for reproducing the monochrome picture; the factor 
1/2 arises from the fact that the upper luminance components are re-
produced at only half the normal frame rate. Thus, seven-eighths of 
the passband is utilized for reconstructing the monochrome picture 
with the same horizontal resolution as for a black-and-white transmis-
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sion with a full 4.1-megacycle passband; more generally the ratio 7/8 
is replaced by the ratio of the sampling frequency to the cutoff fre-
quency, cos/cos. 

In the color picture, the chrominance information (to cos — cos = 0.52 
megacycle) is reproduced correctly at a frame rate of 15 second-1, for 
which the spurious signals cancel out. The luminance is reproduced 
exactly up to los — ws = 3.06 megacycles at a frame rate of 30 sec-
ond-1 and at a frame rate of 15 second-1 for the remainder of the 
passband. The passband utilization is here 

• 2(co. — co.) + 2co„ — cos + (cos — (2co„ — cos)) = cos 

In other words, the passband is fully utilized, as was to be expected. 
It has been brought out repeatedly already that the dot-sequential 

system is, in fact, not sequential at all. The signal supplied by the 
sampler in conjunction with the video filter following it is (from Eq. 
18.10) 

S=k,GL(1+2 cos cost)-1-k.RL[1-1-2 cos (w8+27/3)] 

+kbBL[1+2 cos (cuat+4113)] 

(3kgGL—ML) cos coat— .0(414,— kbeL) sin co„t 

= ML-1-21/(10L-1-k.RL+kbBL)2— 3(kgkeeL-FkrkbRLBL-Fkbk,BLGL) 

cos (cost+0) (18.18) 

Here, 

and 

kg, kr, kb = (Lo, Lit, LB)/ (La 4" LB + LB) 

ML = kgGL krRL kbBL (18.19) 

= arctan 
1/3(4R', — kbBL)  

34GL — ML 

Through the addition of the mixed-highs signal MB, the total video 
signal becomes simply the sum of the complete monochrome signal 
M = ML + MH and a subcarrier of frequency cos/(27r) which is modu-
lated both in phase and amplitude. This subcarrier term is the chromi-
nance signal. It is seen that the chrominance signal can be obtained 
by modulating two sinusoidal subcarrier oscillations in quadrature 
with suitable linear combinations of the camera signals; the camera 
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signals themselves are suppressed by the use of balanced modulators. 
Similar simplifications are possible in the receiver. Whereas the char-
acter of the monochrome signal appears to be fixed by the requirement 
of compatibility, it would seem that the dependence of the amplitude 
and phase of the chrominance signal on the camera outputs can be 
varied within wide limits. The same applies to the methods of signal 
generation and detection. Both will, in general, be selected on the 
basis of circuit simplicity, immunity to interference, and the attain-
ment of high signal-to-noise ratios in the picture. 

In particular, the signal selection represented by Eq. 18.18, which 
appeared logical from the point of view of the bypassed-highs system 
discussed so far, ceases to be so when the whole monochrome signal is 
bypassed. Thus, the interpretation of the chrominance signal becomes 
much simpler if k9, kr, kb are all replaced by 1/3. Then the amplitude 
of the chromaticity signal vanishes for black-and-white portions of the 
picture (G = R = B) and the ratio of the amplitude to the signal 
G ± R + B may be taken as a measure of the chroma, the phase as a 
measure of the hue. This condition corresponds precisely to the con-
dition described in the last chapter in relation to the dot-sequential 
system. This condition of operation has the incidental advantage that 
the dot pattern is completely absent for black-and-white portions of 
the picture. With the signal in Eq. 18.18, the same occurs for areas 
of a relatively highly saturated blue tone. It will be seen later that 
the vanishing of the chrominance signal for black-and-white portions 
of the picture can be achieved also with a monochrome signal strictly 
proportional to luminance. 
A final remark is appropriate with respect to the name which might 

be given to the system just described. In the last chapter, it was called 
a "derived simultaneous system." Perhaps the most descriptive name 
is "phase-amplitude modulated," or "PAM, simultaneous system." 
Other terms which have been favored are "dot-simultaneous" and "dot-
multiplex," the prefix "dot" distinguishing it from the three-channel 
simultaneous system and from field- or line-sequential systems, respec-
tively. 

18.5 Receiver Nonlinearity and Selection of the Transmitted Signal. 

The preceding discussion has been based, in the main, on an entirely 
linear transmission system, with linear pickup and reproducing ele-
ments. Whereas certain camera tubes, such as the image orthicon 
operated below the knee of its characteristic, supply a signal which is 
very nearly a linear function of the photocathode illumination, the con-
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verse is true of kinescopes. The average "gamma," * or measure of 
contrast enhancement, of a kinescope is usually taken to lie between 2 
and 3, e.g., at 2.2, instead of unity. Since the overall response of the 
system must be linear to provide true color reproduction—in particular 
unchanged chromaticities when the brightness of the picture alone is 
altered—nonlinear "rooter" circuits must be inserted somewhere in the 
transmission channel to compensate the kinescope nonlinearity and, 
eventually, camera tube nonlinearity. 
The placement of the rooter circuits to produce accurate rendition of 

both brightness and chromaticity is quite unique. It is shown in Fig. 
18.24 for a system employing a bypassed brightness signal. The 
camera compensation circuits must be placed between the camera tubes 
and any subsequent signal-adding or mixing circuits, and the kinescope 
compensation circuits must be placed directly ahead of the signal input 
electrodes of the reproducer, in particular beyond the point where the 
brightness signal and the signals giving the difference between the 
three color signals and the brightness signal are added. 
The system in Fig. 18.24 yields optimum chromaticity and bright-

ness rendition as well as the best possible cancellation of spurious sig-
nals. It is essentially the system assumed in the discussion of the 
preceding section. At the same time, it has two very serious draw-
backs. The first is a very material increase in receiver cost, resulting 
from the addition of the compensating circuits and signal adders; the 
second is a certain violation of the requirement of compatibility. Since 
standard monochrome receivers are not provided with rooter circuits, 
the black-and-white picture obtained from such linear color transmis-
sions would show excessive contrasts. Standard monochrome camera 
chains generally utilize a nonlinear portion of the pickup tube charac-
teristic for television transmissions and thus achieve a certain compen-
sation of kinescope gamma or employ gamma-correcting circuits to 
attain the same end. 
A final disadvantage of the linear system in Fig. 18.24 as compared 

with the system employed in practice, in which the compensating cir-

* "Gamma" may be defined generally by the formula 

d(log S0) Si dSo 
7 —   

d(log Si) So dSi 

where Si and So are the input and output, respectively, of the device under con-
sideration. For the camera tube, Si is the photocathode illumination and ; the 
video signal at the camera tube output, whereas, for the reproducer, Si is the video 
signal on the kinescope grid and 8 is the luminance of the reproduced picture. 
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cuits are all incorporated in the transmitter (Fig. 18.25), is a reduced 
signal-to-noise ratio in picture areas where the video signal is small. 
For a given total range of video signal, rooter circuits compensating 
receiver nonlinearity at the transmitter expand the low-level signals, 
so that signal steps become large in this range in comparison with noise 
fluctuations at the second detector of the receiver. The kinescope char-
acteristic, conversely, compresses the noise at low levels as it restores 
the proper brightness gradation in the picture. 
The placement of the compensating or rooter circuits at the trans-

mitter places certain limits on the type of signal which can be radiated 
as well as on the picture fidelity which can be achieved. The most re-
sonable requirement consistent with this arrangement is accurate color 
and brightness rendition of the low-frequency terms of the picture, 
permitting deviation from precise rendition in the case of the mixed-highs 
components. This can be obtained very nearly with the system shown 
in Fig. 18.25. As long as no mixed-highs signals are present, the rendition 
is seen to be precisely given by [B11 ]2, which differ 
slightly from the desired values GL, RL, BL, since the low-pass filters 
preceding the sampler remove some of the higher harmonics of the low-
frequency components generated in the rooter circuits. 
The coefficients of the bypassed monochrome signal 

(18.20) M = kell7 kWh ' k3B117 

may be fixed by the requirement that a small interfering high-fre-
quency signal A sin 0,t applied to the receiver demodulators have no 
effect on the luminance of a picture with low saturation. It can readily 
be shown that this condition is met if 

k2, k1, k3 = kg, k,., kb = (Le, LB, LB)/(LG ± LI? + LB) (18.21) 

Specifically, the condition is satisfied by the signal given by Eq. 
18.18. With modulators and demodulators in the form of sharp sym-
metrical samplers the low-frequency portion of the signal output be-
comes here 

A 
= GL117 —.,_ cos (cies — cup)t 

A 
R1 = RL117 — 2-14 cos (w. — cop)t 

A 
B1 = BL" 7 — — Cos (cos — wp)t 

2kb 

(18.22a) 

(18.22b) 

(18.22c) 
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Here GL1/7 has been set for Gli7L. This is justified if the harmonics 
introduced by the rooter and subsequently removed by the low-pass 
filter contribute little to the signal. 
The luminance is given by 

L LGG17 LRR17 + LeBi7 (18.23) 

If terms of higher order than the first in A are omitted, 

L = LGGL LRRI, LBBI, 'KU ± ± LB) 

A cos (cog — cop)t[GL(7-1)17 — PiL(7-1)17 - 4-BL(7-1)/7] (18.24) 

Since, by assumption, the saturation of the picture is low, 

R B (18.25) 

the interference term does not contribute to the luminance. For a 
linear system ( -y = 1) the contribution to the luminance would have 
been zero for a field of arbitrary saturation. It will be shown later 
(Eq. 18.34) that the effect of signals from the chrominance channel 
on the luminance is generally minimized for a luminance signal em-
ployed with a chrominance signal vanishing for a black-and-white 
picture. 

It can easily be shown that an application of the bypassed mono-
chrome signal M to a black-and-white receiver does not lead to a cor-
rect tonal rendition of different colors, although correct contrasts are 
obtained for a monochrome picture. The brightness in this instance is 
given by 

L = (kgG117 kr1Z1I7 kb13117)7 (18.26) 

with, e.g., kg = 0.59, kr = 0.30, kb = 0.11, and 1, = 2.2. 
Consider green, red, blue, and white fields of equal luminance: 

kgG kbB = 1 

The relative brightness of the reproduced fields becomes: 

green 0.53 
red 0.24 
blue 0.071 
white 1.00 

More generally, colors of low saturation are reproduced with greater 
luminance than colors close to the primaries, and the primaries of high 
luminosity give rise to greater brightness than primaries of low lumi-
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nosity. In general, this imperfect tonal rendition in monochrome as 
well as the imperfect rendition in intensity of the mixed-highs in the 
color picture are not noticeable as drawbacks. 
Of considerably greater importance is the effect of the nonlinearity 

on the visibility of spurious signals, since it prevents their cancellation. 
The large gamma of the kinescope causes positive swings of these 
signals to add more to the brightness of the picture than the negative 
swings subtract from it. This applies both to the interference of the 
chrominance signal with the monochrome signal, resulting in a visible 
dot pattern, and to the interference of the high-frequency monochrome 
components, resulting in low-frequency color fluctuations. The first 
may be made small relative to the second—by reducing the amplitude 
of the chrominance signal in comparison to the monochrome signal in 
the radiated video signal—or vice versa. They cannot both be reduced 
beyond a certain limit. 

It has been seen that the nonlinearity of the receiver has a restricting 
effect on the selection of the transmitted signal, which will be consid-
ered next. Specifically, the camera channels feeding the transmitter 
sampler must deliver signals corresponding to the color coordinates of 
the picture based on the receiver primaries. There is, however, a con-
siderable latitude both in the character of the transmitted signal and 
the method of its generation and detection unless a number of restrict-
ing conditions are imposed. 
The following considerations will be limited to systems with bypassed 

luminance signal—more precisely, bypassed monochrome signal—since 
the amplitude of this signal need not be proportional to the luminance 
of the picture. This signal will be denoted by 

M = k2G kiR k3B, k1 k2 k3 = 1 (18.27) 

If k2 = k,, k1 = k, k3 = kb, where kg, kr, kb represent the relative 
luminances of unit intensity of the three receiver primaries (assumed 
to be equal to 0.59, 0.30, and 0.11, respectively, in the following), M is 
a measure of the luminance of the picture. 

It has been seen that the chrominance signal can be expressed quite 
generally by 

S = A cos (cost ± (18.28) 

where both the amplitude A and the phase 4, are functions of G, R, and 
B; for simplicity, the subscript L will be omitted in the following treat-
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Fig. 1826. Generation of Chrominance Signal by Three Modulators with Odd-
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ment. A chrominance signal in which amplitude and phase are specific 
functions of G, R, and B may be obtained in unique manner by two 
different procedures, which are distinguished by their simplicity: 

(a) By inserting gains cg, Cr, and cb in the camera channels feeding the 
modulators and modulating at odd angles 0,, 0r Ob (Fig. 18.26); the 
expression for the amplitude and phase becomes 

A =J cg2G2 cr2R2 cb2/32 2[cgcrGR cos (0, — Or) 1 

crcbRB cos (Or — Ob) cbcgBG cos (Ob — 0g)11 

tan cp = 
cgG sin Og cri? sin Or cbB sin Ob 

cgG cos Og cri? cos Or CbB cos Ob 

(b) By forming suitable linear combinations of the three camera 
signals G, R, B and letting these modulate two subcarrier oscillations 

(18.29) 
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cos cost and sin cost in quadrature (Fig. 18.27) ; the two modulating signals 
which will produce the chromaticity signal given in (a) are equal to 

A cos yb = cgG cos Og c,.R cos Or cbB cos Ob 

A sin ck = cgG sin 0, + crR sin 0,. cbB sin Ob 

In both instances, it is assumed that the modulations effect simply 
a multiplication of the low-frequency video signals and the carrier 

JO 
Cb COS Ob 

cg sin Og i 

Cr sin Or 

cb sin Obil 

Adder 
A cos 

Adder 
A sin 

•— 90° phase shift 
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cos/(27) 

Balanced 
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modulator 

A cos ch cos 
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Adder   
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A cos ch = Cg cos Og Cr cos Or cb COS Ob 

Fig. 18.27. Generation of Chrominance Signal by Two Modulators in Quadrature. 

oscillation cos (cost + 0). This is attained by the employment of bal-
anced modulators. Other methods of generating the chrominance signal 
are, in general, more complex. 

At the receiver, the chrominance signal is demodulated at desampling 
angles irg, O',., erb and the three derived signals are multiplied by the 
gains c',, c'b to yield signals G—M, R—M, and B—M. Upon addi-
tion of the monochrome signal, the original camera signals G, R, and B 
are recovered and yield a faithful reproduction of the original scene. 
Again, as an alternative, two demodulators in quadrature may be 
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employed and the color difference signal obtained by forming linear 
combinations of the demodulator outputs. The condition for faithful 
reproduction is obtained by writing down three equations of the type 

G — M = c'gA cos (coat 4)) cos (cost -I- 0'3) = c',(A/2 cos (4, — g) • • • 

retaining only the low-frequency terms, and equating the coefficients of 
G, R, and B in each. This leads to the system of equations: 

Ice', cos (Og — g) k2 = 1 ¡CrCig cos (Or — 0',) k1 = 

-1-c„c'r cos (0, — O'r) k2 = cos (Or — O'r) k1 = 1 

legc'b cos (Og — 0%) k2 = O crdb cos (Or — O' k1 = o 

lcbd, cos (Ob — g) k3 = o 
lcber cos (Ob — r) k3 = 

i-cbc'b cos (Ob — 0' b) k3 = 1 

The further condition that the chromaticity signal should vanish for a 
black-and-white field (G = R = B) may be written, by Eq. 18.30, 

c, cos 0, Cr cos Or + cb cos Ob = 

Cg sin Og Cr sin Or cb sin Ob = 

Addition of the horizontal rows in Eqs. 18.31 shows, however, that this 
condition is satisfied automatically, since k1 k2 k3 = 1. 

Equations 18.31 thus represent nine equations for twelve unknowns; 
in other words, there are many different sets of parameters which will 
satisfy them. If a number are fixed from the point of view of con-
venience or simplicity, the remaining ones may be evaluated from 
Eqs. 18.31. 
One of the systems proposed by RCA at an early date is obtained 

by setting all the gain coefficients equal to each other and making 
the sampling angles also the same in transmitter and receiver; with 
k1 = k2 = k3 = 1/3. The conditions of Eqs. 18.31 are then satisfied, 
provided that all the coefficients are made equal to 2/V3 and the 
sampling angles are 0, = = 0, Or = O'r = 27r/3, Ob = erb = 47r/3. 

This system (Fig. 18.28) supplies a monochrome signal which differs 
considerably from the luminance and hence cannot give correct lumi-
nance rendition on a monochrome receiver. However, receiver non-

(18.31) 

(18.32) 
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linearity prevents correct rendition in any case and, in view of it, the 
reproduction of color in black-and-white tones is not noticeably worse 
than with a luminance signal. The relative apparent brightness of 
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G-M 
1.155 

kr 

R — B = A sine 

90° 

0.577(2G — R — B) 
= A cos c/) 

"--

kb c'b 

(d) 

kgeg 

Fig. 18.28. "Constant-Amplitude" System with Symmetrical Sampling. (a) Gen-
eration of signal by three modulators. (b) Generation by quadrature modulators. 

(c) Recovery of color. (d) Luminance vector for interfering signal. 

green, red, blue, and white fields of equal luminance becomes, for 
y = 2.2, 

green 0.15 
red 0.30 
blue 0.81 
white 1.00 

These values may be compared with the values for a luminance signal 
given on page 841. 

It will be noted that the sum of the signals applied by the chromi-
nance channels to the kinescope guns vanishes in this system. In 
particular, for a signal component A cos wit the three output signals are 
given generally by 
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Alc'g COS R(08 Wf)t + C'r COS Rw. erb 

c'b cos Kw» — cof)t led! 

If each component is indicated by a vector of amplitude Ac',,, and 
Ac'b and with azimuth 0,, 0„, and Op, respectively, the instantaneous 
amplitude is represented by the projection of the vectors on a line 
through the origin, rotating with the angular speed oh, — wf. In partic-
ular, if all the coefficients are equal and the angles differ by 120 degrees 
(27r/3), the resultant of the vectors vanishes, so that the chromaticity 
signal does not contribute to the sum of the signal amplitudes applied 
to the reproducer. For this reason such a system has been called a 
"constant amplitude system." 
The sum of the signal amplitudes has, however, no practical sig-

nificance. On the other hand, if each amplitude is multiplied by the 
relative luminosity of the corresponding primary (k,, kr, kb), the con-
tribution of that particular channel to the picture brightness is ob-
tained, provided that the reproducer is linear. Figure 18.28d shows 
that the contribution of the chrominance signal to the brightness or 
luminance of the picture is by no means zero for a constant amplitude 
system. On the other hand, the condition for the vanishing of the 
luminance vector can be readily written down. It is 

kge, COS Oig krc', cos O', kbc't, cos Erb 

kgc'g sin 0'g krc',. sin kbc% sin 0% ---

A system which fulfills this condition is called a "constant luminance 
system." It has the advantage that (for a linear receiver) both noise 
in the chrominance channel and interference from the high-frequency 
components of the monochrome signal appear only as chromaticity 
variations in the picture, without accompanying luminance variations, 
and are hence much less noticeable to the observer. This permits, in 
turn, the transmission of the chrominance signal at a smaller amplitude 
relative to the monochrome signal, resulting in a reduction in the 
prominence of the dot pattern representing the interference of the 
chrominance signal with the monochrome signal. 

It is true that, in view of the nonlinearity of the receiver, the chromi-
nance signal does have an effect on picture brightness. This effect is, 
however, greatly reduced, particularly if the signals derived from the 
chrominance channel are small compared to the monochrome signal. 
If the complete signal entering the chrominance channel is written in 
the form A cos (w.t ± 0), the picture brightness is now 

(18.33) 
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Ace V I Acr, V 

L = kg LM + —2 cos — 0',)] kr[M + —F . cos (0 — 0'1 

kb[ + 2 cos (d) — O'b)r 

= M 7 { 1 +  — 1) [kgc',2 cos2 — eg) 

cos2 (4* — kbc'b2 cos2 — O'b)] • • • } (18.34) 

It is seen that the chrominance signal contributes to the brightness only 
through terms of the second and higher order in the ratio of the chromi-
nance amplitude to the monochrome signal amplitude. 

If the distribution of amplification of the chromaticity signal be-
tween transmitter and receiver is fixed in some manner, Eqs. 18.31 and 
18.33 supply just eleven equations to determine eleven unknowns. The 
symmetry of the problem suggests that a solution may be obtained by 
setting the coefficients in Eqs. 18.32 and 18.33 equal to each other 

= kgeg, etc.) and making the sampling angles in transmitter and 
receiver identical (0, = eg). This is in fact the case. For kg= 0.59, 
kr = 0.30, kb = 0.11 the sampling angles and channel gains become 

Og = 0', =O Or = O',. =. 141°45' Ob = Ott, = 245°03' 

Cg = 0.696 Cr = 0.648 cb = 0.443 

c', = 1.18 2.16 c'b = 4.03 

The amplitude and luminance vector diagrams for the constant lumi-
nance system as well as the mixing constants required for quadrature 
modulations are shown in Fig. 18.29. 

Other systems have been proposed with the primary objective of 
simplifying receiver design. An example is the zero-luminance-blue 
system, which comes close to satisfying the constant luminance require-
ment and at the same time derives the three color difference signals in 
very simple fashion from two demodulators in quadrature at the re-
ceiver. Here, the small contribution to the luminance of the blue com-
ponent is neglected, and the monochrome signal is set equal to 

M = 0.667G + 0.333R 

If the contribution to the brightness of the blue component is neglected 
and, as implied by the above equation, the relative luminance of the 
green and red primaries is as 2:1, a disturbing signal in the chroma-
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ticity channel will have no effect on the luminance, provided that the 
desampling angles for the green and the red signals are 180 degrees 

0.648R 

245°03' 

141°45' 

0.696G 

M = 0.59G + 0.30R + 0.11B 

0.443B 

(a) 

R-M 

141°45' 

G-M 
245°03' 1.18 

B-M 

(c) 

-0.592G + 0.643R -0.051B 
-A" 0.92 (R-M) r_ 

148°24' 

90° — 

0.364G - 0.075R + 0.439B 
0.49 (R-M) 

(b) 

Resultant = 

kg ,c.:g 

kbeb 
(d) 

Fig. 1829. "Constant-Luminance" System (a, b, c, d as in Fig. 1828). 

apart and the gain in these two channels is as 1:2. The desampling 
angle for the blue signal is then conveniently set at 270 degrees (Fig. 
18.30), at right angles to the other two. The blue receiver channel 

0.688R 165°58' 

270° 

0.5B 
(a) 

180° 

R-M   

270° 

B-M 

(c) 

0.746G 
180° 

26°34' R-dtf 

90° 

M = 0.667G + 0.333R 0.5 (13- M) 

(b) 

c G-M 'r 
" 1 

Resultant — 

kb C' j, 

(d) 
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gain will, furthermore, be set equal to 4, for convenient comparison of 
the results with those for the exact constant luminance system. It will 
be noted that only one demodulator is needed for the green and red 
channels, since the red signal may be obtained from the green signal 
by simple phase inversion. 
With the receiver parameters thus determined, the transmitter 

parameters may be obtained from Eqs. 18.31. The complete set, for 
the zero-luminance-blue system, is given below: 

0, = 26°34' 

O', = 0 

Cg = 0.746 

Cg = 1.000 

Or = 165°58' 

0', = 180° 

Cr = 0.688 

c', = 2.000 

Ob = 270° 

Otb = 270° 

cb = 0.5 

c'b = 4.00 

The corresponding vector diagrams are shown in Fig. 18.30. 
In another system using two demodulators the green signal is trans-

mitted as monochrome signal (111 = G; k2 = 1, k1 = k3 = 0). Specifi-
cally, if the desampling angles O'r and Oeb are put equal to 180 and 270 
degrees, Eqs. 18.31 yield as a set of parameters for this system: 

Og = 45° Or = 180° 

O', = 180° 

Cg = 1.41 Cr = 1.00 

c', = 0 c', = 2.00 

Ob = 270° 

Oib = 270° 

cb = 1.00 

c'b = 2.00 

The vector diagrams appropriate to this system are represented, once 
more, in Fig. 18.31. This is in no sense a constant-luminance system, 
and the gain in simplicity is obtained at the expense of poor com-
patibility in the form of improper rendition of differently colored ob-
jects in a black-and-white picture. As compared with the constant-
amplitude system. (as well as the exact and approximate cbnstant-
luminance systems), it has the drawback of demanding a much greater 
amplitude range of the radiated signal (monochrome plus chrominance 
signal) for a given receiver amplification and receiver sensitivity to 
interference in the chrominance channel. Thus, for a purely green 
picture, the monochrome signal must be three times as large for the 
"green" system as for the constant-amplitude system, and the chromi-
nance signal must be almost twice as large. Since the amplitude range 
is fixed by the capacity of the transmitter, this implies that the signal-
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to-noise ratio is smaller by a factor between 2 and 3 for the "green" 
system as compared with the constant-amplitude system. 

Finally, it seems appropriate to indicate some reasons for preferring 
the form of the bypassed-highs system realized by the bypassed mono-
chrome signal system. One obvious reason is that with the bypassed 
monochrome signal a bandpass filter in the mixed-highs channel care-

1.41G 

R-M 
2 

180° 

270° 

180° 

180° 
45° R-M 

90° 

M=G 

B-M 

Ía 1 (h ) 

I?, c'r 

---
,-- -,10. lki,c'h 

su\\-

B-M 
(c) ---2— (d) 

Fig. 18.31. Green Monochrome Signal System (a, b, c, d as in Fig. 1828). 

fully matched to the low-pass filters in the color channels becomes 
unnecessary. Unless the whole monochrome signal is bypassed, an 
imperfect match results in a noticeable irregularity in the frequency 
characteristic of the system. These matched filters are required in the 
receiver as well as in the transmitter. In addition, the generation of 
the chrominance signal with balanced modulators is easier than that of 
the composite chromaticity and low-frequency brightness signal with 
proper amplitude relation demanded when the low-frequency mono-
chrome signals pass through the modulators; narrow samplers, which 
accomplish this effectively, are inherently noisy. 

It is not possible to take advantage of the constant-luminance fea-
ture in the last instance to reduce the dot pattern without, at the same 
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time, reducing the signal-to-noise ratio of the low-frequency brightness 
components in the picture, since the low-frequency brightness com-
ponents and the chrominance signals pass through the same channels. 
A strong dot pattern is objectionable even when unresolved by the eye, 
since, with it, nonlinearity of the kinescope response may easily lead 
to lack of color fidelity; for example, in a relatively bright orange field, 
the red phosphor may saturate more than the green phosphor, resulting 
in a shift from orange to yellow. 

In summary, of the signals considered so far, the most favorable 
results are obtained with systems incorporating: 

1. A bypassed luminance signal M. 
2. A chrominance signal derived from the color coordinates of the 

picture in terms of the receiver primaries corrected for the nonlinearity 
of the receiver (G111', el, B117). 

3. A transmitter subcaffier modulation system forming a chrominance 
signal which, when detected in a constant-luminance color receiver, 
supplies the three signals GILY — M, — M, B117 — M. 

18.6 Correction of Residual Picture Defects. A number of improve-
ments have been proposed and tested which have the objective of mini-
mizing residual defects in the color picture. In particular, they seek 
to reduce "dot crawl," to lessen the interference of high-frequency 
signals in the chrominance channel, and to extend the frequency range 
of faithful color reproduction. Even though these proposals have not 
been incorporated in the standards described in section 18.9, they are 
of interest as illustrating alternative approaches to the problem of 
obtaining satisfactory color reproduction. 

It has been found that dot crawl—an apparent upward motion of 
the dot pattern in the picture resulting from the sequence in which dot 
patterns are laid down—can be avoided by imposing a 90-degree shift 
on the sampling frequency for each successive field. In Fig. 18.32, the 
dot patterns for monochrome fields are shown without and with this 
90-degree shift. The circles represent points of maximum intensity 
and the numbers within them the field to which they correspond. The 
time sequence 1-2-3-4 which the eye tends to follow corresponds to a 
continuous upward motion without the shift; with the shift, it follows 
narrowly confined circular paths or zigzag paths, which lead to much 
less readily perceived flicker effects. 
A proposal to minimize low-frequency color cross-talk resulting from 

the admixture of high-frequency monochrome components to the 
chrominance signal utilizes modulation of the monochrome components 
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at twice subcarrier frequency. The high-frequency components so gen-
erated are added to the brightness signal and generate compensating 
signals in the receiver. 
The functioning of this procedure is most obvious in the zero-lumi-

nance-blue system (Fig. 18.33). The monochrome signal is first passed 
through a low-pass filter with cutoff (more precisely, 50 percent reduc-
tion in response) at the subcarrier frequency. It then is sampled at 
twice subcarrier frequency, the sampling oscillation being obtained by 

180° 

• @ @ @ @ 

® @ ® @ ® ® @ 

0000® 0 @ 

@ 0 @ ® @ ® @ ® 

O 0 ® @ ® @ 

(a) Odd multiple of one-half (b) Same, plus 90° shift 
line frequency on every other field 

Fig. 18.32. Dot Patterns for Monochrome Fields without (a) and with (b) 90-
Degree Phase Shift in Alternate Fields. (Loughlin, reference 18.) (Courtesy of 

Proceedings of the Institute of Radio Engineers.) 

frequency multiplication of the source for the blue transmitter modu-
lator. The low-frequency sideband (up to cud (27r)) resulting from this 
sampling is thus added to the video signal, consisting of the mono-
chrome signal and the chromaticity signal. 
The effect of the added frequency components between the subcarrier 

frequency and the video cutoff frequency is the following. An arbi-
trary frequency component A cos (oft (k), with 04 between 2% — (08 
and (08, has added to it a term 

A cos (2[(08t + 2712] — coft — 0) = — A cos (24,8t — wit — 

In the green and red demodulators, with O' -= 0, 180 degrees, the two 
terms are converted into 

(A A 
± 1-2 cos [(we — wf)/ — — —2 Cos Rws (of)/ — 01} r= 
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Here, the added terms hence cancel the spurious chromaticity terms 
resulting from the interference of the high-frequency brightness com-
ponents. In the blue channel, on the other hand, the result is 

A A 
— — sin [(co, — cof)t — — — sinl(co. — cof)t — 4)] 
2 2 

= —A sin [(co. — (of)/ — cfr] 

eb 

Adder _r— L.P. filter 
Sampler 

2 x 
2rr 

Frequency doubler 

Modulator 

Modulator 

0-1270° 

Subcarner 
cos/(27r) 

Modulator 

(a) 

Adder — 

Adder LP. filter 

- - wf)+, 
Récl Green 

.'r I 

Blue 

(b) 
Blue 

(C) 

Fig. 1823. Reduction of Spurious Chrominance Signals by Modulation of High-
Frequency Components in Zero-Luminance-Blue System. (a) Block diagram. 

(b) Signals without modulation. (e) Signals with modulation. 
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The spurious terms are doubled by the added signals. The interference 
of the high-frequency terms in the chromaticity channel is hence shifted 
entirely to the blue picture, where their presence is least objectionable. 
Furthermore, in view of the low acuity of the eye for the blue, the pass-
band for the blue channel can be greatly reduced, eliminating the 
higher-frequency spurious components altogether. 

In addition to shifting the spurious signals into the blue channel, 
the procedure outlined restricts the horizontal resolution by shifting 
the effective cutoff frequency downward to the subcarrier frequency. 
Finally, the added terms produce a fine-grained brightness variation 
in the picture; with the 90-degree shift in alternate fields, this varia-
tion (i.e., a dot pattern for a particular frequency component) is out 
of phase in successive lines and hence has minimum visibility. With-
out the shift, the pattern becomes a pattern of vertical lines. Dot 
interlacing is not effective in canceling the signals in the course of %5 
second, since the frequency multiplication of the subcarrier converts a 
180-degree shift into a 360-degree shift. 
The last, and most important, improvement to be considered is the 

reversal of the sampling order in successive scanning fields. "Color 
phase alternation" overcomes, in particular, color cross-talk, or defects 
in color rendition, which occurs when the low-pass filters in the chromi-
nance channels pass frequency components in excess of (wc — 
the difference between the video cutoff frequency and the subcarrier 
frequency. Color cross-talk is particularly serious if the subcarrier 
frequency is chosen close to the upper limit of the video band. This 
choice renders the dot pattern resulting from the presence of the 
chrominance signal in the brightness channel less visible by making it 
more fine-grained and, in view of the attenuation of most receivers near 
video cutoff, reducing its amplitude. At the same time, it reduces the 
frequency range over which proper color rendition is obtained unless 
the remedy offered by color phase alternation is applied. The effect 
of reversing the color sequence in successive fields is to make the color 
defect in each even line of the picture opposite in sign to that of the 
preceding odd line, so that, in view of the reduced flicker sensitivity 
and acuity of the eye for chromaticity differences, the defects cancel 

out visually. 
Both the color error and its compensation by color phase alternation 

can be demonstrated most simply for modulation and demodulation of 
two subcarrier components in quadrature. Figures 18.29 and 18.30 
show that, for constant-luminance systems, the modulating functions 
are then very closely approximated by K1 (R — M) and KiK2(B — M), 
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where K1 and K2 are constants. Assume that the components of fre-
quency w/(2r) in the signals R — M and B — M are rf cos (wit ± cm) 
and bi cos (wit -I- Obi) respectively. Furthermore, it is necessary to in-
troduce the amplitude response of the video circuits, with the nominal 
cutoff wo/(27r), which will be designated by F(w). Then the chromi-
nance signal for the component in question is given by multiplying the 
two terms with cos w„t and sin w„t and modifying the resultant com-
ponents by the appropriate factor F (w): 

K1 
Sf = — {F(04 — wfXr cos Rws — of)1 — Or.f1 

2 
-F K2b sin [(we — cof)t — Obfil 

+ F(Ws + wf)Ir cos [(w. + wr)t + 4,1] 

-I- K2b sin [(We -I- cof)t + 44[1 (18.35) 

The output signals of the demodulator are obtained from this expres-
sion by multiplying it with (2/K1) cos wst and (2/(KiK2)) sin we, 
respectively, and dropping the high-frequency terms: 

r 
(R1 — M)1 = — — (of) + F(w. + wf)) cos (w ft + 

2 
b 

— K2— (F(0)8 — (of) 
2 

(B1 — 31)1 = 

(G1 — M)./. = 

— F(wi, + we)) sin (wit + Ow) 

1 
2K2 

(18.36a) 

r(F(w,, — (of) — F(ws + wf)) sin (wit -F cpti) 

b 
+ 2— (F(cos — cot) 

+ F(ws + wi)) cos ((oft + Obj) 

k1 k3 
— — (R1 — M) — —, (B1 — M) 
k2 IÇ2 

(18.36b) 

(18.36c) 

If both sidebands for the frequency w;/(2r) are transmitted without 
attenuation, i.e., F(w,, + wi) = F(ws — 031) = 1, the original signals ap-
plied to the transmitter modulator, namely, r cos (wit + 01) and b cos 
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(wit ± obf), are recovered without any distortion. On the other hand, 
if only one sideband is transmitted for frequencies in excess of some 
fixed value (e.g., wf > tac — 04), the amplitude of these components is 
reduced to half, and, in addition, spurious cross-talk terms appear which 
are in quadrature with the principal terms. Figure 18.34 shows their 
effect on the transmission of a narrow yellow (minus blue) bar in a 

G 

o 

o 

Color signals 
from camera 

o 

Color signals Color signals 
at reproducer (a) at reproducer (b) 

o 

Gi 

o 

Ri 

o 

o 

Fig. 18.34. Reproduction of a Narrow Yellow Bar in a White Field in the Zero-
Luminance-Blue System (a) without Color Phase Alternation and (b) with Color 

Phase Alternation. (Average for two successive lines.) 

white field. The chrominance signal is here zero except during the 
scanning of the yellow bar, and should give rise exclusively to a reduc-
tion in the blue signal. However, the cutting off of the upper side-
band of the subcarrier leads to the appearance of quadrature terms of 
opposite phase in the red and green channels. These make one edge of 
the reproduced yellow bar appear greenish, the other edge orange. 

Consider now the next line of the picture, in the succeeding field, 
and assume that the color sequence here is reversed. This reversal 
may be accomplished by replacing cos (»at in the transmitter modu-
lator and the receiver demodulator by — cos coat and leaving the sign 
of sin oht unaltered. If the amplitude and phase of the chromaticity 
signal components on the new line are distinguished by primes, Eqs. 
18.36a and 18.36b are now replaced by 
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r' 
(R1 — = — (F(co. — cof) F(co. coi)) cos (COft (kid) 

2 

h' 
-I- K2 — (F(C08 CO!) 

2 

— F(co, cof)) sin (wit + cilbf) 

—1 
(B1 — M)'/. = r'(F(cos — (of) — nos + (01)) 

2K2 
sin ((oft + (6'1) 

(18.37a) 

b' 
▪ — (F(co. — cof) 
2 

• F (cos + coi)) cos (Caft Otbf) (18.37b) 

In brief, the signs of the spurious cross-talk terms are reversed, whereas 
the remaining terms are unaltered. Assume now that the video re-
sponse is made antisymmetrical about the subcarrier frequency or, in 

Visual 
carrier 

Sound 
carrier 

Subcarrier 

Jsignal 

3.898125 Mc 

4.5 Mc 

Fig. 18.35. Placement of Subcarrier for Vestigial Sideband Transmission. 

other words, that the subcarrier frequency is placed at the point at 
which the video response has dropped to half its value at low fre-
quencies (Fig. 18.35). Then 

F(*),„ cof) = 1 — F(co. — Qv) (18.38) 

If, furthermore, the signals in adjoining lines are assumed to be sub-
stantially unchanged and the amplification of the chrominance signal 
is doubled, the wanted terms attain exactly the right magnitude with 
this vestigial sideband transmission of the subcarrier, and the distor-
tion terms appear with opposite signs in successive lines: 
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R1 — M = R2/7 — Mr, Db B1 — M = B1,11). —ML± Dr 

k1 k3 
G1 — M = G L117 — ML Db Dr (18.39) 

k2 

Db = K2E b(1 — 2F(cos coi)) sin (wit + b,f) 

D,. = (1/K2) E r(1 — 2F(co„ wf)) sin (wit ± Orf) 

This result is obtained by summing over all the frequency terms (0,1) 
passed by the low-pass filters; the subscript L indicates the correspond-
ing low-frequency portion of the signals and y represents the kinescope 
nonlinearity. For y = 1, the brightness of the component pictures be-
comes directly proportional to the applied signals, R1, B1, G1 so that, 
in this case, the spurious terms Db and D,. cancel out completely for a 
pair of lines and in the course of two successive fields (1/30 second). 
If y 1, terms of even order in the ratio of the quadrature terms to 
the wanted terms lead to some false coloration in the neighborhood of 
sharp transitions in chromaticity. For instance, the brightness of the 
red partial image is given by 

14147 = ki(RL117 H) {1 + 7(7 — 1)Dê 
2(1iL117 MH)2 

the bar denoting averaging over two successive lines. It should be 
noted that the very low frequency terms in the camera signals do not 
contribute to the distortion terms, since here 1 — 2F( 8 w1) = 0. 
Color phase alternation also serves to correct for large-area color 

errors resulting either from phase distortion of the transmitted chroma-
ticity signal or inaccurate phasing of the subcarrier reinserted in the 
receiver. Since the subcarrier is close to the cutoff frequency of the 
video band, some phase distortion may easily occur in either trans-
mitter or receiver. If the phase distortion at the subcarrier frequency 
is ei0 and (of «w8 so that both phase and amplitude response are prac-
tically equal for the upper and lower sidebands for this particular fre-
quency, the corresponding chrominance signal may be written (see Eq. 
18.35) : 

K1 
Sf= — I ±r[cos [(we — cof)t — erf + AO] 

2 
-F cos [(w. cof)t Orf + Mil 

K2b[sin [(4). — cof)t — dmf -I- MI 

sin Uwe -I- co.f)t ebf + ei (18.40) 
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The corresponding red output signal, obtained by multiplication with 
± (2/K1) cos cost, is 

(R1 — M)1 = — [cos (wit + Orf — AO) ± cos (wit + (kri AO] 
2 

K2b 
—  [sin (cuf + chi — AO) — sin (wit -F obf + 3,0)1 
2 

r cos AO cos (wit ± 01) 

K2b sin AO cos (wit + Obi) (18.41) 

The phase error hence has the effect, with color phase alternation, of 
reducing the chrominance signals (and hence the saturation of the 
reproduced colors) by a factor cos e. In addition, it gives rise to 
cross-talk terms, which cancel exactly for two successive lines if the 
kinescope response is linear. With the actual, nonlinear, kinescope 
response, cancellation is incomplete. There are residual cross-talk 
terms proportional to y(y — 1) tan2 a. It has been found experi-
mentally that acceptable color rendition can be secured with phase 
errors as large as 20 to 30 degrees; however, under these circumstances 
the large-area, 30-cycle, color flicker resulting from the oscillation of 
the color sequence becomes annoying, so that it is desirable in practice 
to keep the phase error below 15 or 20 degrees. 

If both phase errors and unequal transmission for the two sidebands 
(as for the higher-frequency components with vestigial subcarrier trans-
mission) are present, the cancellation of color cross-talk is incomplete 

even for a linear reproducing system. 
Incidentally, a color-transmission system with equal modulation 

and demodulation angles, such as the constant-luminance system repre-
sented in Fig. 18.29, possesses special advantages when employed with 
a nonlinear receiver. Substitution of the expressions of the parameters 
do, er, eb and 0',, O'r, O'b in terms of kge kry kb in Eq. 18.34 shows that 
the quadratic term in the luminance expression reduces here to 
y(y — 1)A2/(4M2), i.e., is independent of the phase of the chromi-
nance signal. It follows that for such a system, the luminance flicker 
at edges occurring with color phase alternation vanishes for y = 2 and 

is greatly reduced generally. 
It should be mentioned that other picture defects may occur which 

can be minimized simply by a suitable choice of standards. An example 
is the visibility of sound carrier interference in the picture. Unless the 
attenuation of the visual i-f stages of the receiver for the sound signal 
is very high, a beat note corresponding to the frequency difference be-
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tween the sound signals and the chrominance subcarrier is generated 
in the subsequent nonlinear stages of the receiver. If the subcarrier 
is placed at about 3.9 megacycles and the sound carrier at 4.5 mega-
cycles, the beat note is approximately 600 kilocycles. This corresponds 
to about 30 maxima and minima per horizontal line and is hence easily 
recognized. It gives rise to a series of bars in the picture whose slope 
depends on the exact choice of the sound carrier frequency. However, 
their visibility can be minimized by reversing the polarity of the bars 
every %o second; this is accomplished by making the sound carrier 
an integer multiple of the line frequency, causing the beat note (like 
the color subcarrier itself) to be a half-integer multiple of the line 
frequency. 

18.7 Orange-Cyan Wideband System. By far the most serious 
picture defect discussed in the preceding section is color cross-talk at 
edges resulting from the attenuation of the upper sideband of the 
chrominance signal. Though color phase alternation is very effective 
in removing the resulting color fringes, it has the drawback of an 
added complication in receiver design and the introduction of low-
frequency (30-cycle) color flicker at edges. Color fringes can also be 
removed without these drawbacks, at the expense of relatively unim-
portant departures from color fidelity at transitions. This is accom-
plished by restricting tricolor representation of the scene to a frequency 
range for which double-sideband transmission of the chrominance signal 
is possible and employing an optimal two-color presentation in the 
single-sideband range. 
For example, the blue color difference signal may be restricted to 

the frequency range for which both sidebands of the chrominance signal 
are passed without attenuation. With (08/(27r) = 3.89 megacycles this 
may be 0.3 megacycle. The red difference signal may then be trans-
mitted without cross-talk out to, e.g., 1.5 megacycles, the amplitude 
attenuation of the upper sideband in this range being compensated by 
giving the low-pass filter ahead of the red modulator a rising char-
acteristic F' (0)f) between 0.3 and, e.g., 1.1 megacycles. Equation 18.36 
is now replaced in the intermediate-frequency range simply by 

(R1 — M)1 = — F'(w1)(F(cos — (of) 
2 

F(w. (of)) cos (wit 4- Orf) 

(B1 — M)1 =-

(18.42a) 

(18.42b) 

k1 
(G1 — M)1 = — (R1 — (18.42c) 

K2 
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Thus, with this system, all colors are reproduced faithfully for a fre-
quency range up to 0.3 megacycle; furthermore, the red color differ-
ence signal is reproduced accurately for the intermediate-frequency 

Two-color axis 
without kinescope 
gamma correction 

Ci = 22) 

/ 0.590G 

0.632R 19.53° / - 0.399/ — 0.90090.703 

13.47° 
27.67° R-hr _ 1.141 - 0.839/ + 0.543Q 90° 

fie -- — 0.545/ + 0.839Q 

0.447B 

Fig. 18.36. Location of Orange-Cyan Axis on Color Triangle and Relationship of 
I and Q and G, R, and B in Orange-Cyan Wideband System. 

range provided that within this range the low-pass filter characteristic 
is made such that (%)F'(uf) (F(04 — cof) F(co. uf)) -= 1. In this 
range, the faithfulness of color reproduction increases in proportion as 
the relative luminosity of the blue primary is made smaller. Here, the 
system is a two-color, rather than a three-color, system. 
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In practice, a lower subcarrier frequency, wit/ (2r) = 3.58 megacycles, 
serves to extend the range of faithful color presentation. At the same 
time, increasing the separation between cutoff frequency and subcarrier 

Q- signal 

Low-pass filters 
(Transmitter) 

Video carrier 

RF -IF characteristic 
(Receiver) 

I-signal 

1.3 Mc 
I \ 

4.1 Mc 

\41.5 Mc 

Luminance channel 
(Receiver) 

Bandpass filter 
(Receiver) 

Low-pass filters 
(Receiver) 

3.2 Mc 

1\ 1_ 3.58 Mc 

2.5 Mc 4.75 Mc 

0.425 Mc 

10.5 Mc 

0.6 Mc 

1.1 Mc 

0 425 Mc 1 5 Mc 

1.8 Mc 

Fig. 18.37. Trawmission Characteristics of Orange-Cyan Wideband System. 

simplifies the problem of phase and amplitude response in the neighbor-
hood of the subcarrier. Furthermore, hue changes at edges are mini-
mized by choosing orange and its complementary hue cyan to determine 
the color axis for accurate transmission throughout the intermediate-
frequency range. The corresponding color difference signal is denoted 

by /: 

/ = — 0.274G + 0.596R — 0.322B 
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The second color difference signal Q modulating the subcarrier in qua-
drature with / and transmitted up to 0.5 megacycle corresponds to 
colors in the range between magenta and its complementary green: 

Q = —0.522G + 0.211R + 0.311B 

Figure 18.36 shows the location of the orange-cyan axis on the color 
triangle as well as the vector diagram indicating the relationship be-
tween the / and Q signals and the camera signals for a constant-lumi-
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unit Delay 

Bandpass 
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Q 

Demodulator 
0.5 Mc 

....1 1 )  Demodulator 
1.5 Mc 

90° 

Subcarrier 
oscillator 
3.58 Mc 

Delay 

B-M\ 

Adder 
and 

inverter 

R-M\ 

Adder and 

inverter 

Adder 
and 

inverter G-M 

Blue 
Adder 

Adder 

Adder 

Red 
---e-

Green 

Fig. 18.38. Block Diagram of Receiver for Orange-Cyan Wideband System. 

nance system as well as the formulas for the recovery of the three-color 
signals at the receiver. The transmission characteristics of the several 
channels of the system are shown in Fig. 18.37. It will be noted that 
the amplitude compensation of the /-signal in the single-sideband 
region is carried out in the receiver rather than in the transmitter. The 
converse procedure would tend to accentuate dot structure in the pic-
ture resulting from the superposition of the chrominance signal on the 
luminance signal. 

Finally, a block diagram of a receiver for the system described is 
given in Fig. 18.38. An added delay is inserted in the /-signal channel 
to equalize the overall delays in the /- and Q-channels. 

18.8 Frequency Interlace Color Television System. It was shown 
in Chapter 5 that the frequency spectrum of the video signal derived 

WorldRadioHistory



Sec. 18.8] Frequency Interlace Color Television 865 

from a stationary picture consisted of clusters of components differing 
by the frame frequency about integer multiples of the line frequency 
(Fig. 18.39). It can be inferred herefrom that signal components half-
way between these clusters could be added without affecting appre-
ciably the appearance of the picture averaged over the time. This is 
exactly what happens when a chrominance signal, obtained by modu-
lating a subcarrier which is a half-integer multiple of the line fre-
quency by camera signals, is added to the usual video signal. But for 
nonlinear effects and the retentivity of the eye, the effects of the 

Monochrome 
signal 

components 

Chrominance 
signal 

components 

rif = 15,750 sec-1 

= 30 sec-1 

111 
111111111111 

111111111 
11111111111 

11111h1LIVIiil 
n v11 (n + I) vH (n + 1 vH (n + vH (n + 2) vll (n + (n + 3) vll 

Frequency 

Fig. 18.39. Distribution of Monochrome Signal Components and Chrominance 
Signal Components in the Frequency Spectrum. 

II 

chrominance signal, applied to a black-and-white receiver, cancel out 
in the course of twice the frame time. The phase-amplitude-modu-
lated subcarrier system with dot interlacing, which has formed the 
subject of the preceding sections, can thus be regarded as a specialized 
example of a frequency interlace television system. 

In the phase-amplitude-modulated subcarrier system the two quadra-
ture components of the subcarrier are modulated independently, which 
is equivalent to a simultaneous modulation of amplitude and phase, as 
implied by the name. With this system both the frequency and the 
phase of the subcarrier reinserted in the receiver must be accurately 
controlled by signals from the transmitter. 

If, instead, two separate subcarriers, both half-integer multiples of 
the line frequency, are employed to transmit the low-frequency color 
information given by, e.g., the red and blue camera units respectively, 
whereas the main carrier is modulated directly by the low-frequency 
green components and the mixed-highs (Fig. 18.20), the phase syn-
chronization of the subcarriers in transmitter and receiver becomes 
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unnecessary. Filters select out the two chromaticity signals in the 
receiver; they are then demodulated by the appropriate local subcar-
riers to provide the desired red and blue signals (Fig. 18.40). 
The most serious disadvantage of this system as compared with the 

PAM subcarrier system is that beat notes between the red and blue 
chromaticity signals, generated in nonlinear elements of the trans-
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3.7-4.1 
B.P.F. 

Blue 
demod. 

1.7-3.0 
B.P.F. 

Red 
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H..F. 

3.89 Mc 3.89 Mc 12.81 Mc 

Fig. 18.40. Frequency Interlace System with Two Subcarriers. 

rrà 

mitter and receiver, are not canceled in the course of a 1/15 -second 
period and may hence be very disturbing. 

Several modifications of the frequency interlace system have been 
proposed. One of these, the "alternating highs" system represented in 
Fig. 18.41, avoids color cross-talk by completely separating the color 
channels. Adequate horizontal resolution is obtained even so by trans-
mitting different portions of the mixed-highs spectrum in alternate 
fields or frames. It is thus obtained at the expense of increased detail 
flicker and, eventually, reduced vertical resolution. The difficulty of 
visible beat notes between the color carriers exists here as in the pre-
viously described system. 

In a second system, the "alternating lows" system indicated in Fig. 
18.42, the red and blue low-frequency signals modulate a quadrature 
component of the principal picture carrier on alternate lines (or red 
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modulation takes place on two lines, blue modulation on every third 
line). This system requires an accurate phase relation between the 
picture carrier in the transmitter and receiver and is thus likely to 
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Fig. 18.41. Alternating Highs System: Channel Utilization in Successive Periods. 
(R. B. Dome, reference 20.) (Courtesy of Proceedings of the Institute of Radio 

Engineers.) 

violate the compatibility requirement. For a given frequency range 
of color information, the information transmitted on the monochrome 
channel is limited by the requirement of transmitting both sidebands 
of the color signals to avoid color cross-talk. Apart from this, the 

a) 

o 

/ Red and 

Green and mixed highs 

blue 

6 Mc 

Fig. 18.42. Alternating Lows System: Channel Utilization. (R. B. Dome, refer-

ence 20.) (Courtesy of Proceedings of the Institute of Radio Engineers.) 

transmission of the red and blue signals with the same subcarrier is 
made possible, of course, by reducing the vertical resolution for these 

components. 
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18.9 Standardization of the Color Television Signal. In the face 
of a great variety of different proposals for the transmission of natural-
color pictures by television, the television industry, through the Na-
tional Television System Committee (NTSC), set itself the task of 
devising tentative standards which would receive the endorsement of 
the industry as a whole and could be recommended to the Federal Com-
munications Commission as a basis for color television transmissions. 
These standards were approved by the FCC in December, 1953. It 
was found that agreement on the principal features of the proposed 
standards could be achieved without much difficulty. The standards 
had to permit the operation of a system which was compatible, had to 
yield pictures with detail resolution of the same order as that obtained 
with standard black-and-white transmissions, and be free from notice-
able flicker effects under normal conditions of viewing. Apart from 
questions of picture quality, cost considerations, particularly with ref-
erence to receiver construction, entered into the final decisions. The 
major features of the standards, which fit the previously described 
orange-cyan wideband system, are enumerated below: 

1. The transmitted signal consists of a phase-amplitude-modulated 
subcarrier chrominance signal added to a luminance signal. 

2. The nonlinearity of the receiver is compensated at the transmitter, 
ahead of the subcarrier modulation stages. The value for the assumed 
contrast gain of the receiver, y, is 2.2. 

3. The luminance signal is given by Ey = kiER + k2Ea + k3EB, 
equal signals ER, ER, ER applied to the red, green, and blue channels 
of the reproducer yielding a white picture with a tone corresponding to 
the CIE "C illuminant" (daylight). The values of kl, k2, and k3 have 
been set at k1 = 0.30, k2 = 0.59, k3 = 0.11. The k's correspond to the 
relative luminous efficiencies of a certain set of phosphors. The index 
Y indicates that the signal in question is a measure of luminance, desig-
nated by Y in the CIE system of colorimetry. The primes indicate 
that gamma correction for the receiver characteristic has been applied. 

4. The chrominance signal has the form 

S = E'Q sin (coat + 33°) + E'/ cos (oht + 33°) 

with 

E' Q = 0.41(E% — E'y) ± 0.48(E'R — E'y) 

E"/ = —0.27(E'R — E'y) + 0.74(E'R — E'y) 

WorldRadioHistory



Sec. 18.9] Standardization of the Color Signal 869 

and 
co./(27r) = 3,579,545 sec' = 227j 15,734.264 sec' 

the horizontal frequency being set at 15,734.264 second -1. 
The Q-signal is passed through a low-pass filter which is flat within 

2 decibels to 400 kilocycles, attenuates by less than 6 decibels at 500 
kilocycles, and by more than 6 decibels beyond 600 kilocycles. The 
/-signal is passed through a low-pass filter which attenuates by less 
than 2 decibels at 1.3 megacycles and by more than 20 decibels at 
3.6 megacycles. In the low-frequency region (to about 500 kilocycles), 
the chrominance signal has the form 

S = Ki((E'R — ry) cos w.t K2(E'B — E'y) sin cost) 

This signal is essentially that for the constant-luminance system indi-
cated in Fig. 18.29, since K2 = 1/1.78. The value K1 = 1/1.14 has 
been chosen small enough that the chrominance signal superposed on 
the brightness signal does not drive the kinescope gun beyond cutoff 
under any circumstances. Otherwise grid rectification would severely 
limit the cancellation of the chrominance signal obtained with dot 
interlacing. 

It will be recognized that the chrominance signal specified eliminates 
color fringing by providing for full three-color rendition only in the 
range of double-sideband transmission of the chrominance signal, i.e., 
approximately 500 kilocycles, and for two-color rendition along an 
orange-white-cyan axis for an intermediate frequency range, to beyond 
1.3 megacycles, as indicated in section 18.7. 

5. The primary colors to which E'R, E'G, and E'B refer have the fol-
lowing CIE color coordinates: 

R x = 0.67 y = 0.33 

G x = 0.21 y = 0.71 

B x = 0.14 y = 0.08 

With this selection, the chromaticity produced when the chrominance 
signal vanishes corresponds to illuminant C (x = 0.310, y = 0.316). 

6. The separation of the sound carrier and the picture carrier is set 
at 4.5 megacycles ± 1000 cycles. For the specified position of the color 
subcarrier (3,579,545 second-1 ), the frequency difference between the 
sound carrier and the color subcarrier then becomes just 58% times the 
horizontal frequency. As a result, interference patterns of this fre-
quency in the picture tend to be canceled visually in successive frames. 
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Additional specifications relate to the synchronizing signal and signal 
delays. Some of these matters will be considered in the next chapter, 
which will discuss the practical realization of color television systems. 
The establishment of standards for color television along the above 

lines was recommended to the FCC by RCA in a petition of June 25, 
1953. The recommendation of the NTSC was submitted a month later, 
on July 23, 1953. Approval by the FCC took place on December 17, 
1953. 
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19 Practical Color Television 

Chapter 18 stressed the principles on which practical compatible 
color television systems are based. To clarify the presentation, the 
characteristics of the components of such systems were frequently 
idealized. This chapter discusses the form which these components 
have taken in actual field tests and gives a brief review of the special 
circuitry involved in the transmission and reception of color pictures. 
The last section gives an outline of the field-sequential system which 
for an interim period was made standard by a ruling of the Federal 
Communications Commission in October, 1950, and finds practical ap-
plication in industrial television systems. 

19.1 Generation of Color Signals. Fundamentally, any pickup 
system applicable to black-and-white television may be adapted for 
use as a component of a simultaneous color television camera. The 
two systems which have found special favor are the flying-spot scanner 
for the transmission of transparencies and the image orthicon camera 
for live pickup. The first has the advantage of the complete absence 
of registration difficulties and a well-defined (linear) transfer char-
acteristic, the second that of great sensitivity combined with a constant 
transfer characteristic when operated below the "knee" (Fig. 10.11). 
The general arrangement of the flying-spot slide pickup has already 

been shown in Fig. 17.9; Fig. 19.1 shows a particular physical realiza-
tion. Dotted lines indicate the position of the flying-spot tube as well 
as the ray paths from the scanning pattern on the tube face to its image 
on the transparency and from the transparency by way of two dichroic 
mirrors to the photocathodes of the three multiplier phototubes gen-
erating the color signals. 
The dichroic mirrors,* which represent a constituent of all present-

day simultaneous color pickup apparatus, are essentially interference 
filters with color-selective reflection and transmission characteristics. 
By appropriate adjustment of the layer thicknesses of the interference 
filter, a wide range of spectral responses may be attained. Figure 19.2 

*See Dimmick, reference 3. 

872 
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shows typical response curves for a particular pair of dichroic mirrors. 
Camera responses such as those shown in Fig. 18.12 are obtained by the 
multiplication of the individual spectral responses of the photosensitive 
camera tube with the ordinates 
of these curves, eventually modi-
fied by the addition of auxiliary 
filters. 
The lack of registration difficul-

ties in the flying-spot system 
arises from the fact that the scan-
ning pattern is projected on the 
original colored picture, separa-
tion of the three color signals tak-
ing place beyond this point. It is 
purchased by the relatively low 
sensitivity characteristic of non-
storage systems—since the red 
component of the light emission 
of the flying-spot tube is relatively 
weak, noise tends to be visible in 
the red partial picture—and the 
necessity of compensating for the 
finite decay period of the light 
emission of the phosphor. The 
effect of the gradual decay of the 
light emission is equivalent, to a 
first approximation, to an attenu-
ation of the high-frequency com-
ponents of the picture and may 
hence be compensated by high-
frequency peaking circuits in the 
camera preamplifiers. Figure 19.3 Fig. 19.1. Flying-Spot Slide Scanner. 

shows a preamplifier circuit suit-
able for a flying-spot pickup system as well as the effect of the peaking 
circuits in restoring the proper signal shape for a square light pulse. 
The image orthicon camera is free of this last difficulty, but requires 

the solution of other problems instead. Here, the green, red, and blue 
partial pictures of the identical scene must be formed on three separate 
image orthicon photocathodes. This could be accomplished most con-
veniently by introducing a pair of dichroic mirrors between the com-
mon objective lens and the photocathodes, as shown in Figs. 19.4a and 
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b. Both systems are generally unacceptable, however, since they do 
not permit the use of the short-focus objectives necessary for covering 
a large angular field. System a, which is preferable from the point of 
view of noninterference between the magnetic fields from the three 
focusing coils as well as with regard to the quality of the partial pic-
tures produced, is particularly restricted in this respect. The employ-
ment of crossed dichroics, indicated in b, considerably shortens the re-
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Fig. 192. Transmission and Reflection Characteristics of a Pair of Dichroie 
Mirrors. 

quired separation between objective and photocathodes. However, the 
irregularities introduced into the optical paths by the region where the 
two mirrors meet mar the image reproduction to some extent. Although 
this effect, also, can be removed in principle by immersing the dichroics 
in a medium of the same index as the supporting plates (e.g., by em-
ploying four right-angle prisms forming a solid cube), this solution 
gives rise to other difficulties. 
To obtain an adequate field angle, early simultaneous color cameras 

adopted, therefore, the optical arrangement shown in Fig. 19.5. Three 
matched objectives, mounted on a common focusing carriage, are placed 
between the beam-splitting system and the individual image orthicons. 
Here, also, physical dimensions limit the permissible field angles and 
lens apertures, but the limits so imposed are less restrictive than for 
the single-lens systems in Fig. 19.4. Furthermore, with the three-lens 
system a right-angle arrangement with crossed dichroics leads to less 
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Fig. 19.3. Flying-Spot Scanner Preamplifier with High-Peaking Circuits. (a) Circuit. Response for narrow vertical bar (b) with-
out and (c) with high-peaking correction. 
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pronounced picture defects resulting from the mirror junction and 
reduced magnetic interference as compared with the system of Fig. 
19.4b. 
Although excellent results have been obtained with cameras employ-

ing the optical arrangement shown in Fig. 19.5, they have not proved 

(b) 

Fig. 19.4. Image Orthicon Cameras with Single Objective and (a) Sequentially 
Arranged or (b) Crossed Dichroics. 

generally acceptable in view of the difficulty of interchanging lenses. 
In particular, they exclude the possibility of employing a conventional 
lens turret. 
The employment of a turret becomes possible if a fixed, long-focus 

relay objective is employed to reimage the picture produced by the 
objective on the photocathodes of the three image orthicons. This 
provides ample space for the insertion of the beam-splitting system 
between the relay objective and the photocathodes. 
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The optical arrangement of a practical color camera based on this 
principle is shown in Fig. 19.6. The principal optical elements which 
are added in this system are the relay objective, G, H, consisting of 
two 9%-inch focal length 1/4.0 photographic lenses, and the field lenses 
C. The objective A images the scene in the plane of the biconvex field 
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Fig. 19.5. Optics of Image Orthicon Camera with Three Separate Objectives. 

lens, which in turn images the exit pupil of the objective A into the 
entrance pupil of the relay objective G, H. The relay objective, finally, 
reproduces the original image on the image orthicon photocathodes with 
unity magnification. Since the field lenses must be matched to the 
objectives A, they are mounted on a frame rotating with the objective 
turret. 
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Fig. 19.6. Optics of Image Orthicon Camera with Relay Lens System. (Sacht-
leben, Parker, Allee, and Kornstein, reference 4.) 

The dichroic films are sandwiched between identical glass plates. A 
glass plate is inserted, furthermore, in the blue light path to equalize 
the length of optical path through glass for the three images. Further-
more, the astigmatism introduced by passage of the rays through the 
glass plates at an angle is compensated by the insertion, ahead of the 
relay objective, of two glass plates equal in thickness to the dichroic 
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sandwiches. Like the dichroic mirrors, the compensating plates are 
inclined approximately 45 degrees with respect to the optic axis. 
However, they are rotated with respect to the axis by 90 degrees, so 
as to make the glass paths similar for two mutually perpendicular 
planes through the axis. 
Both additional gelatin color filters, to attain the desired spectral 

responses for the three color channels, and neutral filters are attached 

Centering 

voltage 

Fig. 19.7. Horizontal Deflection Circuits for Image Orthicon Camera. 

to the mount for the dichroic mirrors. Cementing of the filters be-
tween low-reflection-coated glass plates minimizes light loss. The 
neutral filters serve to bring the operating range for all three image 
orthicons to the same point, just below the knee of the image orthicon 
characteristic. 
The camera circuits are basically similar to those for a black-and-

white image orthicon camera, but require additional adjustments for 
obtaining and maintaining accurate registration between the three par-
tial pictures. Each image orthicon is provided with two pairs of 
mutually perpendicular alignment coils, which permit electrical adjust-
ment of both the orientation and the strength of the alignment field. 
Both the three horizontal deflection coils and the vertical deflection 
coils are connected in parallel and supplied by a single deflection 
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generator. The horizontal circuits, which contain most of the regis-
tration adjustments, are sketched in Fig. 19.7. The inductive width 
adjustments are coupled with changes in the series resistance Q so as 
to leave the effective Q of the circuit, and hence the scanning linearity 
adjustment, unaltered. Vertical deflection voltage, in either polarity, 
is added to the horizontal voltage by means of the "skew controls," so 

Fig. 19.8. External Appearance of Image Orthicon Camera. (Spradlin, refer-
ence 5.) 

as to rectify a small degree of skewness of the scanning pattern, which 
may prevent accurate registration. The individual width controls (and 
similar height controls in the vertical generator) serve registration pur-
poses only. Overall size is adjusted by varying the sawtooth voltages 
in the two deflection generators. 
The camera contains, in addition to the optical system, the camera 

tubes, and the deflection circuits, three plug-in six-stage preamplifiers 
and a cathode-ray tube view finder, on which the operator may observe 
either the green picture (in black and white) alone or two or three 
partial pictures superimposed. This enables him not only to frame 
the scene but also to check optical and electrical focus and registration. 
In Fig. 19.8 the view finder and its circuits are located under the curved 
cover on top of the camera. 
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The preamplified video signals are applied by cable to a fixed video 
control amplifier. This contains, in triplicate, circuits such as those 
outlined in block diagram in Fig. 19.9. At the input of the amplifier, 
horizontal shading signals are added to the video signals. The shading 
signals are adjustable combinations of sawtooth and parabolic voltage 
variations designed to compensate variations in sensitivity over the 
area of the photocathodes of the individual image orthicons; unless 
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Fig. 19.9. Block Diagram of Video Control Amplifier Circuit for One Color 
Channel. 

corrected in this manner, the variations in sensitivity may give rise 
to objectionable nonuniformity in the color of the background. 
Clamping circuits keyed by the horizontal drive pulses re-establish 

the black level of signals, which thereupon are mixed with the blanking 
pulses in a clipper amplifier. The vertical shading signals, applied to 
the cathode of the clipper amplifier, effectively establish the clipping 
level. They cannot be introduced ahead of the clamp, since they would 
otherwise be eliminated by it. The channel gain is adjusted by vary-
ing the bias of the input stage and the background by changing the bias 
of the voltage regulators setting the clipping level. 
The gamma control unit, "rooter" circuit, or nonlinear compensating 

amplifier, is of particular interest. Figure 19.10 shows a circuit em-
ployed in connection with the flying-spot scanner. Here, the char-
acteristic of the pickup system is linear, so that the rooter circuit must 
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convert an applied signal S into kS1/7, where y describes the receiver 
characteristic. The circuit operates in the following way. As the 
signal current increases, corresponding to decreasing picture brightness, 
the diodes in the cathode follower output circuits are made to conduct, 
reducing the resistance in series with the output resistance R2 + R3 in 

+280 

(c) 

Fig. 19.10: Gamma Control Circuit for Flying-Spot Scanner. (a) Circuit. (b) 
Sawtooth wave. (c) Output of circuit for sawtooth input. 

steps and increasing the rate of change of the output voltage corre-
spondingly. By adjustment of the several resistance values, an arbi-
trary nonlinear distortion of the input signal may be achieved, as indi-
cated by the action of the network on a sawtooth wave. In the present 
instance, the variation shown in Fig. 19.10c is made the inverse of the 
kinescope characteristic of the receiver. More generally, the desired 
transfer characteristic can be approximated by just as many straight-
line segments as there are diodes in the circuit. The resistance values 
in Fig. 19.10a correspond to y = 2.75. The transfer characteristic of 
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Fig. 19.11. Typical Transfer Characteristics of Image Orthicon Operated Just 
below the Knee (Q) and of Kinescope with y = 2.2 (K). (W. F. Davidson.) 
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Fig. 19.12. Desired Transfer Characteristic of Gamma Control Circuit and Its 
Approximation by a Straight Line. (W. F. Davidson.) 
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tricolor kinescopes is approximated more closely by y = 2.2, the value 
assumed in the color television standards established by the Federal 
Communications Commission in December, 1953. 

Typical characteristics for an image orthicon operated at the knee 
and just below the knee, as well as the assumed characteristic of the 
kinescope (y = 2.2) modified by the presence of ambient illumination 
equal to 0.02 of maximum brightness, are shown in Fig. 19.11. The 
desired transfer characteristic, of the correcting amplifier, is obtained 
by plotting the ordinates of curve K against the ordinates of curve Q 
for equal luminance, as shown in Fig. 19.12. The dotted line shows 
here how the transfer characteristic may be approximated by a linear 
response with the addition of a constant signal Y. The inaccuracy at 
very low voltages (corresponding to low brightnesses) is of little im-
portance. The constant signal Y must be added by background ad-
justment. This is generally accomplished in the receiver rather than 
in the transmitter, so as to permit the largest possible signal-to-noise 
ratio. A more accurate rendition of color values is achieved with a 
nonlinear amplifier such as that in Fig. 19.10, permitting the fitting of 
the ideal transfer curve by four straight segments. 

19.2 Formation of the Chrominance and Monochrome Signals. 
Figure 19.13 shows, in the form of a block diagram, circuits for the 
generation of the chrominance and monochrome signals in accord with 
the standards established by the FCC. As a first step, the (approxi-
mate) luminance signal M is formed by the addition of the red, blue, 
and green camera signals (modified by gamma correction) in proper 
proportion. A similar process of addition (and subtraction) of the 
camera signals with the aid of matrix units and phase inverters results 
in the two signals I and Q specified in section 18.9. These signals, after 
having passed through low-pass filters appropriate to the "orange-cyan 
wideband" system, are converted into push-pull signals by phase 
splitters. Clamps keyed by the synchronizing signals establish the 
background level of the four signals obtained in this manner. These 
signals are then applied to balanced modulators, whose 3.58-mega-
cycle carriers are in quadrature. The signals derived from the two 
balanced modulators and from a third similar modulator keyed by the 
"burst flag" so as to provide the color synchronization signal are added 
together. In two further adders, the properly delayed luminance signal 
and the pedestal are added to the chrominance signal. An output 
clamp restores the proper d-c level and a cathode follower acts as 
low-impedance output stage for the unit. 
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Figure 19.14 shows the actual circuit for the / color channel. Addi-
tion of the signals, partly inverted in phase, is carried out by resistance 
networks. A plug-in filter unit is inserted in the output circuit of a 
buffer amplifier stage. The balanced modulator employs two pentagrid 
converter tubes (6SB7Y). Since the balanced modulators generate 
only the sidebands of the odd harmonics of the carrier, the modulating 
signal is absent from the output, and no bandpass filters are required 
for the chrominance signal. 

0.4 Mc 

0.5 Mc 

0.6 Mc 

1.3 Mc 

Fig. 19.15. Transmitter Low-Pass Filter Characteristics. 

The characteristics of the low-pass filters for the /- and Q-signals 
are shown in Fig. 19.15. The Q-signal extends over the frequency 
range for which double-sideband transmission is obtained. The /-signal 
is flat to approximately 1.3 megacycles. Compensation for single-side-
band transmission resulting from the increasing attenuation of the video 
channel beyond 4.1 megacycles takes place in the receiver. As men-
tioned in section 18.7, the orange-cyan wideband system here employed 
to eliminate the color fringing at edges has proved more satisfactory, 
from the point of view of stability, simplicity of adjustment, economy, 
and freedom from edge flicker, than color phase alternation (CPA). 

19.3 Synchronization. The synchronizing signal employed to keep 
the color subcarrier in the receiver in step with that in the transmitter 
is shown in Fig. 19.16. It consists of a "burst" of sampling frequency 
lasting a fraction of horizontal flyback time (e.g., nine subcarrier 
periods) which is placed on the back porch of the horizontal synchro-
nizing signal. In view of the fact that the subcarrier frequency is an 
odd multiple of half the line frequency, the phase of this signal is 
reversed for successive lines. 
An overall block diagram indicating the generation of the subcarrier 

oscillation and the derivation, from it, of the 31.5-kilocycle master 
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oscillation for the conventional synchronizing generator, as well as 
the formation, finally, of the burst pulse is shown in Fig. 19.17. 
The source of the subcarrier signal is a crystal ground for 3,579,545 

second-1 at 75°C mounted in a crystal oven which maintains the 

0.88P 

0 006H min -,-

0.02H min -3-1 -K-0.075H ire•°°51/-,-

0.125H max 

0.145H min 

0.18H max 

0.90 
to 1.1S 

tIt 

cycles 
min 

Fig. 19.16. The Color Synchronization Signal. Notes: 1. The radiated signal 
envelope shall correspond to the modulating signal of the above figure, as modi-
fied to comply with a television channel width of 6 Mc. 2. The burst frequency 
shall be the frequency specified for the chrominance subcarrier. The tolerance 
on the frequency shall be 0.0003 percent with a maximum rate of change of 
frequency not to exceed one-tenth cycle per second per second. 3. The horizontal 
scanning frequency shall be %55 times the burst frequency. 4. Burst follows each 
horizontal pulse, but is omitted following the equalizing pulses and during the 
broad vertical pulses. 5. Vertical blanking 0.07 to 0.08V. 6. The dimensions speci-
fied for the burst determine the times of starting and stopping the burst, but not 
its phase. 7. Dimension P represents the peak-to-peak excursion of the luminance 

signal, but does not include the chrominance signal. 

temperature constant within ±2 degrees; this range corresponds to a 
maximum frequency variation of ± 12 second -1. The crystal forms 
part of a conventional crystal oscillator, whose output is amplified by 
a buffer amplifier to 20 volts peak-to-peak across a 75-ohm load. The 
amplified subcarrier signal may be applied by way of distribution am-
plifiers to the color and synchronizing modulators. It is also applied 
to a sequence of three frequency divider stages effecting a change in 
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frequency by the factors 1/5, %, and %3 and terminating in an oscil-
lation with a frequency of 31,468.528 second— which serves as master 
oscillation for the conventional synchronizing generator which follows 
it. In addition, the gating pulse ("burst flag pulse") for the burst is 
derived from the horizontal drive pulses in conjunction with a delay 
multivibrator; the vertical drive pulses are utilized to suppress the 
burst signal during the portion of vertical return time devoted to the 
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Fig 19.17. Block Diagram of Burst Pulse Generator. 

transmission of equalizing pulses. This prevents interference of the 
color synchronizing signal with the proper operation of the vertical syn-
chronizing pulses as well as with the proper setting of the d-c level in 
the receiver. 
A preferred form of the frequency divider is the regenerative divider 

illustrated in Fig. 19.18. It is here assumed that the desired frequency 
multiplication factor is 1/5. The unit consists of a regeneratively 
coupled mixer and multiplier stage. The output of the mixer is tuned 
to one-fifth the input frequency, that of the multiplier to four times the 
output frequency of the mixer. As the input oscillation is applied, the 
output circuit of the mixer is excited by it. The resulting low-fre-
quency oscillation is applied to the grid of the multiplier which, thus, 
generates an oscillation with four-fifths the input frequency. In the 
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mixer this oscillation regenerates, by interaction with the input, the 
low-frequency oscillation of the mixer output, completing the cycle. 
The loop gain is generally chosen just low enough to suppress free 

oscillations. 

5 Mc_i 
input -

1 Mc 

Mixer 

Multiplier 
x 4 

1 Mc 
output 

Fig. 19.18. Regenerative Frequency Divider. (T. O. Stanley, N. D. Larky, and 
D. D. Holmes.) 

In the receiver, the phase of the bursts may be compared with that 
of a local subcarrier oscillation and the resulting error signal employed 
to modify the frequency of the local oscillation in such a direction as 

to achieve synchronism. Figure 19.19 shows how this is accomplished 
in detail. A gating pulse is derived from the horizontal synchronizing 
signals which coincides with the duration of the bursts. It selects the 
bursts from the composite video signal in a gated amplifier, whereupon 
they are applied to a phase detector along with the output of the sub-
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carrier oscillator. An error signal corresponding to the phase difference 
is integrated and modifies the reactance presented by a reactance tube 
in the resonant circuit of the subcanier oscillator. 
The several components of this circuit admit of a wide variety of 

realizations. Figure 19.20 shows a particular example which has proved 
satisfactory in operation. Proceeding from the left to the right, the 
horizontal synchronizing pulses trigger a one-shot multivibrator which 
generates gating pulses of the desired width. They are applied, along 
with the composite video signal, to the grids of a two-stage gated 

Composite 
video signal 

Keyer 

Keying pulse from horizontal sync pulses 
or horizontal deflection system 

Phase 
detector 

Storage 
capacitor 

Subcarrier To 
oscillator demodulators 

Reactance 
tube 

Fig. 19.19. Block Diagram of Color Synchronizat'on Circuit in Receiver. 

amplifier. The d-c level of the gating pulses is maintained by d-c 
coupling. The inductance LN and the coupling capacitance of 2.7 
micromicrofarads serve to neutralize the two stages. 
The push-pull output of the gated amplifier, consisting of the syn-

chronizing bursts, is applied to one anode and cathode of the phase-
detector double diode, whereas the local oscillation is applied to the 
remaining anode and cathode in parallel. When the two oscillations 
are out of phase, current is fed into the storage capacitor, changing the 
grid bias of the reactance tube; the time constant of the storage circuit 
is such that integration of the error signal takes place over a period 
of four or five lines. 
The bias produced across the storage capacitance determines the 

amount of quadrature signal generated across the inductance LB which 
is added by the reactance tube section to the output of the oscillator 
or, in brief, the shift in resonant frequency from that determined by 
the output tank circuit. The shift is, of course, of such polarity as to 
correct the existing phase difference between the burst and the local 
subcarrier signal. 
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The synchronizing bursts may be employed in several other ways to 
assure a local subcarrier oscillation in phase with the transmitter sub-
carrier. A relatively straightforward procedure is to excite a crystal 
or high-Q tank circuit tuned to the subcarrier frequency by the bursts. 
The oscillation is continued, with damping which may be minimized by 
the addition of sharply tuned amplifier stages, through the interval be-
tween bursts. 
A particular "crystal ringing" circuit for generating the local sub-

carrier is shown in Fig. 19.21. A small trimmer capacitance in series 

Gating 
pulse 

-H  
Composite 

video 

Gated 
amplifier 

50 pmf 

3-30 

B+ 

Fig. 19.21. Crystal Ringing Circuit for Color Synchronization. (J. Avins.) 

— 50 opf 

with the crystal permits adjustment of the resonant frequency. The 
filter half sections on either side serve as impedance transformers; it 
is desirable to have the crystal work into relatively low impedances— 
of the order of 100 to 1000 ohms—so as to emphasize its "series mode" 
of oscillation. Within this range, the larger values of resistance are to 
be preferred insofar as they lead to smaller phase errors if the crystal 
circuit is detuned. With a load resistance of 1000 ohms, a frequency 
difference of ±80 cycles leads to phase errors of ± 5 degrees. Crys-
tal ringing circuits must be carefully adjusted to maintain the proper 
subcarrier phase. 
The color synchronization circuit shown in Fig. 19.22 is in many 

respects similar to the automatic-frequency control circuit first de-
scribed. It is applicable when the desired phase difference in the 
subcarrier oscillation applied, e.g., to the blue demodulator and the 
subcarrier oscillation transmitted in the bursts is 90 degrees. This cir-
cumstance is utilized to eliminate the subcarrier oscillation from the 
color hold circuits. Demodulation converts the burst in the blue de-
modulator to a constant signal which, for the correct 90-degree phase 
difference, is equal to the d-c level of the blue (B — M) color difference 
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Fig. 19.22. Low-Frequency Color Synchronization Circuit. (D. H. Pritchard.) 
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signal. A deviation in phase results in a change in the height of this 
signal which varies linearly with the phase deviation. The circuit in 
Fig. 19.22 employs a pentode to act both as blocking oscillator to 
produce a gating pulse for the burst duration and as gated amplifier 
for the blue signal. The amplitude of the negative pulses obtained in 
this manner measures the phase deviation; they are rectified by a diode 
and integrated over several line intervals by the storage capacitance 
which establishes the grid voltage of the reactance tube. A neon regu-
lator tube holds the d-c bias of the reactance tube constant. 

19.4 Recovery of the Color Signals. The broad principles of the 
recovery of the color signals from the composite video signal were 
discussed in Chapter 18. This section will confine discussion to a prac-

Burst 
signal 
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R' — M 
1.14 

B' — M 
2.03 
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Fig. 19.23. Demodulator Phase Angles and Channel Amplifications in Orange-
Cyan Wideband System (FCC Standards). 

tical receiver designed for the standards approved by the FCC. As a 
matter of recapitulation, Fig. 19.23 shows the required demodulator 
phase angles for the I- and Q-signals and the relationship between 
them and the three color difference signals. They determine the matrix 
units effecting the conversion I, Q ---> B' — M, R' — M, G' — M. Only 
two demodulators in quadrature are required. The receiver circuits 
may take the form shown in block diagram in Fig. 19.24. 
Only minor changes are required from a monochrome receiver in the 

stages ahead of the video amplifier; these aie primarily concerned with 
eliminating irregularities in the phase response in the neighborhood of 
the subearrier frequency and making the amplitude response flat to a 
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frequency of 4.0 to 4.2 megacycles above the video carrier. At the 
video amplifier, however, the composite video signal is distributed to 
two channels. In the monochrome channel, the signal is strongly at-
tenuated at the subcarrier frequency to reduce the visibility of dot 
patterns and passes through a delay line to equalize the total delay 
experienced by the monochrome signal and the color difference signals, 
to which it is subsequently added to produce the color signals. The 
chrominance signal, on the other hand, is selected by a bandpass filter 
and generates the signals / and Q by acting upon a pair of unbalanced 
demodulators followed by low-pass filters with appropriate transmis-
sion characteristics. A subcarrier generator controlled by the burst 
signals supplies the carrier to both demodulators, by way of phasing 
transformers. The color difference signals are obtained from / and Q 
by means of matrix units and the color signals themselves, finally, by 
the addition of the monochrome signal. Three d-c restorers serve to 
re-establish black level before the color signals are applied to the re-
producer. 
The recovery of the /- and Q-signals from the chrominance signal 

can be carried out in a number of ways. Balanced and unbalanced 
demodulator circuits, employing conversion elements ranging from 
diodes to pentagrid converters, may be employed. Unbalanced de-
modulators are generally preferred. Although the balanced demodu-
lator renders the bandpass filter in the receiver superfluous, this saving 
is outbalanced by the added sources of cross-talk resulting from the 
application of the complete video signal to the demodulator and in-
creased shielding and adjustment difficulties. 
The single-ended circuit shown in Fig. 19.25a is advantageous from 

the point of view of economy, ease of adjustment, and compactness. 
The miniature 6AS6 pentode, developed as a gate tube, requires a 
relatively low level of reference carrier to control the beam current by 
means of the suppressor grid; at the same time, it has a high output 
signal level, good conversion gain, and a favorable ratio of conversion 
gain to amplifier gain. 
The bandpass filter shown in Fig. 19.25a is a low-impedance (500-

ohm) constant-k filter, flat from 2.5 to 4.75 megacycles; the low im-
pedance minimizes interaction of the two demodulator circuits. At the 
output relatively high-impedance filters, differing in their passbands 
for the /- and Q-signals as indicated in Fig. 19.24, are employed to 
provide high signal level. The 82-ohm resistances in the control and 
screen-grid leads serve to suppress parasitic oscillations. Considerable 
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Fig. 19.25. Demodulator Circuit. (a) Circuit. (b) Demodulat ion characteristics. 

(Pritchard and Rhodes, reference 6.) 
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Fig. 19.26. Diode Demodulator Circuits for the Recovery of the Color Difference Signals. (D. H. Pritchard.) 
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care must be taken in the mutual shielding of the two demodulators 
to prevent the appearance of reference carrier oscillations in the wrong 
phase in the demodulator. The demodulator characteristics, for suit-
able grid-bias values, are shown in Fig. 19.25b. The curve parameter 
is the peak-to-peak voltage of the reference carrier applied to the sup-
pressor grid. It is seen that, for 20 volts peak-to-peak reference car-
rier, a substantially linear response covering a range of ±25 volts is 
obtained for an input signal range of ±3 volts. 
A diode demodulator circuit is shown in Fig. 19.26. Here, the com-

posite signal is applied to a triode amplifier, which is blocked by the 
"color killer bias" whenever the set is tuned to a monochrome trans-
mission. This is advisable in sets with AFC-controlled local subcar-
rier, as shown in Figs. 19.20 and 19.22, to prevent interference patterns 
resulting from the presence of the drifting subcarrier. The color killer 
bias is derived from the gated burst pulse amplifier and becomes nega-
tive in the absence of the burst. 
Beyond the amplifier, the signal passes through the bandpass filter 

for the elimination of the low-frequency brightness components and is 
applied to two diode demodulators followed by triode amplifiers. The 
two quadrature components of the subcarrier oscillation are introduced 
at four or five times the amplitude of the chrominance signal so as to 
suppress harmonics of the color-difference signals in the output of the 
demodulator. Parallel-resonant circuits block the subcarrier oscilla-
tion from the amplifier grid. Low-pass filters select the low-frequency 
color difference signals (e.g., the signals / and Q) from the output of 
the amplifier. 
The composite signal, consisting primarily of the monochrome signal 

M, is also applied to an artificial delay line consisting of low-pass filter 
sections (Fig. 19.27) with a characteristic impedance of 1000 ohms. 
Its output is distributed to one side of three double triodes functioning 
as adders and the three-color difference signals are applied to the other 
side. Addition takes place in the cathode resistance. The outputs of 
the double triodes are coupled through a frequency-compensating net-
work to the reproducer cathodes; the d-c level is set by the low-fre-
quency components of the synchronizing signals with the aid of a 

diode in each channel. 
It should be repeated that the circuits described above must be re-

garded simply as examples of practical circuits. The functions which 
they must fulfill can be discharged in various ways whose adoption is 
governed by economic considerations. 
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Fig. 19.27. Addition Circuits for the Three Color Channels. (D. H. Pritchard.) 
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19.5 Reproduction of the Picture. The picture may be reproduced 
on three separate kinescopes with green, red, and blue phosphors and 
viewed through dichroic mirrors (Fig. 17.7) ; it may be projected in 
superposition on a screen from three such kinescopes (Fig. 17.10) ; or, 
finally, it may be formed directly on the screen of a tricolor kinescope. 
The first form is employed today only in color monitors; such a "trine-
scope" monitor (Fig. 19.28) usually consists of three kinescopes sym-
metrically placed about a crossed dichroic block. The projection sys-
tem, with three separate reflective projection units, finds application in 

Fig. 19.28. Color Monitor with Crossed Dichroics. 

theater television. For home television, the tricolor kinescope appears 
to present the most practical solution. 

In Chapter 17 a variety of types of color kinescopes were described. 
At the time of writing, the three-gun shadow-mask tricolor kine-
scope had been produced in considerable numbers. It will hence form 
the subject of the present, more detailed discussion. Figure 19.29 
shows a diagram of the complete tricolor kinescope, as well as the re-
lationship between the aperture mask and the phosphor dot screen. 

In the shadow-mask tricolor kinescope,* three electron beams, modu-
lated by the green, red, and blue color signals respectively, scan a 
shadow mask placed in front of the screen in such fashion that, at any 
instance, they converge upon the same point on the mask. The mask 
is a thin sheet of supernickel (70 percent copper, 30 percent nickel) 
alloy perforated in a regular hexagonal array of some 195,000 aper-
tures for a 15-inch tube. If a line is extended from the center of beam 
deflection through the center of any one mask aperture to the screen, a 
red, a green, and a blue phosphor dot are grouped symmetrically about 
the point of incidence of the line. The dot centers lie on lines drawn 

*See Law, reference 7. 
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from the three beam centers in the plane of deflection through the 
center of the mask aperture and the spacing of the mask apertures, 
the distance between mask and screen, and the convergence angle of 
the three beams are so related that the dot spacing on the screen is 

Converging 
lens 

Triple 
gun structure 

Mask—. 

Axes of 
scanning beams 

Deflection 
yoke 

Red 
—Green 

Screen 

Fig. 19.29. Sectional Diagram of Three-Gun Shadow-Mask Tricolor Kinescope. 

Blue 

Detail of mask 
and screen 

uniform throughout. Characteristic values for a 15-inch tricolor kine-
scope are 

Distance between deflection plane and phosphor screen 14h in. 
Distance from mask to screen in. 
Convergence angle 1°14' 
Distance of beam centers from axis in deflection plane 0.3 in. 
Spacing between aperture centers, a 0.023 in. 
Diameter of mask apertures, B 0.009 in. 

The mask efficiency, or the fraction of electron beam current trans-
mitted by the mask, is equal to the ratio of the aperture area to the 
total area, or 7432/(2 a2) = 0.12 for the numerical values given 
above. As indicated in Fig. 19.30, the maximum permissible ratio B/a. 
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which determines the mask efficiency, depends on the ratio of the beam 
diameter M in the deflection plane to the distance S of the beam cen-
ter from the axis of the tube; B must be chosen small enough so that 

Axis 
of tube 

s 
mh— 

Dot 
size 

Fig. 19.30. Geometrical Relationship between Aperture Size B, Beam Diameter 
M, and Beam Spacing S. (H. B. Law, reference 7.) 

Deflection plane 

Shadow mask 

Phosphor screen 

there is no overlap between the electron spots produced on the screen 
by the three beams. This leads to a maximum value 

111 
B = a— (V3. — ) (19.1) 

3 

corresponding to a current reaching the screen equal to 

= /1„- 18-V My (19.2) 
à- S 

where Im is the beam current. Im, also, depends on the magnitude of 
the beam diameter M in the deflection plane. Assume that the current 
density which can be attained at the center of the beam in the deflec-
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tion plane is po and, furthermore, that the current distribution follows 
an error curve, the density falling to a fraction 1/E at a distance b 
from the axis. Then 

= Pob2 (1 e— M 2 / (4b2)) (19.3) 

is the beam current confined within a diameter M in the deflection 
plane, selected from the total beam by a suitably placed aperture. 
With Eq. 19.3 substituted in Eq. 19.2, it is seen that, for any given ratio 
S/b, there is a particular ratio S/M which yields a maximum current 
Ls reaching the screen. For a wide beam (b —> co), the optimum ratio 
S/M is seen to be 2/0, corresponding to a mask efficiency of 7.5 per-
cent. 

More generally the optimum ratio S/M, as function of S/b, is ob-
tained by differentiating Eq. 19.2 with respect to M: 

= —1 [1 4_ 4b2 (eM2/(462) _ 1 

M Nr )] à m2 

Finally, if S/b is substituted (in terms of S/M) from this relation in 
Eq. 19.2, the optimum current utilization /8//o = rpob2) is obtained 
as function of S/M. The optimum beam current utilization, the cor-
responding mask efficiency, and the relation between S/b and (S/M)opt 
are all plotted in Fig. 19.31. In practice S and b will be given by the 
gun design. The optimum value of M to be used as well as the best 
efficiency that can be obtained with the system and the fraction of the 
current intercepted by the mask can then be read off from the curves. 

It is seen that, from the point of view of obtaining large screen cur-
rents, it is desirable to employ large spacings S between the guns and 
the axis. On the other hand, the employment of such large spacings 
and correspondingly large convergence angles greatly increases the dif-
ficulty of obtaining perfect convergence of the three beams throughout 
the field. The compromise employed places the convergence angle in 
the neighborhood of 1 degree, with corresponding mask efficiencies of 
the order of 10 percent. 

After these general preliminary considerations the shadow-mask 
tricolor kinescope will be described in somewhat greater detail. 

Figure 19.32 shows the gun structure of the tube.* It consists essen-
tially of three parallel cylindrical guns comprising individual cathodes, 
control grids, accelerating electrodes, and focusing electrodes as well 
as "converging electrodes" issuing into a common large diameter cup. 

*See Moodey and Van Ormer, reference 8. 

(19.4) 
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Leads to the cathodes, control electrodes, and accelerating electrodes 
are brought out separately to permit independent modulation of the 
three beams and individual adjustment of the transfer characteristics 
(gamma) over the working range. Focusing of the beams on the screen 
is brought about primarily by the three lenses formed between the 
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Fig. 19.31. Optimum Beam Current Utilization 18,//0 and Corresponding Mask 
Efficiency Obtainable for a Given Beam Spacing S and Beam Current Distribution 

Constant b. (H. B. Law, reference 7.) 
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focusing electrodes and the convergence electrodes. Convergence be-
tween the three beams is effected by the lens formed between the com-
mon convergence cylinder and the conducting coating on the tube neck. 
The astigmatism of this last lens, which will cause overconvergence 
near the edges of the picture, can be compensated by modulating the 
voltage on the convergence electrode in synchronism with the deflection 
(dynamic focusing). Slight mechanical misalignments of the indi-
vidual guns are compensated by the displacement of three small per-
manent magnets outside the tube neck. 

Several variations of the above design have been employed success-
fully. In one of these the convergence lens is omitted and convergence 
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is achieved by giving the three guns the proper degree of mechanical 
tilt. In this instance, dynamic convergence is attained by an added 
magnetic lens. 

In another modification, designed for obtaining very small conver-
gence angles, single-grid, accelerating electrode, and focusing electrode 

Fig. 19.32 Triple Electron Gun for. Tricolor Kinescope. (Moodey and Van 
Ormer, reference 8.) (Courtesy of Proceedings of the Institute of Radio Engi-

neers.) 

cylinders are employed with three individual cathodes. The electrode 
cylinders are terminated by disks with three apertures apiece. This 
structure has, of course, less flexibility with respect to the adjustment 
of the transfer characteristics for the three beams. 
The three beams supplied by the triple gun must be deflected by the 

deflection yoke in such fashion that they remain both converged and 
focused over the entire screen area. The design problem for the de-
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flection yoke is very nearly the same as that of deflecting a beam suffi-
ciently wide to encompass all three individual beams across the screen 
of a kinescope without appreciable defocusing. 
The problem was solved in two stages: (1) a yoke giving an essen-

tially uniform magnetic deflecting field was designed. This gave uni-
formly increasing overconvergence (curvature of field) from the center 
of the field outward. (2) A correcting potential depending on the in-
stantaneous angular inclination of the beam to the axis was applied to 

5TP4 gun 
3.6 Mc 
rotating Focus Special 
field coil deflection 

yoke 

Fig. 1933. Schematic Section of Single-Gun Shadow-Mask Tricolor Kinescope. 

the convergence lens to balance this overconvergence (dynamic fo-
cusing). 
A kinescope with a conical beam produced by a predeflection system 

similar to that employed in the single-gun shadow-mask tricolor kine-
scope * (Fig. 19.33) was employed to test the properties of empirical 
yokes and to derive an optimum coil design.t Multisection coils, with 
individually adjustable currents, were used in conjunction with an ex-
ternal ferrite ring core. Four ferromagnetic tabs, finally, provided 
proper shielding for the fields derived from the turned-up coil ends of 
the vertical coils. When the beams were sharply converged at the 
center of the field, such an anastigmatic core yielded slightly elliptical 
ring patterns with the conical beam when deflection currents were ap-
plied. Application of the appropriate convergence voltages to the con-
vergence electrode contracted the ellipses to sharp dots, indicating con-
vergence over the entire field. Deflection coil designs of this type were 

*See Law, reference 9. 
t See Friend, reference 10. 
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developed for total deflection angles of both 45 degrees (corresponding 
to the original 15-inch tricolor kinescopes) and 65 degrees. The ap-
pearance of one of the yokes is shown in Fig. 19.34. 
The dynamic convergence voltage needed to obtain complete con-

vergence correction is derived from the deflection circuits by integra-

Fig 19.34. Sixty-Five-Degree Deflection Yoke with Four Compensating Tabs. 
(Friend, reference 10.) (Courtesy of Proceedings of the Institute of Radio En-

gineers.) 

tion of the sawtooth, since the needed correction voltage is a parabolic 
function of deflection angle. In practice, the required voltage variation 
may be derived directly from the cathode circuits of the horizontal 
and vertical output tubes, if these circuits are given appropriate time 
constants. Figure 19.35 shows how the voltages are added, amplified, 
and applied to both the convergence electrode and the focusing elec-
trodes. In practice (for 45-degree deflection) the maximum correction 
voltage required is approximately 10 percent of the voltage difference 
between convergence electrode and anode, or 1000 volts for a 10-kilo-
volt lens voltage. The voltage to be applied to the focusing electrodes 
to give sharp focus throughout the field is about a quarter of this. 
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In the horizontal circuit, the sawtooth is integrated and an adjust-
able amount of sawtooth voltage added to the resulting parabolic volt-
age variation. A step-up transformer increases the output voltage to 
the level required at the convergence electrode. In the vertical circuit, 
double integration is employed since, as a matter of economy, a differ-
entiating transformer is used instead of a step-up transformer. 
As an alternative, magnetic astigmatic lenses may be employed to 

effect dynamic convergence correction. Other components concerned 
with beam deflection are the external mu-metal shield, protecting the 
tube interior from outside magnetic sources, and the color purity coil. 
The latter applies an adjustable transverse magnetic field at the triple 
gun and serves to shift the axis of the three beams toward the kine-
scope axis so as to correct the effects of small mechanical misalign-
ments. The color purity coil, in conjunction with the deflection cen-
tering voltages, can also be employed to compensate small errors in 
the mechanical alignment of the mask-screen structure. Details of 
the yoke mounting and the auxiliary alignment elements can be gleaned 
from Fig. 19.36. 
Some of the most interesting problems in the design of the shadow-

mask color kinescope revolved about the construction of the mask-
screen assembly, with some 600,000 phosphor dots (for a 15-inch tube) 
on a glass plate accurately aligned (within about 0.001 inch) with the 
200,000 apertures in the mask. 
The original negative for the mask was prepared by making a con-

tact print of a fine wire grill on a photographic plate after two ex-
posures, with an intervening 60-degree rotation of the grill.* By 
appropriate photographic processing and copying, it is possible to con-
vert the initially diamond-shaped dots on the negative into nearly 
circular dots. A thin supernickel sheet coated with photoengravers' 
enamel is then exposed through this negative, the unexposed enamel 
washed away, and the exposed metal etched to form the desired aper-
tures with a sharp feather edge. 
The mask is "hot-blocked" on a steel frame, i.e., fastened to the sup-

porting frame at a high temperature, in an expanded condition, so that 
it will not buckle when heated by bombardment in the tube. The glass 
plate on which the phosphor dots are to be deposited is fixed in posi-
tion with respect to the frame as follows. Three straight-sided pins 
fitting in collets equipped with locking nuts are located on the periph-
ery of the frame, 120 degrees apart. The heads of the pins carry a 

* See Law, reference 7. 
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hemisphere which is located off the axis of the pin. These heads mate 
with three V grooves in the glass plate. In this manner allowance is 
made for differential thermal expansion. 
The phosphor dot patterns are printed from a gelatin stencil.* The 

first step in the preparation of this stencil is the exposure of a Kodalith 
plate, replacing the screen, through the mask, a point source of light 

Fig 19.36. Assembly of Deflection and Convergence Components on Neck of 
Tricolor Kinescope. (Friend, reference 10.) (Courtesy of Proceedings of the 

Institute of Radio Engineers.) 

being placed at the deflection center for one of the three beams. The 
pattern obtained in this manner serves as master for all three groups 
of phosphor dots, the stencil being displaced relative to the plate by a 
dot separation between printings. 

After the Kodalith plate has been developed, a gelatin emulsion with 
an intervening protective film of lacquer and wax is squeegeed onto the 
Kodalith emulsion and exposed through it to the light of a carbon arc 
lamp. The unexposed gelatin is then washed away with lukewarm 
water, and the wet stencil, after immersion in a temperature-controlled 
water bath, is placed on the printing mesh, where it is dried. 

*See Freedman and McLaughlin, reference 11. 
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The phosphor printing medium, e.g., ethylcellulose in amyl alcohol, 
in which the phosphor powder is suspended, is applied to the glass 
plate through the stencil with a squeegee. Contrary to usual printing 
techniques, the stencil is held in contact with the glass plate during 
printing, so as to prevent distortion resulting from the squeegee pres-
sure. Registry marks on the gelatin stencil fix its position relative to 
the glass plate within 0.001 inch. After the first printing, the stencil 
is raised straight upward from the glass and then removed for cleaning 
with amyl acetate. After the first printing has been dried, the stencil 
is once again placed in registry on the table, with the proper displace-
ment for printing the next set of dots. The process is repeated three 
times. 

The binder (ethylcellulose) is removed by baking the phosphor plate 
in air at 425°C for about one-half hour. The phosphor may then be 
bonded by spraying with a fine mist of potassium silicate solution. As 
a final step, a nitrocellulose "blanket" is floated onto the surface of 
the plate and aluminum evaporated to form a conducting reflective 
film. A final bake in air removes the nitrocellulose blanket. With 
certain phosphors, such as zinc-cadmium selenide, it is advisable to 
carry out only one bake in air, after deposition of the aluminum, since 
they deteriorate in a bake when in direct contact with air. 
The three phosphors employed in the first tricolor kinescopes were 

green willemite, Zn2SiO4:Mn; blue calcium—magnesium silicate, CaMg-
(SiO3) 2 Ti; and red-orange cadmium borate, 2Cd0 •B203: Mn. A 
sheet of didymium glass was placed in front of the kinescope to shift 
the color coordinates of the last primary component further toward 
true red. In later tubes, the position of the primaries in the color 
triangle was considerably improved by replacement of the borate phos-
phor with a zinc phosphate and admixture of zinc sulfide to the blue 
calcium—magnesium silicate. The properties of the new primaries are 
given below: 

Relative 
Relative Luminosity 

Relative Luminous to Produce 
Primary Color Coordinates Efficiency 7,300°K White 
Red 

Zn3(PO4)2 :Mil r = 0.678, y = 0.322 25.3 82.5 
Green 

Zn2SiO4:Mn x = 0.204, y = 0.732 100.0 100.0 
Blue 

CaMg(SiO3)2 Ti 
ZnS:Ag x = 0.146, y = 0.088 26.6 40.0 

WorldRadioHistory



Sec. 19.5] Reproduction of the Picture 913 

Figure 19.37 shows the spectral distribution of the radiation emitted 
by these phosphors under electron bombardment, and Fig. 19.38 the 
location of the color coordinates in the color triangle. 
To obtain identical transfer characteristics on all three channels, so 

that, for proper adjustment, white will be reproduced as white over 
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Fig. 19.37. Spectral Distribution of Phosphors Listed on Page 912. 

the full operating range of the kinescope, it is desirable that equal grid 
voltages will be required on the three guns to reproduce white. For the 
primaries given above, this is far from being fulfilled. If equal signals 
are applied to all three grids (with identical screen-grid adjustment), 
the red picture will possess less than one-third the required brightness 
and the blue picture two-thirds the desired brightness. 
The spectral responses for the standardized group phosphor P22, 

shown in Fig. 19.39, show considerable improvement over those in Fig. 
19.37. Inspection indicates that, here, the relative red response lags by 
less than 50 percent behind the ideal value, the blue response, by less 
than 20 percent. 
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The sealing of the tube presents special problems since during it the 
mask-screen assembly, with relative position tolerances of the order 
of 0.001 inch, must not be disturbed.* In the metal tube, the metal 
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Fig. 19.38. Color Coordinates of Phosphors Listed in Table on Page 912. 

cone of a 16AP4 kinescope was prepared in two sections, terminating 
in well-fitting flat flanges (Fig. 19.40). The mask-screen assembly 

was mounted on mounting posts on the lower section and the face plate 
sealed to the upper section. Then the flanges were joined together by 
a Heliarc weld. Strain on the face plate seal was minimized during 

*See Barnes and Faulkner, reference 12. 
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this process by clamping heavy copper rings to the flanges so as to 
provide effective cooling. Essentially similar techniques are employed 
in the sealing of the all-glass tube shown in Fig. 19.41. 

Equal excitation of each phosphor 

Phosphor Range of max. value, 
angstroms 

Blue emitting 
Green emitting 
Red emitting 

4440 to 4500 
5230 to 5270 
6360 to 6580 
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Fig. 1939. Spectral Distribution of Group Phosphor P22. 
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The tubes described above have given very satisfactory pictures with 
a high-light brightness in excess of 20 foot-lamberts. With scanning in 
the preferred direction (Fig. 19.42), minimizing the separation of suc-
cessive rows of apertures parallel to the scanning lines, "moiré effects," 
resulting from the interference between the scanning pattern and mask 
pattern, are scarcely detectable. Moiré effects prove disturbing only 
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Fig. 19.40. Mechanical Construction of Shadow-Mask Tricolor Kinescope. (Barnes 
and Faulkner, reference 12.) (Courtesy of Proceedings of the Institute of Radio 

Engineers.) 

Fig. 19.41. RCA Glass Envelope Tricolor Kinescope. 
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when the scanning direction deviates from the preferred orientation by 
several degrees.* 

/ Mask apertures 

--®/B 

  0 -0 

t of 0 —  —0 — 0 7—a 0 -6);22 

scanning 0 0 — --°----

Fig. 19.42. Preferred Direction of Scanning in Shadow-Mask Kinescopes. 

Fig. 19.43. A Color Receiver for Compatible Color Television. 

The power supplies required by the color receiver are essentially 
the same as those needed by a monochrome receiver, making due allow-
ance for the increased demand resulting from the larger number of 

*See Ramberg, reference 13. 
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tubes in the set. The high-voltage supply is a conventional regulated 
high-voltage supply delivering 1 milliampere at 18 kilovolts, deriving 
its power from a high-frequency oscillator. Figure 19.43 shows the 
external appearance of a complete color receiver. 

19.6 Special Problems in Color Transmission. There are a num-
ber of special problems in the transmission of color television programs 
which may be expected to become of little importance as the art de-
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Fig. 19.44. Transmitter with One Camera Channel Providing the Luminance 
Signal Y, to Reduce Effects of Camera Misregistration. 

velops. One of these concerns minimizing the effects of misregistration 
in the camera. This problem may be expected to disappear with the 
development of a single-tube color pickup camera. 

Effects of camera misregistration can be minimized in the picture 
received by a monochrome receiver and a color receiver as well, by 
letting one camera tube deliver the monochrome or luminance signal 
and deriving the chrominance signal from it and the red and blue sensi-
tive camera tubes (Fig. 19.44). Faithful color reproduction demands, 
it is true, that the monochrome signal be obtained by first developing 
the green signal with the aid of a matrix unit and then rooting this 
along with the red and blue signal and combining the three in a second 
matrix unit, rather than from the monochrome camera tube directly. 
In a completely linear color television system, monochrome reproduc-
tion would be obtained, by this device, without any effect of misregis-
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tration in the camera; in color reproductions, the misregistration would 
result in chromaticity errors at transitions, but in no luminance errors. 
Nonlinear transmission results in misregistration fringes with a small 
luminance error in both cases. It is found empirically, however, that 
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Fig. 19.45. Modification of Color Television Signals for Transmission over Chan-
nel of Limited Passband. 

these misregistration effects are very small compared to those observed 
when a green camera channel replaces the luminance channel. 
Another problem is the transmission of color television signals over 

cables with a passband cutting off below the accepted subcarrier fre-
quency, a condition prevailing in some of the older coaxial cable cir-
cuits. For some of these, the cutoff frequency is at 2.8 megacycles. 
It then becomes necessary to convert the subcarrier from its normal 
value (which, in the present illustration, will be chosen as 3.58 mega-
cycles) to a lower, e.g., 2.39 megacycles, at the entrance to the cable 
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and to reconvert it to its original value, 3.58 megacycles, at the exit 
so that the signal can be handled by regular color receivers. Figure 
19.45 shows the process in greater detail. The burst component of the 
output from the transmitter subcarrier oscillator is utilized to phase-
control a 3.579545-megacycle oscillator from which a 5.965908-mega-
cycle oscillation is derived by frequency division and multiplication. 
This oscillation is beaten with the subcarrier modulator output to pro-
duce the new 2.386363-megacycle oscillation with its sidebands, which 
are selected out by a bandpass filter. The shunted monochrome sig-
nal, limited in frequency to 2.2 megacycles, is added to the color signal. 
In the receiver the process is simply reversed, the burst signal, which 
is now heterodyned down to 2.39 megacycles, serving once more to 
control the local oscillator. Obviously, the detail in the picture is now 

limited as the result of the narrower passband of 2.2 megacycles. Like 
cable-transmitted black-and-white pictures, the color picture is found 
acceptable. 

19.7 Field-Sequential Color Television. A field-sequential system 
of color television, with a repetition rate of 24 color frames per second 
and 405 lines per frame, was established as standard in the United 
States by an order of the Federal Communications Commission of 
October 10, 1950, which has since been superseded. Some of the draw-
backs of this system were pointed out in Chapter 17. They have pre-
vented its successful use in commercial broadcasting. One of the most 
serious objections to the system, namely, its lack of compatibility, is, 
however, of minor interest in industrial television, where, in fact, field-
sequential chains designed by the Columbia Broadcasting System have 
been introduced by Remington-Rand under the name of Vericolor. In 
closed chains, furthermore, it is permissible to modify the standards by 
an increase of the frequency passband, the line frequency, and the 
color-frame repetition rate, so as to reduce flicker and improve resolu-
tion. This course was taken by DuMont in the development of their 
industrial color television chains (see Chapter 20). 

In view of these practical applications, it appears appropriate to 
return at this point to a brief consideration of the equipment that has 
been employed by the Columbia Broadcasting System * for field-
sequential color transmission and reception. 

The principal changes required in a monochrome television system 
to convert it to a field-sequential color system based on the former 
FCC standards are the following: 

*See Goldmark, Christensen, and Reeves, reference 14. 
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At the camera, a color disk must be inserted in front of the camera 
tube face; deflection circuits must be modified to operate at a vertical 
frequency of 144 second -1 and a horizontal frequency of 29,160 sec-
ond - '; a color mixer unit must be added permitting separate control 
of gain and background for each color channel; and a "color pulse" 
must be inserted between the first two equalizing pulses of the vertical 

Fig. 19.46. RCA Monochrome Camera Modified for Field-Sequential Color 
Operation. (Goldmark, Christensen, and Reeves, reference 14.) (Courtesy of 

Proceedings of ¡he Institute of Radio Engineers.) 

synchronizing signal in every red field to permit proper color synchro-
nization between transmitter and receiver. 
At the receiver, a disk or drum whose drive is synchronized with the 

color disk at the camera is required, and modifications in the deflec-
tion circuits corresponding to those mentioned in connection with the 
camera are needed. Special care must be taken in the filtering of power 
supplies and the shielding of sensitive components to prevent the ap-
pearance of 60-cycle lumi in the deflection circuits since it results in 
serious picture deterioration. If the same receiver is to serve for the 
reception of both color and monochrome transmissions, it is necessary 
to design the deflection circuits in such a way that, by actuation of a 
multiple switch, they can be shifted from operation on color standards 

WorldRadioHistory



922 Practical Color Television [Chap. 19 

to operation on monochrome standards. Furthermore, provision must 
be made for removing the filter disk from the region in front of the 
viewing tube face. 

Figure 19.46 shows an RCA monochrome studio camera modified 
for field-sequential color operation. The twelve-filter disk is driven 
at 720 rpm by a synchronous motor, which, in turn, is actuated by a 
48-cps, 115-volt amplifier. The motor drive is derived from the 48-
cps color drive pulse as indicated in Fig. 19.47. The drive pulses gener-
ate a 48-cycle square wave in a multivibrator. This square wave is 
filtered to produce a sine wave, which is coupled through a selsyn, to 
permit phase adjustment, to the push-pull output amplifier. The phase 
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Fig. 19.47. Drive Circuits for Camera Disk Motor. (Goldmark, Christensen, 
and Reeves, reference 14.) 

is adjusted so that the scanning lines coincide at all times with a spoke 
of the filter. Thus the superposition of signals from successive color 
fields is prevented. 

Figure 19.48 shows schematically the color-mixer unit. A color 
gating pulse generator in the nature of a ring multivibrator actuated 
by the vertical drive pulses and color drive pulses gates, in turn, the 
red, blue, and green amplifier tubes in synchronism with the transmis-
sion of the red, blue, and green fields. The resultant, added to the 
composite blanking pulses, forms the video signal. The camera signal 
is "rooted" ahead of the color-mixer unit to compensate receiver non-
linearity. 

The much more compact industrial color television camera is shown 
in Fig. 19.49. The image orthicon is here placed at right angles to the 
lens axis, the light path being broken by a 45-degree mirror placed 
within a 2%-inch filter drum. All camera controls are operated from 
the control console. 

In the combination receiver, a six-section filter disk rotates at 1440 
rpm in front of the viewing tube face; for a 10-inch tube, the disk 
diameter is 22% inches. The apparent size of the picture may then 
be increased to 12% inches by use of an enlarging lens. To permit a 
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rapid shift from color transmissions to monochrome transmissions, the 
filter disk is made in two sections; one of these is driven, whereas the 
other floats freely on the disk axis. As the disk is driven, air drag 
causes the floating section just to fill the clear portion of the driven 
section, so that the compound disk acts as a single six-section filter 
disk. When the color-to-monochrome switch is actuated, the drive is 
reversed, and the floating disk is stopped by a centrifugal latch. The 
rotating section continues to rotate backwards until the clear portions 

6 

Fig. 19.49. Industrial Color Television Camera. (Goldmark, Christensen, and 
Reeves, reference 14.) (Courtesy of Proceedings of the Institute of Radio Engi-

neers.) 

of the two disks are superposed in front of the tube, at which point a 
microswitch stops the motor. 
A reluctance-type generator is mounted on the disk shaft. During 

operation, it produces a sharp 144-cycle sawtooth wave which is ap-
plied, along with the vertical synchronizing signals, to a phase detector. 
The d-c voltage corresponding to the phase difference between the two 
waves developed in this manner controls the saturation of a saturable 
reactor in series with the windings of an induction motor driving the 
color disk. For example, if the sawtooth wave lags behind the vertical 
synchronizing signals, the saturation of the reactor is increased and 
the motor is speeded up. The proper disk phase can be maintained 
within 2 degrees in this manner. Anti-hunting circuits prevent oscil-
lation about the proper adjustment. A push button puts the synchro-
nizing circuit temporarily out of control when the disk has locked in 
on the wrong color field. 
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As in the camera, the deflection circuits have to be designed so that 
they can operate both on the former FCC sequential color standards 
and on monochrome standards. This requires, e.g., in the horizontal 
circuit, nine-ganged single-pole double-throw switches. With "slave 

Fig. 19.50. Industrial Color Monitor. (Goldmark. Christensen. and Reeves, refer-
ence 14.) (Courtesy of Proceedings of the Institute of Radio Engineers.) 

units" designed for attachment to monochrome receivers, as well as 
industrial monitors designed for color exclusively, these complications 
are absent. Figure 19.50 shows an industrial color monitor unit with 
an intercommunication telephone mounted at the rear. 
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20 Industrial Television 

In its broadest aspect television signifies an extension of human 
vision. The word implies that the impediment which this extension 
seeks to overcome is distance. The same technique may be employed, 
however, to overcome other impediments to vision as well. These are, 
to mention a few, hazards to the observer from high or low tempera-
tures, violent reactions, and atmospheres unsuitable for the mainte-
nance of life; observer locations inaccessible to human beings because 
of weight and space requirements; the impossibility of simultaneous 
observation of a single event by a group from the same vantage point 
as well as the simultaneous observation of events separated in space 
by a single observer; and the insensitivity of the human retina to 
radiations in the ultraviolet and infrared portions of the electromag-
netic spectrum. These potentialities map out for television a sphere 
of usefulness which is far wider than the dissemination of entertain-
ment and information from central broadcasting stations. It has be-
come customary to refer to the uses of television outside the broadcast 
field collectively as industrial television. 

20.1 Applications of Industrial Television. It is a distinctive prop-
erty of industrial television that it deals with closed television systems. 
Unlike broadcast television, it lays no claim to the public domain of 
the "air waves." Consequently, it is free of public regulation and of 
externally imposed standards. In principle, every industrial television 
system may be tailored to fit a specific application. In practice, eco-
nomic factors impose limits on this freedom. Low unit cost of the 
equipment can be achieved only if it is designed to meet the needs of 
a large range of applications. 
An examination of the potential applications of industrial television 

constitutes therefore a first step in laying down the design principles 
for a general-purpose industrial television system. At the time of 
writing, the field-testing of industrial television equipment has pro-
gressed sufficiently far that, here, the "potential applications" may be 
largely replaced by actual applications. 

927 
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It is convenient to consider in sequence the uses of industrial tele-
vision in industry, in education, in commerce, and in research. Finally, 
there are various military applications, which claimed the major por-
tion of early efforts in this field. 

Industrial television has found particularly extensive use in the 
utilities and in the steel industries. In both places the greater heat 
tolerance of the television camera, as compared with that of a human 
observer, plays a role. In addition, television makes possible the ob-
servation and control of a number of related, spatially separated, proc-
esses from a convenient central point. 

In the utility industry television chains have been used principally 
so far for transferring pictures of the water-level indicator of large-
capacity boilers and of the flame condition in furnaces to the control 
room, which may be located some five floors below the boiler. The 
observation of the water-level gauge by television presents no special 
problem. For observing the furnace flames, on the other hand, various 
methods have been developed. In a pulverized-coal burning furnace 
of the Long Island Lighting Company * the camera is mounted directly 
at the top of the furnace pit, above a water-cooled window, giving a 
full view of the pilot flames, the light-oil burners, and the general flame 
condition after the injection of the pulverized coal. Imperfect opera-
tion of any part, excessively rich mixtures which might give rise to 
explosion hazards and objectionable smoke from the stacks, etc., are 
immediately detected. In another installation t a mirror system di-
rects the images of six windows placed in the front wall of the furnace 
below flame level onto the photocathode of the camera tube. 

Industrial television aids the manufacture of steel by showing the 
operator in the control room the proper moment for shifting steel plate 
from a conveyor belt into reheating furnaces as well as the instant for 
interrupting the pouring process in making large castings. t The proper 
filling of the forms is essential to prevent spongy spots and air inclu-
sions in the castings. In a Fisher Body Plant near Pittsburgh a tele-
vision monitor in a control room within the plant shows the operator 
the loading of gondola cars on a railroad siding with scrap steel bales 
from a baling machine; when the car is filled he manipulates controls 
which shift an empty car in the place of the full one.§ 
There are many examples of the use of industrial television for the 

monitoring of dangerous operations. The control by television of the 
disassembly of explosive items by remote-control instruments operating 

* See Exley, reference 1. t See reference 3. 
t See Bice, reference 2. § See reference 4. 
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Fig. 20.1. (a) Television Camera Mounted 48 Feet High on Rafters Scans 395 Feet of Hot Steel Strip. (b) Operator Checks Strip on 
Passage from Finishing Stand to Coilers on Television Monitor. 
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communications and surveillance. Fashion shows and other exhibits 
of special interest can be transferred, by this means, to a number of 
strategic locations in a large store. In banks, a television camera in 
a central file room can transmit signature and account cards to receiv-
ers in the tellers' cages upon request, speeding up the cashing or certifi-
cation of customers' checks (Fig. 20.4). A similar technique, for giv-
ing rapid access to the information stored in library stacks, is under 

Fig. 20.3. A Stereoscopic Television Camera in Use during a Surgical Operation. 

investigation by the Office of Naval Research cooperating with the 
Library of Congress.* 

Industrial television has important research applications as substi-
tute observer in dangerous and inaccessible locations; a number of in-
stances have already been noted. Its use in astronomy, to provide 
sidereal images free from atmospheric effects by mounting the camera 
on a guided balloon, has also been considered.t 

In the television microscope, to be treated in greater detail in a later 
section, television serves the quite different function of making possible 
the continuous observation of specimens illuminated by radiation to 
which the eye is insensitive and, furthermore, of employing electronic 
controls for modifying and enhancing picture contrast. Other types of 

*See reference 11. 
t See Zworykin, reference 15. 

WorldRadioHistory



Sec. 20.1] Applications of Industrial Television 933 

specialized television systems serve for making cell counts and mapping 

body potentials indicative of heart and brain functioning.* 
Underwater television was used to aid divers in their work as early 

as 1947, in connection with the atomic bomb demonstrations at the 
Bikini Atoll. Its use for ship salvage has already been mentioned. 
The application of television to marine research promises to be even 
more important. With its aid, the fauna and flora of the ocean can be 

Fig. 20.4. Checking Signatures on Drafts in a Bank. 

studied in its natural habitat, hundreds of feet below the surface. The 
scientist can see events in the proximity of the submerged camera 
directly on the screen of the monitor. He need not rely on the verbal 
reports of scientifically untrained divers or their selection of scenes for 
underwater photography. Furthermore, the television camera, unlike 
a human diver, can remain submerged for long periods of time and be 
raised and lowered at a rapid rate. 
The equipment required for underwater television is naturally some-

what more complex than standard industrial television equipment. A 
pressure-proof housing is an obvious requirement. In addition, a light-
ing unit controllable from the surface must be provided. Lens focus, 
iris, and mechanical orientation of the camera must also be remotely 
controlled, in addition to electrical camera adjustments. However, 

*See Zworykin and Flory, reference 16. 
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these complications are slight when compared with the difficulties in-
herent in deep-sea studies by conventional methods. 

The original military application of industrial television was the 
placement of a television camera in the nose of a guided missile, to 
transmit to the control point information with respect to its aim.* 
Many other uses have been added since. A few of these were noted in 
connection with the applications in industry and education. 
20.2 Requirements of a General-Purpose Industrial Television Sys-

tem. The preceding survey indicates a wide variety in the applications 
of industrial television. The one common feature appears to be that 
the number of cameras which may be required is of the same order as 
the number of receivers. This is in sharp contrast to broadcast tele-
vision, where the ratio of these two numbers is approximately 1:10,000. 
The standard unit of industrial television is not the receiver or the 
camera, but the television chain, consisting of a camera, a receiver, a 
connecting cable and power supplies and deflection control units for 
both camera and receiver. Obviously, low cost and simplicity of opera-
tion of the camera is of much greater importance in industrial tele-
vision than in broadcast television. More generally, the following may 
be listed as desirable characteristics of a general-purpose industrial 
television system: 

1. Low overall cost of the television chain. 
2. Simplicity of adjustment. 
3. Durability of components. 
4. High sensitivity. 
5. High resolution. 
6. Light weight and small bulk of camera. 
7. Remote camera control. 
8. Overall portability. 

9. Standards permitting addition of commercial receivers to chain. 

The relative importance of these several factors will differ, depending 
on the type of application emphasized. For instance, equipment de-
signed primarily for the surveillance of water-level gauges of boilers 
requires neither high resolution nor high sensitivity; a powerful spot-
light can always be employed to raise the light level to the required 
point. On the other hand, great ruggedness and low temperature de-
pendence are here decidedly desirable. In most research and educa-

* See Zworykin, reference 17; Kell and Sziklai, reference 18; and Sanders, refer-
ence 19. 
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tional applications, on the other hand, high resolution and sensitivity 
are factors of much greater importance than extremely long tube life 
and tolerance of excessive temperatures. In still other instances ques-
tions of cost, bulk, and complexity are secondary in comparison with 
the demand for the highest possible picture quality. Here, the conven-
tional studio camera chain, eventually modified to permit the use of 
greater video bandwidth, provides the logical answer. 

Since studio equipment is described elsewhere, the following account 
is concerned primarily with systems which differ materially from it— 
in cost, simplicity, and other aspects which fit them for their specific 
purpose. 

20.3 Industrial Television Systems. The first system to be consid-
ered is the Utiliscope developed by the Capehart-Farnsworth Corpora-
tion for the Diamond Power Specialty Corporation.* It employs an 
image dissector with translucent cathode as camera tube. This choice 
marks out the field of application of the Utiliscope. The image dis-
sector does not meet studio requirements with respect to either sensi-
tivity or resolution; the figure cited for the second factor is 300 lines. 
The first factor implies the need for high-intensity illumination of the 
subject. 

In compensation, the image dissector, if properly treated, has an 
almost indefinite life since it contains no hot cathode; like the icono-
scope and other tubes with photoemissive targets it tolerates large 
variations in temperature; and, finally, its 11-stage silver-magnesium 
dynode multiplier provides a high-level video output (one-half volt 
across 1000 ohms), minimizing additional amplification requirements. 

It follows that the Utiliscope is designed primarily for industrial 
surveillance applications, where the object to be observed presents 
relatively little detail and either high-level illumination is readily pro-
vided or the object is self-luminous. The long-life characteristics of 
the pickup tube permit the placement of the camera at relatively in-
accessible locations and minimize the amount of servicing required. 
The complete Utiliscope equipment (without connecting cables) is 

shown in Fig. 20.5. It consists of a camera with a 90-millimeter f/1.4 
lens and video amplifier circuits; a power supply including deflection 
and blanking circuits for the camera and synchronizing signal gen-
erators for the monitor; and a monitor with a 10-inch picture tube. 
Apart from the pickup and viewing tubes the equipment contains only 
15 vacuum tubes. A multiconductor cable, which may be up to 25 

*See Sanders, reference 20. 
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feet in length, connects the power supply with the camera; three cables 
transmit, separately, the video signals (with blanking) and horizontal 
and vertical synchronizing pulses to the monitor, which may be located 
as much as 1000 feet away. 

The scanning pattern has the standard 4:3 aspect ratio, but scanning 
is sequential rather than interlaced, with a horizontal frequency of 
21.5 kilocycles. The scanning frequencies are internally controlled, by 
blocking oscillators, and are independent of the power-line alternations. 

Fig. 20.5. Utiliscope Chain, Consisting of Monitor, Power Unit, and Camera. 
(Courtesy of Diamond Power Specialty Corporation.) 

The simplified 5527 iconoscope, with electrostatic deflection and 
translucent mosaic, is the camera tube in an early industrial television 
system * serving similar purposes as the Utiliscope; this tube has the 
advantage of much greater sensitivity as compared with the dissector. 
In addition, it is extremely cheap and requires an operating voltage of 
only 600 to 800 volts. In compensation it has a certain amount of 
spurious shading, of which the dissector is entirely free, and demands 
a number of preamplifier stages to bring the video signal up to the level 
of the order of one volt. 

As in the Utiliscope, the video signals and synchronizing signals are 
transmitted separately. Furthermore, sequential scanning is employed, 

*See Barrett and Goodman, reference 21. 
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with a frame frequency of 60 and a line frequency of 15,000 second — 
yielding a 250-line picture. Again, no attempt is made to lock the 
deflection in with the power-line frequency. 
The next system to be described * comes far closer to satisfying all 

the requirements set forth for a general-purpose television system than 
either of the preceding ones. By the use of the Vidicon as camera 
tube, this system achieves extreme compactness along with high reso-
lution (400 lines) and high sensitivity; only the image orthicon is 
superior to the Vidicon in the last respect. In addition, the Vidicon is 
free from the type of redistribution shading which characterizes the 
iconoscope and yields a relatively high-level signal output. Its high 
signal-to-noise ratio permits complete correction for aperture distortion 
in the horizontal direction, resulting in a picture with the full horizontal 
resolution admitted by the transmission channel. 

Unlike the two other systems, the RCA Industrial Television System 
incorporating the Vidicon employs standard 525-line, 60-frame inter-
laced scanning, with the scanning frequency locked in with the local 
a-c power system. This makes possible the reception of the picture on 
any standard commercial television receiver, which may be connected 
to the monitor by a cable up to a mile in length. The complete video 
signal modulates a carrier corresponding to a television channel 3 to 6 
in a modulated stage provided in the monitor; the cable transmits the 
signal from a jack connection on the monitor to the antenna terminals 

of the remote receiver. 
The monitor itself, which may be connected to the camera by a 

500-foot cable, contains complete control circuits and power supplies 
for the camera, including optical focusing control, blanking, beam cur-
rent and voltage (focusing) control, and horizontal and vertical deflec-

tion current generators. In addition, it contains, of course, the monitor 
kinescope controls and circuits as well as the aforementioned carrier 

modulator for remote receivers. 
The complete system, shown in Fig. 20.6, thus consists of only two 

units, a camera weighing only 7% pounds and a control monitor with 
a 10-inch viewing tube weighing 70 pounds. The camera contains, in 
addition to the Vidicon with its permanent-magnet focusing system 
and its deflection coils and a motor at the rear for rotating the lens 
focusing mount, only two miniature tubes and associated circuits (Fig. 
20.7). One tube is a pentode serving as preamplifier, the other a 

double triode, of which one half is a cathode follower for matching the 

* See Webb and Morgan, reference 22. 
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video output to the 50-ohm cable, whereas the other half serves as 
blanking amplifier. 

Fg. 20.6. RCA Industrial Television System with Vidicon Camera. 

The Vidicon focusing system is shown in Fig. 20.8. It consists of 
four Alnico rods set in a pair of square soft-iron pole pieces. Soft-
iron shunting sleeves on the rods may be displaced to obtain optimum 
alignment between the Vidicon gun and the external magnetic field. 

Fig. 20.7. Vidicon. Camera, with Top and Sides Removed. 

The circuits of the system incorporate a number of novel features. 
The four-stage video amplifier in the monitor, peaked to compensate 
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for the effect of Vidicon capacitance and with blanking inserted in 
the penultimate stage, is essentially conventional. The plate output of 

Alignment 
sleeves l I (Magnet 

Cathode 1 1  
Wall 0 volts 

+ 200-300 
volts 

Grid 1 
0-10 volts 

Grid 2 
300 volts 

Magnet 

Video signal 

Deflection coil 

Iron pole 
pieces 

+10-30 volts 

Fig. 20.8. Focusing System of the Vidicon. 

the final stage drives the kinescope, while the cathode output is em-
ployed to modulate a very-high-frequency carrier provided by a Hart-
ley oscillator (Fig. 20.9). In this manner an r-f signal for remote 

R-f oscillator 

HE— 
6C4 6B6 

--NVVVV—A 

0 ZOO_  

• + 350 volts 

R-f signal 

Video signal 

Fig. 20.9. Generator of R-F Signal for Remote Receivers. 
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receivers is generated. Synchronization is provided by the blanking 
pulses, whose amplitude is always made sufficiently great so that they 
correspond to "blacker-than-black" signals. 
The synchronizing generator consists essentially of five blocking 

oscillators. The first of these is tuned to twice horizontal frequency 

To other counters 
and to oscillators 

+150 

AFC 
amplifier 

1¡12AU7 

MIMIM1 

Line 
lock 

Phase Blocking 
detector oscillator 

60 — 

12AU7 

Fig. 20.10. 20.10. Last Frequency Divider Stage of the Synchronizing Generator and 
Phase Detector. 

(31.5 kilocycles). It controls, on the one hand, through a buffer am-
plifier, the horizontal pulse generator, on the other, a series of blocking 
oscillators tuned to one-fifteenth, one-seventh, and one-fifth the fre-
quency of the preceding oscillator. Thus the final oscillator generates 
pulses at 60 cycles, the vertical frequency. The triggering pulses are 
derived from the cathode resistor of the preceding stage and are ap-
plied to the grid resistor; feedback is prevented by a pair of crystal 
rectifiers connected with the proper polarity (Fig. 20.10). Finally, a 
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phase detector consisting of two selenium crystals generates a d-c bias 
for the preceding oscillators, which depends on the phase difference 
between the vertical pulses and the power-line oscillations. This bias 
modifies the oscillator frequency so as to bring the vertical frequency 
into synchronism with the power-line frequency. 

Vertical and horizontal blanking pulses are derived from the outputs 
of the respective blocking oscillators, mixed in a mixer stage, and 
applied, as already mentioned, to the video signal in the next-to-the-
last video amplifier stage as well as, by cable, to the blanking amplifier 

Horizontal 
deflection 

coils 

Fig. 20.11. Constant-Resistance Network Incorporating Horizontal Deflection 
Coil in Camera and Required Deflection Voltage Transmitted over Cable. 

in the camera. The original pulses also control vertical and horizontal 
deflection generators for both kinescope and camera, the high voltage 
for the kinescope being obtained in the usual manner from the flyback 
pulse in the horizontal generator. However, the distortion-free trans-
mission of the horizontal pulses over the long cable connecting the 
camera and the monitor demands that the cable be terminated by its 
characteristic impedance for the entire frequency range represented in 
the horizontal pulses. This may be realized by making the horizontal 
deflection coil of the camera, with inductance L, part of the constant 
resistance terminating network shown in Fig. 20.11. Here the re-
sistance R is made equal to the characteristic impedance of the cable 
(approximately 50 ohms), and the capacitance C is adjusted so that 

V L/C = R. The voltage pulse which must be applied to the cable to 
yield sawtooth current in the coil is now, in view of the presence of 
the series resistance R, not a square pulse, but a sawtooth pulse super-
posed on the square pulse. 
The total tube complement of the Industrial Television System just 

described is 23, including the camera tube and kinescope as well as 
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regulator tubes in the voltage supply. Various accessories are provided 
to adapt it for special applications. Thus a water-cooled lens protects 
the camera from extreme furnace temperatures; an explosion-proof 
housing permits operation in explosive atmospheres; a weather-proof 
housing provided with windshield wipers protects the camera from the 
elements in outdoor use; and a pan and tilt unit permits a panoramic 
survey of large angular viewing fields. 

Fig. 20.12. Standard Television Receiver with Camera Attachment and Control 
Box. 

Even the system last described is too costly, however, to give indus-
trial television the wide distribution which its potential usefulness 
merits. A further step has been taken to bring it within reach of the 
classroom, the small business establishment, and, eventually, the home. 
This step consists essentially in converting the Vidicon camera into an 
adjunct of the standard home television receiver, from which it derives 
deflection signals, blanking pulses, and operating voltages.* The com-
plete system, including a control box for the camera voltages, is shown 
in Fig. 20.12. The control box is connected with the receiver by means 
of a series of tube-base adapters and plugs, the camera to the control 
box by a cable which may be several hundred feet in length. 
The amplification which must be provided in the camera is mini-

mized by transmitting the signal on a regular television channel, so 

* See Zworykin, Flory, Pike, and Gray, reference 23. 
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that the r-f and i-f amplifier, as well as the video amplifier, of the 
receiver may be utilized. The regular station selector knob of the 
receiver thus permits instantaneous switching from a broadcast pro-
gram to the closed-circuit camera, and vice versa. 

Figure 20.13 shows the camera circuit. The first two double tubes 
amplify the Vidicon signal to a level of the order of 2 volts, whereas 

—6U8— -6U8— 

Vid con 

—6U8-

 11 ± 

 o Horizontal 

 -0 Vertical 

 o Blanking 

 o +400 

 o +100 

 e +300-403(focus) 

 • 0 +100 (beam) 

 o +130 

Fig. 20.13. Circuit of Camera Attachment. 

+150 

o 
R-f 
out 

o 
63 
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the last tube contains an oscillator electron-coupled to a modulator 
section; the oscillator is tuned to the video carrier frequency of a tele-
vision channel unused in the reception area in question. The modu-
lated carrier generated in this fashion is coupled to the antenna circuit 
of the receiver through an attenuating pad to prevent interference with 
the normal operation of the receiver. 
The control box connections are shown in Fig. 20.14. Vertical de-

flection is provided by simply connecting the camera coils in series with 
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the low side of the receiver coils. Horizontal deflection is obtained 
from a transformer on the low side of the receiver horizontal coils, 
permitting a single-wire connection, even though the horizontal coils 
of the receiver are commonly not returned to ground. 

r  
Vertical o 

+4000  

Vertical 

*8 Horizontal 

E 
2 

+160 oy—e\AAAr--•—MAN—./ 

+280 0-1  

110 ac 

o Vertical 

o +400 

 o Blanking (grid) 

 0 +300-400 
(focus) 

 0 Horizontal 

 0 + 100 

 o +130 

Fig. 20.14. Circuit of Control Box. 

+150 

6.3 
heaters 

Horizontal blanking is obtained from a pulse of the order of 10 volts 
which appears across the camera horizontal coils; this pulse, which is 
made positive, is applied to the cathode of the Vidicon. Vertical blank-
ing is generated in the control box by using a blocking oscillator trans-
former with a pulse stretching and clipping circuit as shown in Fig. 
20.14. The negative pulses so obtained are sent to the camera on the 
Vidicon grid lead. A small amount of these blanking signals may also 
be mixed into the video signal to provide a means of synchronizing 
additional receivers. 
Although Fig. 20.14 represents a control box for a single camera 

attachment, the circuits can readily be modified for the operation of 
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a number of cameras in conjunction with a single receiver. In this 
instance individual beam current and focus controls are provided for 
each Vidicon camera; in addition, a selector switch serves to connect 
power and deflection to the desired camera. The possible uses to which 
such a multiple camera system might be put in the home are repre-
sented graphically in Fig. 20.15. The extraordinary simplification of 

Fig. 20.15. Multiple-Camera Installation in the Home. 

the system, which demands only three double tubes in addition to 
the Vidicon for each camera, makes closed-circuit television available 
for a wide range of applications which appeared out of the question 
heretofore. 
A system intermediate to the two just described is the RCA TV Eye. 

Its camera is essentially identical with the one described in connection 
with the camera attachment for a receiver. The power and deflection 
for the camera, however, are derived from a small unit operating from 
the power line. The output from the camera is, as before, an r-f signal 
which is applied to the antenna terminals of a receiver serving as 
monitor. The system has the drawback of higher cost, arising from 
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the added power and deflection circuits, with the compensating advan-
tage that it can be used with any receiver, without thought of special 
adapters, 
A unit similar to the TV Eye, also utilizing a standard receiver as 

monitor, is the Dage Television Camera.* Here, however, the power 
supply and deflection circuits, as well as all controls, are located on 
the camera. In addition, a small monitor kinescope is mounted on the 
camera for adjustment purposes. 

20.4 The Television Microscope. The effectiveness of conventional 
light microscopy is limited not only by the finite resolving power of 
the instrument, set by the wavelength of the illuminating radiation, 
but also by inadequate contrast between different structural elements 
of the specimen. This fact applies particularly to the study of or-
ganic materials at high magnification. Selective staining and phase 
microscopy frequently aid in the attainment of the desired differentia-
tion. They are not universally effective, however, and leave ample 
room for other methods. 

The television microscope can provide enhanced contrast in two 
ways: first, by electronic contrast enhancement and, second, by the 
employment of invisible radiations, particularly in the near ultraviolet, 
to which the eye is insensitive. Electronic contrast enhancement in 
combination with greater ease of viewing and convenient adjustment 
of the brightness level of the image make it possible to follow closely 
changes in living cells observed at high magnification. Professor A. K. 
Parpart t has successfully used this method to clear up questions of 
internal structure in red blood corpuscles. The great advantages which 
the same technique offers in the teaching of bacteriology, histology, and 
other branches of microbiology are obvious. 

The second method of contrast enhancement depends on the fact that 
many organic materials have strong distinctive absorption bands in 
the near ultraviolet, facilitating differentiation. Photography with 
high-contrast emulsions or plates sensitive to invisible radiations can, 
it, is true, accomplish the same ultimate end. However, the time delay 
implicit in the photographic process prevents continuous observation 
and greatly slows the examination of extended specimens. The ob-
servation of a fluorescent screen on which the invisible image is pro-
jected, on the other hand, is unsatisfactory with respect to resolution 
and brightness. 

* Dage Electronics Corporation, Beech Grove, Indiana. 
t See Parpart, reference 27. 
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The earliest realization of a television microscope—for the purpose 
of studying specimens illuminated by ultraviolet radiation—employed 
an iconoscope with ultraviolet-transmissive window.* At a much later 
date, R. C. Webb developed a flying-spot microscope, in which the 
face of a flying-spot tube was imaged on a microspecimen through the 
microscope, and the transmitted light was collected by a multiplier 
phototube (Fig. 20.16).-f Young and Roberts, in England, have ob-
tained good results with a system of this type. 

Microscope 

Flying-spot tube 

Viewing 
screen 

Fig. 20.16. Flying-Spot Microscope (Schematic). 

Phototube pickup 

Specimen 

Television 
projector 

Amplifier 

Although a flying-spot microscope is very efficient in the utilization 
of the light which reaches the specimen, it is limited in the intensity 
of illumination, particularly when the illumination is to be restricted 
to a selected wavelength range. Noise-free images at high magnifica-
tions are much more readily achieved with a storage-type camera tube 
such as the Vidicon, employed in conjunction with a high-intensity 
source, exemplified by a mercury arc. 
The industrial television equipment described at the end of the last 

section is readily combined with a standard microscope to form a highly 
practical television microscope (Fig. 20.17). If the standard optics of 

*See Zworykin, reference 24. 
t See Zworykin and Ramberg, reference 25, p. 383. 
# See references 26 and 35. 
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the microscope are replaced by quartz-fluorite and/or reflective optics 
and a simple quartz prism monochromator with a medium-pressure 
mercury arc source is used as illuminator, it becomes possible to com-
pare images obtained at different selected wavelengths in the ultra-
violet and visible (Fig. 20.18). The only modification in the Vidicon 
camera is the replacement of the standard Vidicon with a tube pro-

Fig. 20.17. Television Microscope. 

vided with an ultraviolet-transmitting face plate and a selenium target. 
Figure 20.19 shows the spectral response of such a tube in the ultra-
violet. The difference in the appearance of a specimen of unstained 
kidney tissue illuminated with 4000 A radiation and 2537 A radiation 
is indicated in Fig. 20.20. The strong absorption of nucleic acid at the 
shorter wavelength causes the cell nuclei to stand out sharply in the 
second picture. 

Ultraviolet television microscopy has also been employed effectively 
for the visualization of changes in cancer cells produced by irradiation 
and therapeutic agents by Dr. G. Z. Williams of the Virginia Medical 
College and the National Institutes of Health.* Television microscopy 

* Papers presented before the American Association for Cancer Research and 
the Federation of Biological Societies in Chicago, April, 1953. 

WorldRadioHistory



Sec. 20.41 The Television Microscope 949 

Fig. 20.18. Television Microscope for the Ultraviolet. 

1   
2000 3000 4000 5000 

Wavelength in angstroms 

Fig. 20.19. Spectral Response in the Ultraviolet for an Ultraviolet-Sensitive 
Vidicon. 
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permits the examination of great masses of biological materials with 
ultraviolet radiation without the great loss of time inherent in conven-
tional photographic methods. 
The differential absorption in the ultraviolet may be recognized more 

directly by assigning different colors to different wavelengths in the 

(a) (b) 

Fig. 20.20. Photographs of Identical Sections of Unstained Kidney Tissue Illumi-
nated at 4000 A (a) and 2537 A (b) Obtained from Kinescope Screen of Tele-

vision Microscope. 

ultraviolet and superposing, e.g., three partial images formed with three 
wavelengths in their corresponding colors. Such a color representation 
of microspecimens has been realized photographically by Land and his 
associates.* Apparatus achieving a similar result with the television 
microscope is shown in block diagram in Fig. 20.21. A mercury arc 
light source and gates shifting the video signal from one gun of a tri-
color kinescope to the next are pulsed in synchronism with the rotation 
of a wave-length selector in the illuminating system of the microscope. 
The selector consists of a three-sector mirror, the parallel sectors being 
recessed by different amounts so that, for each, radiation of a particular 

*See Land et al., reference 28. 
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Fig. 20.21. Block Diagram of Television Microscope Translating Ultraviolet 
Absorption Differences into Color Differences. 

Fig. 2022. Detail of Ultraviolet "Color" Microscope Showing Wavelength-
Selecting Mirror Disk. 
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wavelength is concentrated on the exit slit of the illuminator (Fig. 
20.22). Although in the experimental system the color alternation fre-
quency was too low to give an even reasonably flicker-free picture, the 
effectiveness of the method in indicating differential absorptions in the 
ultraviolet could be readily demonstrated.* It should be noted that 
the above application requires the use of a reflective microscope objec-
tive, since even quartz-fluorite achromats are adequately corrected for 
only two wavelengths in the ultraviolet. 
Through the addition of some auxiliary circuits, the television micro-

scope can be transformed into an effective blood cell countent A 
standard counting chamber containing the cell suspension is observed 
at a fixed magnification with dark-field illumination in the television 
microscope. At the same time, the video signal is applied to an elec-
tronic counter, which counts the pulses corresponding to transits of the 
scanning spot through individual cell images. Since a large cell will 
register more counts than a small one, and the average cell size differs 
for different samples, the count-rate meter is adjusted for average cell 
size, determined by comparing a variable-length standard pulse with 
the measured pulses and locating the point of maximum coincidence. 

20.5 Special Forms of Industrial Television Equipment. Standard 
industrial television equipment can be modified in various ways to 
adapt it for special purposes. Thus, field-sequential color television 
has been utilized for the presentation of surgical operations, the trans-
mission of fashion shows in department stores, and for other purposes. 
The inadequate resolution and marked flicker effects observed with 
this system operating under broadcasting standards are overcome by 
increasing the bandwidth of the transmission and the frame frequency, 
respectively. Compatibility is, of course, of little importance with 
closed systems. The Vericolor chains presented by Remington-Rand 
in cooperation with the Columbia Broadcasting System and discussed 
in some detail in section 19.7 employ a bandwidth of 10 megacycles, 
whereas Telecolor chains designed by DuMont utilize 18 megacycles. 
The Telecolor system t is a 525-line, 180 fields-per-second system con-
sisting of five portable units (Fig. 20.23), color disks driven by syn-
chronous motors being provided in both the image-orthicon camera 
and the 7-inch color monitor. The color signals are separated in a 
control unit, to permit individual gain adjustment for the three partial 
pictures, and are then recombined, along with blanking, shading, and 

*See Zworykin, Flory, and Shrader, reference 29. 
t See Zworykin and Flory, reference 16, and Flory and Pike, reference 36. 
# See Smith, Olson, and Cotellessa, reference 30. 
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synchronizing signals, before application to the distribution amplifier 
(for additional receivers) and the color monitor. It should be noted 
that the adoption of field-sequential methods in these early examples 
of industrial color television has been based primarily on lower costs. 
It may be anticipated that, with the advance of the art, preference will 
be given here to simultaneous color systems just as in color television. 

Fig. 20.23. DuMont Telecolor Chain Incorporating Camera, Camera Control 
Unit, Synchronizing Generator, Low-Voltage Power Supply, and Color Monitor. 

(Courtesy of Allen B. DuMont Laboratories, Inc.) 

A detailed study of stereo television techniques was carried out by 
Johnston, Hermanson, and Hull of the Argonne Laboratories Remote 
Control Engineering Division, employing a chain provided by Du-
Mont.* The problem consists of presenting to each eye of the observer 
the image which it would see if the observer were stationed at the cam-
era location. Either a sequential or a simultaneous method may be 
employed for this purpose. In the sequential method moving mirrors 
and shutters are used to translate the effective position of the camera 
lens and to mask one or the other eye of the observer in synchronism. 
In the simultaneous method the two images are transmitted simulta-
neously and observed individually by each eye through some type of 
viewing stereoscope. 
The sequential method proved unsatisfactory because of flicker and 

lag effects. Consequently, a simultaneous method was adopted, em-

* See reference 6. 
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ploying a mirror system to project the images formed by two objectives 
side by side on the photocathode of the image orthicon (Fig. 20.24). 

Left eye image 

Right eye image 

Television 
camera tube 

Light barrier 

Front surfaced 
mirrors 

Left lens 

Silvered right 
angle prism 

To left eye 
view of object 

To right eye 
view of object 

Fig. 20.24. Projection of Two Images on Photocathode of Camera Tube in Stereo 
System Employing Single Image Orthicon. (Johnston, Hermanson. and Hull, 

reference 6.) (Courtesy of Electrical Engineering.) 

20.25. RCA Stereo Televi.sion Chain Consisting of Camera, Stereo Monitor, 
and Control Unit. 

In the RCA system * (Fig. 20.25) the resolving capabilities of the 
industrial television chain are utilized more fully by providing two 
Vidicons and two parallel video channels. The figure shows a stereo 

*See Zworykin, reference 31. 
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monitor employing two miniature kinescopes along with the camera 
and control unit. The three-dimensional image is viewed preferably 
through polaroid spectacles on a receiver in which the two kinescope 
images, filtered by complementary polarizing screens, are superposed 
by a semitransparent mirror. A relatively compact receiver of this 
type is shown in Fig. 20.26. 

Finally, there are numerous applications of industrial television 
equipment for which a cable connection proves impractical. In all 

Fig. 20.26. A Table Model Stereo Receiver. 

these cases a transmitter must form part of the camera and monitor. 
A portable television station suited for such applications is described 
in Chapter 21.* It is a logical further development of RCA's general-
purpose television equipment described in section 20.3. 
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21 Practical Television Systems 

21.1 Television as a Major Industry. During the decade following 
1940 television in the United States experienced a phenomenal growth, 
even in spite of the retardation which was the inevitable result of the 

Second World War. As spectacular as was this growth, it was by no 
means unpredicted. Many of those working in the field were well 

aware of the potentialities of the medium and have not been surprised 
by the way in which the industry has developed. 

In 1940 only half a dozen transmitters, serving at most a few hun-
dred receivers, were in operation. At that time the transmission was 
on an experimental basis and limited to only a few hours a week. It 
might well have been noted at the time, however, that the programs 
broadcast were by no means gauged to the smallness of the audience. 
Both the scope of material and the equipment employed for outdoor, 
moving picture and studio transmissions indicated that they were in 
reality research programs to develop means and methods suitable for 
the present vast spectator group. Excellently produced and directed 
stage plays, variety shows, concerts, and educational programs were 

transmitted. Spot pickup included sporting events such as baseball, 
football, and boxing as well as ,such newsworthy events as political 
conventions, military exercises, and interviews with people in the na-
tional spotlight. 

At the time of the entry of the United States into the war, television 
was just starting to be put on a commercial basis. During the next 

five years, all the engineering and industrial effort which might have 
gone into developing the field was, of course, diverted to the grim busi-
ness of the military. During this time, television broadcasting con-

tinued, but only on a scale sufficient to keep the facilities from de-
teriorating. 

At the close of the war, the normal expansion of television began. 
The following table is a guide to its growth: 

958 
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Receivers in Use at 
Year End of Year (U. S.) 
1947 186,000 
1948 1,000,000 
1949 3,400,000 
1950 10,500,000 
1951 15,200,000 
1952 20,400,000 
1953 28,000,000 

The enormous rate of growth which is indicated in the table has, of 
course, been a gratifying vindication of the earlier effort which went 
into developing the system. It also means that television has already 
become an important and valuable aspect of our economic life. How-
ever, a rate of growth such as this is not without its disadvantages. 
For one thing, it has forced a number of decisions, both technical and 
nontechnical, to be made before adequate data were available upon 
which to base the decision. As illustration, the example might be cited 
of the decision on the part of industry to standardize on a 10-inch 
viewing tube. At the time it was made, it seemed very reasonable from 
an economic and manufacturing standpoint. Data on the public pref-
erence were not available. Fortunately, our form of economic system 
corrects for this type of error very rapidly and with a minimum of over-
all inconvenience. In less than a year, public pressure reversed the 
decision, and viewing tube sizes were expanded as rapidly as tech-
nology permitted. There is every reason to feel that when such errors 
are made, they will be similarly corrected as long as television is a 

free, healthy industry. 
Television has reached such proportions that it is of considerable 

economic importance. Both because of the type of service rendered 
and the history of the development of television, television manufac-
ture and broadcasting are closely tied to the radio industry. However, 
their magnitude has become such that the new industry overshadows 
its parent. At the time of writing (the end of 1953) the plant invest-
ment for production of television equipment far exceeds the correspond-
ing investment for radio broadcasting and receiving equipment. The 
total output of the television industry in 1953 has been estimated at 
1.5 billion dollars, approximately twice that of the (civilian) radio 

industry.* 
The television broadcasting service represents an important indus-

try all by itself. Here many thousands of people are employed in 

* See reference 1. 
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handling the very complex problem of picture production and trans-
mission. Each program requires the services of a large group of tech-
nically trained personnel to operate cameras, lights, sound and video 
monitoring equipment associated with the point of origin of the pro-
gram, as well as the engineers necessary for the transmitter. In addi-
tion, each production requires producers, performers, and attendants. 
When all these activities are multiplied by the number of programs 
produced each year, and have added to them the formidable amount 
of time required for rehearsals, it will be seen that full-time employ-
ment of a large group of well-trained and talented individuals is in-
volved. 

In relation to the economic aspect of television, the employment 
opportunities which have been opened up to meet the servicing require-
ments of home receivers should not be neglected. It is difficult at this 
time to estimate the dollar volume of this business. However, it is 
quite evident from the earlier chapters that the television receiver is 
quite a complex piece of equipment and can be repaired and adjusted 
only by men who not only have the requisite training but who also 
have the necessary equipment. Therefore, the equivalent manpower 
back of each television servicing job is greater than that required to 
service a radio broadcast receiver. With some 28 million sets in use 
at the end of 1953, the total servicing work may well exceed that for 
the present existing broadcast receivers. 
The indirect economic effect of television, namely, its effect as an 

advertising medium, is also extremely important. Almost without ex-
ception, the advertisers who have used this facility have had imme-
diate and excellent results. One consequence has been that the supply 
of available video time for this purpose is not nearly adequate to meet 
the demands. The rapid increase in the total expenditure for television 
advertising, reaching 580 million dollars * in 1952, is a clear indication 
of the high value placed upon this medium of advertising. A vivid 
example of its effectiveness was given when, as a result of a series of 
video programs, the sponsor received so many orders for his product 
that his production facilities were entirely inadequate for the demand. 
He was, therefore, forced to suspend his program, pending the time 
required to expand his plant and catch up on the backlog of orders. 

All the industrial and economic activity outlined in the preceding 
paragraph was possible only through the expenditure of large amounts 
on engineering and research. Public demand for television is such 

* Quoted in Television Fact book, No. 17, July 15, 1953, from Printers' Ink. 
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that increased activity in both fields is inevitable. This means that 
there is and will continue to be a large demand for men who by training 
and inclination are suited for work on television development. Oppor-

tunities in this field are almost unlimited. 
21.2 The Studio. The television studio is the point of origin of a 

large fraction of all television programs. The studio set is one of the 
two focal points of the entire complex system whose fundamentals 
have been outlined in the preceding pages. The other focal point is, 
of course, the home receiver which was described in an earlier chapter. 
In principle, perhaps, the whole system should be subservient to the 
studio set. The studio set in action should tell the story it was created 
to tell or, even better, be this story quite independent of the television 
terminal equipment which surrounds it. It would then be the duty of 
the cameras, the microphones, the lighting, and the rest of the system 
to pick up this story and relay it to the viewer in the best possible 
manner. If necessary, engineering details of the system might have to 
be altered to meet the particular needs of the program. In practice, 
of course, this cannot be strictly realized. Both the set and the acting 
must take positive cognizance of the means by which the program 
reaches the audience. The scenery must be designed to compensate 
for or minimize the limitations of the cameras. Similarly, the action 
and speech must be tailored to fit the shortcomings of the system as 

a whole. 
Since the primary objective of this book is to present the basic prin-

ciples of television rather than the engineering details, it would be out 
of place to attempt a complete description of the television studio or its 
equipment. However, a qualitative description of the studio and the 
manner in which it functions is presented to give the reader a better 
feeling for the practical equipment which represents the physical em-
bodiment of the principles discussed in the preceding chapters. 

The Studio Room. It is not possible, of course, to generalize the de-
scription of the room in which the studio is located so as to cover all 
or even a large fraction of practical cases. In general, the room se-
lected will be governed in its size and architecture by the require-
ments of the broadcaster, the available accommodations, and the eco-

nomics of the situation. 
The large broadcaster will have a number of studios primarily so 

that one production can be on the air while others are being set up or 
taken down. Under these circumstances, the studios do not have to 
be as flexible as those for a small broadcaster, who has perhaps only 
one room available for the purpose. The room or rooms selected are 
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usually large enough to accommodate a number of sets. In general, an 
attempt is made to put all the sets of the production in one studio. 
This reduces the number of cameras required to put on the program, 
since they may move from one set to another. It also simplifies the 
problem of coordinating the action. In order to accomplish this, the 
studio room must be arranged in such a way that temporary partitions 
may be put up and removed with ease and rapidity. The wall and 
ceiling of the room used must be acoustically treated in order to avoid 
excessive reverberation and other undesirable spurious sound effects. 
If possible, the room should be air-conditioned since, frequently, the 
lighting required for the production produces a large quantity of heat. 
Normal precautions to avoid fire and electrical hazards must, of course, 
be taken. 
There is generally a control room associated with each studio. This 

room is slightly elevated with respect to the studio and is partitioned 
from it with a large glass window so that the people in the control 
room may view the studio. During the performance, very little use 
is made of the direct view of the studio and almost entire reliance is 
,placed on the pictures transmitted from the studio to the control moni-
tors. However, during the setting up of the scenery and rehearsing 
of the program a good deal of use is made of the fact that the entire 
layout may be seen through the control room window. 
Another essential component of a television studio installation of 

any size is a generously dimensioned storage room for the many props 
required in television broadcasting. This, by itself, makes the space 
requirements of television broadcasting radically different from those 
of sound broadcasting. 
The walls and ceiling of the studio room must be provided with the 

requisite brackets, tracks, hooks, etc., to support the required lighting. 
Also, the floor must be firm and smooth and sturdy enough to with-
stand the floor loading of the heavy camera dollies which are moved 
across it. Needless to say, the studio must be provided with a complex 
of electrical circuits and wiring to provide the power required for lights, 
cameras, and other electrical equipment. 

Studio System. Even a small television station has a number of 
sources of program material at its disposal. Smooth, effective program 
presentation makes it essential that these be carefully coordinated. 
Figure 21.1 shows a layout suitable for a station of intermediate size. 
Here the nerve center of the station, the master control console, is 
placed in the transmitter control room. Picture and sound signals from 
all available sources, be they local or remote, terminate at the master 
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Fig. 21.1. Diagram of Television Studio Installation for Station of Intermediate Size. (Anderson and 
Hadlock, reference 2.) 
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control console and may be switched on and off air at will. Monitors 
give the transmitter engineer a view of the picture being broadcast as 
well as a preview of the next presentation. Guided by oscilloscopes 
and meters, he is responsible for maintaining the level of audio and 
video signals within the proper limits. 

In the example shown in Fig. 21.1 the local sources of program ma-
terial are a "live" studio, a film projection room, and an announce 
booth. The remote sources may be network programs relayed by co-
axial cable or microwave links, spot pickup from a mobile unit, and 
auditoriums and theaters in other parts of the city connected by wire 
or radio with the station. • 
Two cameras, mounted on standard dollies, are shown in the live 

. studio. Larger studios are commonly equipped, in addition, with a 
camera mounted on a large crane-type dolly for angle shots and shots 
made from an elevation. A boom-mounted microphone and a stand 
microphone provide for sound pickup. For news, disk jockey, and 
announce shows one of the cameras is pointed through the announce 
booth window. 

Seated at the studio control console, flanked by the video operator 
at the left and the audio operator on the right, the program director 
has a clear view of the studio as well as the monitors. The two camera 
control units at the extreme left (Fig. 21.2), with a 10-inch kinescope 
and a 5-inch oscilloscope, are continuously monitored by the video 
operator, who adjusts background, gain, and shading. The program 
director controls the switching unit, which selects the camera signals 
fed to the master control console for transmission. In addition to the 
switching monitor, which shows the program on the line at the mo-
ment, a preview monitor is provided, which shows the next picture to 
be switched in. The remote-control section, for operating the film and 
slide projectors and cameras and switching in the monoscope channel, 
is commonly a duplicate of a similar section on the master control con-
sole. Finally, the audio operator at the consolette "rides" the gain of 
the audio amplifiers, guided by sound level meters, so as to maintain 
the sound at the proper level as the actors move about the set. He 
is also in charge of the turntables for recorded music and transcribed 
announcements. 

Two film camera chains are provided in the film projection room. 
One of the film cameras accepts pictures from two 16-millimeter pro-
jectors and a slide projector through an optical multiplexer. Film 
projectors are always employed in pairs to permit smooth change-over 

.1L•a-
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from one reel to the next. The other film camera is employed, in the 
example shown in Fig. 21.1, with a Gray "Telop," a special projector 
for large slides, newstape, small objects, etc. As an alternative, it may 
be used in conjunction with a pair of 35-millimeter projectors or a 
second pair of 16-millimeter projectors. Whereas the projectors are 
loaded and adjusted by the film technician, they are started and 
switched by remote control from the master or studio control console. 
In larger stations, with more than two film camera chains, a separate 
filin control console is provided. 

Studio Studio 
camera camera 
control control TM6A Preview Remote 
*1 #2 monitor monitor control Audio control 
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Ring 
down 

BC-28 
Consolette 

TM6A TM6A TSIOA 
Switcher 

TM6A 

Two 
turntables 

Fig 21.2. Arrangement of Studio Control Console. (Anderson and Hadlock, 

reference 2.) 

Obviously, for large stations with many studios the control system 
is considerably more complex, and the functions of the operating per-
sonnel are further subdivided. Conversely, small stations, which may 
have no live studio whatever, have a considerably simplified layout. 

21.3 Television Cameros. The most important item of equipment 
in any television studio or, for that matter, any point of origin of tele-
vision material is, of course, the pickup camera. In the preceding 
chapters, detailed descriptions have been given of the camera tubes, 
associated deflection and focusing equipment, and the amplifiers re-
quired to raise the signals to the level of their final use. In the camera 
these elements are integrated into a unit. There are, of course, many 
different types of cameras designed for specific purposes. However, a 
description of three types will suffice to give a general background for 
this element of the television system. The three to be discussed are 
a general-purpose studio and field camera, a small portable camera, 
and a film pickup unit. 
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Fig. 21.3. Camera Mounted on Studio 
Pedestal. ( Re isz, reference 3.) 
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The studio and field camera finds employment wherever weight and 
size are not the most important consideration. This camera includes 
all the refinements needed for the transmission of as nearly perfect a 
picture as possible. Some of these refinements must, of necessity, be 
sacrificed to portability in the small hand-carried camera. 
The most widely used television cameras of today (1954) employ 

an image orthicon as pickup tube. They, therefore, require much less 
light than the earlier iconoscope 
cameras. Under normal lighting 
conditions of 1 to 200 foot-candles 
an excellent picture may be ob-
tained. A usable picture may be 
transmitted even at light levels of 
one foot-candle. This is an im-
portant consideration for outdoor 
pickup, where adverse lighting 
conditions cannot always be 
avoided. 
For studio use, the camera is 

mounted on a heavy pedestal 
equipped with easy-moving, silent, 
heavy-duty casters (Fig. 21.3). 
The casters are arranged so that 
the camera can be moved in any 
direction or rotated on the floor 
and, also, so that it can be locked 
into position. The pedestal is 
equipped with an elevator which 
allows raising and lowering of the 
camera box. For field use, a light-

weight aluminum tripod takes the place of the studio dolly. Here, also, 
arrangement is made for raising and lowering the camera (Fig. 21.4). 
In both instances the camera mounting resembles that of a movie cam-
era insofar as controls permit both turning the camera and tilting it. 
The camera tube, together with its focusing coils and deflection yoke, 

is mounted in the lower part of the camera box. A four-position lens 
turret, manipulated by a handle at the rear of the camera, permits 
ready control of the angle of view of the camera. Television camera 
lenses range from a 35-millimeter, 1/3.3 wide angle to a 25-inch, f/5.0 
lens for close-ups of distant objects. A typical lens complement for 
a studio camera consists of a 50-millimeter, f/1.9, a 90-millimeter, f/3.5, 
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a 135-millimeter, f/3.8, and an 8%-inch, f/3.9 lens, giving a range of 
over 4:1 in the angular field covered. The longer focal length lenses are 
designed for field use. 

In addition to these standard lenses, a number of special-purpose 
lenses have been developed, such as the 7-inch, f/1.3 Television Balow-

Fig. 21.4. Camera à1 omit ed on Aluminum Tripod, Viewed from Cameraman's 
Position. (Reisz, reference 3.) 

star, for extremely low light levels; the 40-inch, 1/8 Television Reflec-
tar, for long-distance shots; and the Television Zoomar lenses, for con-
tinuously varying the focal length from 3 to 13 inches (for studio use) 
or from 5 to 22 inches (for field use). With the zoom lenses it is pos-
sible, e.g., to follow a player across a football field without changing 
his apparent size or loosing track of him at any moment. The focal 
length of the Zoomar is controlled by a rod passing through the turret 
axis. 

Focusing of these lenses is accomplished not by moving the lenses 
themselves but by moving the camera tube and its associated coils 
with respect to the lens. A focusing knob on the side of the camera 
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box serves this purpose. The iris opening of the lens, actuated by a 
small motor and gear train mounted on the lens, is remotely controlled 
from the camera control position. 
The video amplifier and camera deflection chassis are located on 

either side of the camera tube, hinged side doors giving ready accessi-

Fig. 21.5. View of Interior of Camera, Showing Viewfinder Compartment at Top. 
(Reisz, reference 3.) 

bility. A response flat to 8.5 megacycles permits full utilization of the 
image orthicon resolution. A pulse-type high-voltage supply generates 
the high voltages necessary in the operation of the camera. 
Above the main part of the camera and in the form of a plug-in unit 

is the view finder (Fig. 21.5). The view finder consists of a 7-inch 
kinescope with a flat aluminized screen which shows the camera man 
the picture transmitted by the camera tube. A detachable hood shields 
the tube face from stray light. The necessary kinescope controls are 
just outside the hood mounting. The electronic view finder enables 
the cameraman to check exactly the framing and focus of the picture. 

• 
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The principal camera controls are placed in two vertical rows on 
the back panel of the camera box, in position readily accessible to the 
cameraman. They include beam focus, image focus, alignment, cen-
tering, and size controls as well as horizontal shading. Additional con-
trols, which require less frequent adjustment, are placed inside the 
hinged side doors. Tally lights on the front of the camera, in full view 
of the actors, as well as on the rear, indicate whether the picture is 
being transmitted from this particular camera. 

All electrical connections of the camera are carried by a single cable 
connected to the camera control unit. In the studio, the control unit 
is mounted on the studio control console, whereas in the field it is a 
suitcase unit supplementing the field camera. A portable power sup-
ply completes the field camera equipment. 
A dual earphone system enables the cameraman to listen in either 

on the action of the production or to receive instructions from the pro-
gram director. In the major studios at least one camera is mounted 
on a crane-type dolly instead of the pedestal described above. The 

crane-type dolly, as the name implies, has the camera mounted on 
the end of a massive, movable boom. The camera operator sits on a 
seat which is also mounted on the boom close to the camera. The 
boom may be raised or lowered at will to permit a wide variety of 
angle shots. Again, the dolly which carries the camera is made ex-
tremely maneuverable and is operated by a second man who is directed 
either from the cameraman's position or by the program director in 
the control room. 

A camera unit has been developed that is much smaller and lighter 
in weight than the general-purpose studio and field equipment described 
above. It is a truly portable instrument. The camera, its entire con-
trol accessories, a microwave transmitter for relaying the picture and 
sound signals to a base station, and batteries sufficient for an hour and 
a half of operation can easily be carried by one man.* This type of 
camera uses a Vidicon pickup tube which can be made very small 
and light in weight. Its sensitivity, though less than that of an image 
orthicon, is sufficient for picture transmission under most outdoor con-
ditions. In the model shown in Fig. 21.6 t the electronic view finder 
is mounted directly above the camera tube, so that the whole camera 
resembles a small telescope through which the operator looks to ob-
serve the scene before the camera. 

*See Flory, Pike, DiIley, and Morgan, reference 4. 
t See Ohler, reference 5. 
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A block diagram of the somewhat modified units employed at the 
National Political Conventions in Chicago in 1952 is shown in Fig. 
21.7.* The back pack contains a battery-fed power supply, a simpli-
fied synchronizing generator with a 94.5-kilocycle crystal master oscil-
lator, audio and video amplifiers, a modulator in which video and 

Fig. 21.6. Vidicon Camera with Backpack Transmitter. (Ohler, reference 5.) 

(sound-modulated) synchronizing signals are combined, and an ampli-
tude-modulated 2000-megacycle cavity oscillator with a pencil triode, 
generating the signal applied to the transmitting antenna. The sound 
is added to the signal by width modulation of the synchronizing pulses. 
At the base station, which may be as much as one-hall mile away, 

the signal is applied to a microwave receiver by a paraboloidal an-
tenna. The sound signal is recovered from the synchronizing pulses, 
which are replaced by standard synchronization signals from a syn-

*See Ohler, reference 5. 
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chronizing generator matched in phase to the received synchronizing 
signals. The resulting video and sound signals can then be utilized 
for television transmission over regular channels. 
The final type of camera to be described is the film pickup camera. 

For film pickup, the iconoscope has generally been given preference 
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Fig. 21.7. Block Diagram of the Pack Unit and Camera Showing the Intercon-

nections and Signal Path. (Ohler, reference 5.) 

over the image orthicon, in view of its excellent resolution and favor-
able contrast characteristics. More recently (since 1953) the Vidicon 
has found favor as camera tube for film transmissions. 
The film camera proper is relatively simple, since it is stationary 

and does not contain the optics required for forming the picture on the 
camera tube target. An iconoscope camera, such as that shown in 
Fig. 21.8, does require, however, carefully adjusted back-lighting and 
edge-lighting sources (Fig. 21.9) to eliminate the need of operating 
shading controls during program transmission. 

WorldRadioHistory
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(Herbst, reference 6.) 
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The equipment for translating the film, timing the exposure, and 
forming the optical image is part of the film projector. In principle, 
several solutions are possible. The most straightforward procedure 
would confine the displacement of the film to retrace time and pro-
ject alternate motion-picture frames for two and three field periods on 
the camera tube target. This would match the standard frame fre-

quency of motion pictures (24 per 
second) to the television field fre-
quency (60 per second) and permit 
the use of any type of (storage or 
nonstorage) pickup equipment. On 
the other hand, completing pull-
down of the film in approximately 
o o 0 second would place extreme 

demands on the mechanical con-
struction of the projector and result 
in excessive wear of projected film. 
Consequently, the preferred solu-
tion is to flash the picture on the 
target of the tube during vertical 
retrace time only and to rely on the 
excellent storage properties of the 
iconoscope (or Vidicon) to generate 
the picture signals during the suc-
ceeding field period. The time now 
available for pulldown depends on 
whether the intervals between pull-
clown are made equal (2% field pe-
riods) or are alternately two and 
three field periods (Fig. 21.10). 
Both systems are used in prac-

tice. The less elaborate projectors, 
most widely employed, particularly, 
in smaller studios, have equal-

interval pulldown. With 1/1200 second allowed for exposure, at most 
%00 second is then available for the pulldown period. With a 3:2 
interval arrangement, almost a field period (more precisely, 1 ,...9/. 200 
second) becomes available for this purpose. This reduces film wear 
and is favored in more elaborate equipment, particularly for 35-milli-
meter film projectors. 
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A widely used 16-millimeter projector with equal-interval pulldown 
is shown in Fig. 21.11. A slot in an 18-inch disk rotating at 3600 

Fig. 21.9. Edge and Back Lighting Units in Film Camera. (Herbst, reference 6.) 
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Fig. 21.10. Timing Relationships in Television Intermittent Projector. (Herbst, 
reference 6.) 

rpm admits the light from an airblast-cooled 1000-watt incandescent 
lamp to the film gate for 1/1200 second at Y6e-second intervals. The 
disk is driven by a three-phase synchronous motor controlled by the 
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jector. 

RCA TP-16D Film Pro-
(Herbst, reference 6.) 

974 Practical Television Systems [Chap. 21 

same power source as the synchronizing generator. An automatic 
phasing adjustment makes the exposure period coincide with retrace 
time. The picture is projected on the iconoscope target by a 3-inch 

lens. The sound system is the same 
as that for a conventional 16-milli-
meter motion-picture projector. 
In the 35-millimeter projector a 

pulsed light source replaces the 
shutter disk, resulting in extremely 
quiet operation. The slower pull-
down permitted by the 3:2 interval 
system has the same effect. 
As shown in Fig. 21.1, two filin 

projectors are usually placed so 
that, by way of a pair of front-
surface mirrors, they have access 
simultaneously to a film camera; in 
addition, a small slide projector 
mounted above the mirrors can pro-
ject station announcements on the 
iconoscope target. The device con-
sisting of the mirrors and the slide 
projector mounted on a pedestal is 
called a "film multiplexer." 

21.4 Motion-Picture Recording 
of Television Material. Essentially 
all the program material produced 
by the larger television installa-
tions is recorded on motion-picture 
film. It includes the material sent 
directly to the transmitter, that 

which is put on cable, and program material produced but not trans-
mitted until later from the film recordings. To record all this material 
makes necessary the preparing and processing of an enormous amount 
of motion-picture film. 
Any one of the larger television centers probably handles as much 

or more film in a given length of time as the entire moving picture 
industry in Hollywood. The National Broadcasting Company system 
alone, in order to handle its recording, uses about a million and a half 
feet of film per month. Since NBC records everything in duplicate 
to reduce the danger of loss of program records due to operational 
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error or equipment failure, only about two-thirds of this film or a 
million feet per month should be considered directly useful. 
There are a number of reasons why kinescope recordings of all tele-

vision programs are made. First, these recordings serve as a historical 
record of the material and as legal documentation of the subject matter. 
Second, the films of the program material may be used for delayed 
broadcasting or to repeat the program at a later time. The fact that 

Fig. 21.12. Kinescope Recording Room of NBC Hollywood Television Studi). 

there is a time difference of three hours between the East Coast and 
the West Coast of the United States is by itself sufficient to require 
repeat broadcasts of important programs, so as to present them during 
the most favorable listening hours in each location. The films may 
also be distributed to other stations, which would otherwise have no 
access to the material; e.g., network programs for stations that are 
not serviced by the coaxial cable or microwave relay system. Finally, 
the television records are useful for such internal uses as the sale of 
programs, auditioning, etc. 
Two recording units are shown in the overall view of a television 

recording room in Fig. 21.12. The recordings are made by reproducing 
the television image on a small, bright, projection kinescope and pho-
tographing these images directly from the face of the tube by means of• 
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a modified moving picture camera. The camera is equipped with a 
special shutter, which will be explained later, and is accurately syn-
chronized with the television picture. Present-day recordings are made 
exclusively on 16-millimeter film rather than on standard 35-millimeter 
photographic material. The 16-millimeter recordings are found to be 
just adequate in quality so that they do not degrade the record, and 
the cost is only about one-third as much as for the same recording 
period on 35-millimeter film. There is the added reason that all 16-
millimeter film is acetate-based and consequently relatively fireproof. 
Thirty-five-millimeter film may be either nitrate- or acetate-based. 
Since nitrate is extremely inflammable, the Underwriters rules for 35-
millimeter cameras are very severe and require the provision of fire 
walls and other safety equipment, even though the user plans to em-
ploy only acetate films. Finally the cost of 16-millimeter camera and 
projection equipment itself is much lower than that for the equivalent 
35-millimeter equipment. As has already been pointed out, the pres-
ent-day standard 525-line piçture corresponds to 483 actual lines in 
the vertical direction. A good studio picture has a resolution of some-
what over 600 television lines horizontally and a detail contrast range 
of 10 to 1 or less. To resolve 600 television lines on 16-millimeter 
film, the emulsion must be capable of resolving 42 lines per millimeter. 
Standard Super-X panchromatic emulsion is rated at 55 lines per 
millimeter. However, this standard is determined by the use of a very 
high contrast ratio chart, and observing the point where the contrast 
ratio on the film is just greater than unity. Fifty-five lines per milli-
meter by this type of rating is not adequate resolution for a good 
television picture. Experimentally, it has been found that the film 
emulsion must have a rating of 90 lines per millimeter in order not to 
degrade the television picture. Suitable emulsions with resolving power 
in excess of this figure and having both sensitivity and gamma suitable 
for kinescope recording can, however, be obtained. 
The television picture derived from a well-made 16-millimeter kine-

scope recording is essentially indistinguishable from original live studio 
program material. It has been found expedient to record television 
pictures on film with a 24-per-second frame rate so as to permit the 
transmission of television recordings with standard 16-millimeter pro-
jection equipment. It is, therefore, necessary to modify the recording 
camera in such a way as to convert the 30-frame rate of the television 
picture to the 24 frames per second of the recording. This is done in 
a somewhat different manner from that described in connection with 
the pickup camera for moving picture film. The recording camera is 
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equipped with a shutter which has an open angle of 288 degrees and 
a closed segment of 72 degrees. The shutter is driven by a 60-cycle 
synchronous motor geared down to give a shutter speed of 24 revolu-
tions per second. The shutter is phased with the television synchro-
nizing signal in such a way that the shutter is open for the two fields 
of the first television frame. The shutter then closes for one-half a 
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Fig. 21.13. Comparison of Exposure and Pulldown Timing in a Standard Filin 
Camera, a Television Film Projector with Equal-Interval Pulldown, and a Tele-

vision Recording Camera. (Little, reference 8.) 

field, during which time the pulldown occurs and opens for the second 
half field. It remains open for the next field and the following half 
field, when it closes again and pulldown occurs. The shutter then 
opens for the second field of the third television frame. It will be seen 
that a full cycle of this operation involves five television frames and 
four motion-picture frames. This gives the required conversion from 
30 cycles to the 24 cycles. The accompanying diagram will help to 
clarify the timing sequence involved (Fig. 21.13). 

In order to carry out this recording operation successfully it is 
obviously necessary to have very carefully and well-designed equip-
ment capable of the control and stability that are needed. The camera 
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must be extremely accurately positioned in respect to the kinescope 
and mounted so that there is no vibration which might blur the image. 
The motors driving the camera are driven from the same power source 
that produces the television synchronizing signal so that no phase shift 
occurs between the television system and the camera. Furthermore, 
the camera is driven by motors having d-c field magnets so that the 
correct phase is automatically assumed. In order to avoid any shadow 
bars from the shutter, the camera employs a fairly large aperture lens. 
It has been found that, if the lens opening is smaller than f/5.6, shadow 
bars may be visible. In practice the camera is equipped with an f/1.6 
lens diaphragmed down to f/2. Great care must be taken to insure 
that there is no vibration. 

In order to avoid vibration the shutter may be driven by a separate 
synchronous motor especially designed for the purpose, and a me-
chanical coupling may be provided between the main camera motor 
and the shutter to help bring the shutter up to speed in starting, but 
this coupling floats when the equipment is at running speed. A camera 
so designed by Eastman Kodak for television recording is shown in 
Fig. 21.14. This camera employs an eight-tooth sprocket pulldown 
actuated by an accelerated Geneva motion. The pulldown angle is 
approximately 57 degrees. In order to avoid the possibility of emul-
sion pile-up at the film gate, nylon pressure pads are utilized. Focusing 
and framing are done by means of a magnifying right-angle viewer. 
When in use, this unit is clamped on in place of the normal pressure 
pad. A great deal of work has been done in the development of this 
type of camera, which has been brought to a high state of perfection. 
The kinescope used for recording purposes is essentially a projection 

kinescope with a blue zinc sulphide screen. It has been found that 
the pli phosphor is very satisfactory for this purpose. In order to 
obtain sufficient brightness, the kinescope must be operated at 25 to 
30 kilovolts. This need imposes no particular problems or restrictions 
since these voltages are commonly used in television projection. The 
5WP11, a modified five-inch projection kinescope, has been developed 
specifically for kinescope recording. 
The television picture reproduced on the recording kinescope may be 

either positive or negative. This gives the recorder the option of pho-
tographing a negative picture on the kinescope and obtaining a posi-
tive reproduction directly. Alternatively, he may photograph a posi-
tive on the kinescope and obtain a negative in his camera. Where the 
picture is made for record only, it most frequently will be recorded as 
a positive. If, however, a number of copies are to be made, it is obvi-
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ously advantageous to make a negative recording from which at a 
later time positive prints can be made. It should be pointed out that 
when a negative is made from the kinescope, the direction of horizontal 
deflection should be reversed. This follows from the fact that it is 
advantageous, both in the camera and in the projector, to have the 

Fig. 21.14. Television Recording Camera for 16-Mm Film with Single Storage 
and Take-lip Magazine. 

emulsion side of the film towards the lens. When a print is made from 
the negative film, there is a reversal from left to right. To compensate 
for this reversal, the deflection must be reversed. 
The audio portion of the telecast is also recorded at. the time the 

kinescope recording is made. Usually sound is recorded on a separate 
film by separate equipment, particularly when the recording is made as 
a negative. Separate recording permits the most favorable processing 
for each record. The sound track is then combined with the film when 
the positive print is made. In order exactly to synchronize the audio 
and video recording, a special 350-cycle synchronizing signal is re-
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corded both on the kinescope picture and on the sound track. It is 
very easy to line up this synchronizing signal within a fraction of one 
cycle. 

As has already been mentioned, the present recording techniques are 
good enough so that it is very difficult to distinguish a well-made kine-
scope recording from a live studio production. When, as unfortunately 
is frequently the case, the kinescope recording appears inferior to the 
original program material, this is not due to fundamental reasons but 
to some slight operational negligence. However, the improvement in 
picture quality of television has advanced and will continue to advance 
fairly rapidly. It is within the definitely foreseeable future that 16-
millimeter film, unless its characteristics are correspondingly improved, 
will no longer be adequate for kinescope recordings. In spite of the 
severe economic burden which will be caused by this shift, it is almost 
certain that from that time on kinescope recordings will be made on 
35-millimeter film. 
When color television comes into general use, the recording of re-

ceived programs in color will present a major problem. In principle, 
either a single-color film or three black-and-white color separation 
films may be prepared. There is some reason to believe that in spite 
of the equipment complexity and the fact that three times as much film 
is used, recording on three separate films will be found to be the more 
economic method. However, the experimental and developmental work 
required to give a definite answer to this problem has not been con-
cluded so that the final answer remains for the future. Furthermore, 
the recording of television programs on tape offers a third alternative, 
which, in many respects, appears more attractive than either of the 
two other methods. 

21.5 Video Tape Recording. The recording of video signals on 
magnetic tape, of the type familiar from sound recording, has a num-
ber of obvious advantages. Magnetic tape requires no processing what-
soever, permits immediate playback, and can be reused at will after 
demagnetization. There is little question that, with further develop-
ment, tape recording of television programs will be economic and 
desired. 
The tape itself is a plastic ribbon with a magnetically treated sur-

face; at demonstrations given in December, 1953, the video tape for 
monochrome recording was one-fourth inch wide and the tape for color 
recording was one-half inch wide. For recording and playback the 
tape is moved past the extremely narrow gap of a horseshoe electro-
magnet. In order to prepare the tape for recording and to cancel any 
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previously recorded signals, a relatively large constant current may be 
passed through the magnet coil, causing the magnetic material of the 
tape to be saturated in the direction of motion. For recording, the coil 
current consists of a component proportional to the video signal super-
posed on a suitable biasing current. This causes a modulation of the 
magnetization of the tape determined by the magnitude of the video 
signal. During playback, finally, the variations in magnetic field at 
the surface of the tape record induce currents in the coil on the horse-
shoe core. They serve to generate the recovered video signal. 
At the demonstrations of tape-recorded pictures at the RCA Labora-

tories in December, 1953, the speed of the tape motion was 30 feet per 
second. With this speed, a 17-inch reel was required to record a 4-
minute television program. However, reductions in the required speed 
and improvements in tape characteristics are expected to result in con-
siderable savings in material and storage space. 

It will be noted, incidentally, that even at 30 feet per second a pic-
ture element corresponds to only a fraction of a ten-thousandth of an 
inch along the tape record. A whole picture line is recorded in a seg-
ment 0.023 inch in length. It is obvious, under the circumstances, that 
extreme precision is required in the tape transport to prevent distor-
tions in the reproduced picture. 
The quarter-inch tape employed for monochrome video programs 

carries two records, one for the video signal, including synchronization 
signals, and one for the accompanying sound. On the half-inch tape 
employed for color recording five separate tracks are recorded, one for 
each of the three primary color signals (red, green, and blue), one for 
the synchronizing signal, and one for the sound signal. 
The excellent results obtained with tape recording in the aforemen-

tioned demonstrations make it appear certain that it will play an im-
portant role in the television industry in the future. 

21.6 Staging of Studio Programs. It might be of interest to de-
scribe briefly the equipment and operation of one of the large studios 
to be found at a key broadcast point of a nationwide network. Studio 
8-H in Radio City, part of the National Broadcasting Company sys-
tem, is an example in point. This studio is one of the largest studios 
in the country, having an overall volume of some 300,000 cubic feet. 
It is designed to accommodate a great many sets at once. Figure 21.15 
is a phantom view of the studio. 
The control rooms for video, audio, and lights are along one end of 

the studio raised above the studio floor and equipped with windows 
through which the directors may observe the proceedings in the area 
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below. At the opposite end are dressing rooms and rooms for sound 
effects. Along one of the side walls is an observation gallery capable 
of accommodating a number of visitors. The gallery is not large 
enough, however, to contain a large studio audience. Most of the 
lights, both for base lighting and for special effects, are hung on pipes 
which are individually counterweighted so that they may be raised or 
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Fig. 21.15. Phantom View of Studio 8H. (National Broadcasting Co., New York.) 

lowered conveniently. A total of some 1000 lights is used; each of 
them can be controlled from the lighting-control room. The engineer-
ing detail and equipment involved in the lighting alone are enormous. 
It might be pointed out here that there are in general two broad 
methods of studio lighting for television work. One is to put in essen-
tially special lighting for each performance, this lighting being of a 
temporary nature so that it can be easily removed and installed for 
another production. The second is to provide enough lights so that 
the requirements of any production which may be put on in the future 
can be met. The former is economical from the standpoint of equip-
ment but expensive from the standpoint of labor. The second dupli-
cates equipment many times over in order to reduce labor costs. The 
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second procedure is found to be the most advantageous, in general, in 
large metropolitan centers. 
The video control room is actually one story above the floor of the 

studio, the studio being three stories high (Fig. 21.16). The directing 
staff in the control room has nine viewing monitors to work from. 

Fig. 21.16. A Video Control Room. (Studio 8H, WNBT, New York.) 

They include one for each of six cameras, a preview monitor, and an 
on-the-air monitor. The ninth viewing tube shows possible portions 
of the program which may originate elsewhere, as from a film studio. 
The on-the-air monitor is larger than the others and mounted above 
them so that it is clearly visible to all. 
An interesting innovation is made in this studio in that a platform 

is provided just below ceiling level on which a high camera can be 
mounted to give special effects (Fig. 21.17). Of course, a full comple-
ment of cameras on various mounts as discussed in section 21.3 is pro-
vided on the floor of the studio as are a variety of stand microphones, 
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boom microphones, etc. The studio is equipped to be sufficiently versa-
tile so that either variety shows or straight dramatic presentations can 
be given. It is arranged so that a standard stage about 30 feet deep 
can be set up with a specially built proscenium. Since this stage is 

Fig. 21.17. A Studio Set in Studio 8H. (Note camera on balcony.) 

not elevated, the cameras are not restricted to platforms as they fre-
quently are in theatre-type studios. Various new devices are pro-
vided for special effects such as a motor-driven transitor, which is a 
device to provide moving patterns suitable, e.g., in dream sequences; 
a combination hand- and motor-driven "crawl". for titles; and a motor-
driven revolving display table which is similar to a "lazy Susan" in 
its action. Furthermore, one of the largest rear-projection screens in 
the country, measuring 15 by 20 feet, is available. A smaller screen, 
of course, can also be used. When in full operation, this studio requires 
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a technical crew of some twelve to fifteen men in addition to a staging 
crew of two or more stagehands. 
NBC's Center Theater in New York is another elaborate and very 

large point of origin of television programs. Here a théater-type 
arrangement rather than studio arrangement is employed, with a raised 
stage and an audience seating capacity of some 3000 viewers. The 
control room here is located at the back of the orchestra, the seats for 

Fig. 21.18. Preparing the Stage at the Center Theater. (NBC, New York.) 

the audience being in front and on both sides of it. In this location it 
has a clear view of the entire stage. In order to provide adequate 
caillera travel, a ramp has been extended from the front of the stage 
(Fig. 21.18). Like the studio described above, it is provided with a 
full complement of cameras, lights, special-effect equipment, etc. 

Studio installations of comparable complexity and capabilities may 
be found at the principal broadcast stations of any major television 

system. 
When it is realized that a single system such as NBC may put on 

the air as many as 125 live programs each week plus a great many 
film programs as well and that each of these programs in itself is a 
production, the complexity of the total operation becomes quite evi-
dent. First of all, the programs themselves cannot be scheduled on 
a hit-or-miss basis without enormous economic waste and inefficiency 
of utilization of equipment. The programming of the productions must 
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be run on a schedule resembling a railroad timetable if complete chaos 
is to be avoided. Each program must be scheduled about two weeks 
before the first rehearsal, and plans for it must be integrated into the 
other productions which will be occurring at the time. 
A week before the rehearsal a complete list of costumes and proper-

ties must have been formulated and the construction started for stage 
sets and special equipment. Because of the great variety of items 
required, the problem of maintaining a stock of properties is in itself 
formidable. Special shops are required to produce such unusual items 
as cannot be obtained through normal channels. They are constructed 
of papier-mâché, balsa wood, plaster, etc. They may include tree 
trunks, rocks, antique weapons, musical instruments, grave stones, en-
larged packages or containers of commercial products as well as various 
hand props that require special treatment. Another line of special 
equipment is composed of the trick items, such as breakaway chairs 
that collapse easily and bottles, boWle, and vases that can be broken, 
if necessary, over performers' heads without injuring them. 
When the production itself has been scheduled and the props and 

special equipment have been arranged, it is necessary to organize the 
individual program. The program is in the charge of the program 
director who is responsible for the performance. Assisting him he has, 
in major programs at least, an assistant director, script girls, and other 
aides. The technical director is responsible to the program director 
for all the technical aspects of the performance. The technical direc-
tor has full control of the camera operators and the sound men. Using 
the script as a guide, the technical director will analyze the technical 
problems involved so that during the dry rehearsal he will be able to 
work effectively with the producer and director. The technical direc-
tor works closely with the program director, on the one hand, and the 
cameramen and other technical television people on the other. He 
cues the latter group concerning the best lighting, lenses to be used, 
camera positions, following action, etc. He also performs the neces-
sary switching function between cameras, superimposition, and dis-
solves. In other words, he has direct control of the cameras from the 
control room and indirect supervision through his direction of the 
technical personnel. 

Assisting him is the video control engineer. He is responsible for 
the proper electronic adjustment of the camera. The picture level, 
contrast, shading, and special effects are under his direct control. Of 
course he must coordinate his actions with those of the lighting en-
gineer in order to obtain an optimum picture. 
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The audio engineer also assists the technical director and has the 
responsibility for all the sound in connection with the picture. He 
controls the microphones, turntables, and such special sound effects 
as may be needed. He also controls the audio signal and cues the men 
on the microphone booms during operations. 
The cameraman is responsible for the particular camera to which he 

has been assigned. During the production, he moves the camera into 
the correct position, maintains its optical focus, and follows the ac-
tion under the instructions of the technical director. When the camera 
is mounted on a dolly, he directs the dollyman by hand signals on cue 
from the technical director. The dollyman, of course, must take care 
of the movement of the camera so that it will be smooth and uninter-
rupted. He must avoid cable and other obstructions which might lie 
in the path of the camera. It is sometimes necessary to employ cable-
men to move cables that are in the camera's path. 
The lighting director has charge of all the light sources of the set. 

He is directly responsible to the technical director, but, of course, the 
lighting effect must, in the final analysis, be analyzed and selected by 
the program director. It is, however, his knowledge, together with 
that of the technical director, which makes possible the achieving of 
the various lighting effects that the artistry of the production requires. 
The lighting director of most shows is located in the control room and 
gives cues for.light changes on the communication system to the oper-
ators at the switch and dimmer board. 

Rehearsals for a television program, therefore, are not only for the 
benefit of the artists and performers but also for the benefit of the 
technical people, all of whom must perform smoothly and accurately 
on cue. Because of the precision with which a television performance 
must be executed and because of the complexity of the operation, the 
ratio of rehearsal time to air time is very large. For the average live 
program, this ratio is probably of the order of eight. In some of the 
elaborate programs, such as the "Hit Parade," the ratio may run as 
high as twenty. The objective of the technical personnel is to put on 
a performance which, to the viewer, appears to have no technical 
problems at all. In fact, the viewer should not be aware of the tech-
nical aspects in any way. The infrequency of intrusion of this aspect 
of television upon the viewer through some technical error or failure 
is an outstanding tribute to the work done by the technical planning 
and operating groups. 

21.7 The Television Station and Transmitter. The previous sec-
tions have dealt in some detail with the television studio, its equip-
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ment, and its operation. In an expanding examination of the field, 
the next item to consider is the television station itself, including the 
transmitter. The planning and design of a television station is a very 
complex matter. In addition to the technological problem, which in 
itself is formidable, there are other aspects of equal or greater impor-
tance which must also be considered. They include the physical and 
political geography of the locale being considered, the economics of 
the construction and operation of the station, and many sociological 
problems which govern the type of material to be transmitted, the 
matter of personnel available to build and man the station, and the 
working environment of the transmitter. To indicate the magnitude 
of these problems, the nine basic steps in logically planning a station 
listed by J. Herold * are given below: 

1. Determine area of market, radius of coverage required to serve 
the area, television channel availabilities, and estimated potential 
income. 

2. Select site, determine antenna height, antenna gain, and trans-
mitter power. 

3. Determine source of program material, program policies, outline 
tentative program schedules, and plan extent of programming facili-
ties. 

4. Estimate total capital investment. 
5. Estimate yearly operating expense. 
6. File application for construction permit with Federal Communi-

cations Commission. 
7. Project probable future expansion. 
8. Determine personnel requirements and begin training. 
9. Plan the building and the design, construction, and installation 

of technical equipment. 

The economic analysis pertaining to a television station does not 
lie within the province of this book. Figure 21.19 indicates some of 
the relevant considerations. Once the analysis has been made, a de-
cision can be reached regarding the size of the television station. For 
convenience, television stations are frequently placed in the following 
four categories, depending upon the size and power of the installation: 

Group A. Installations of power outputs up to 2 kilowatts with 
equipment for film and slide transmission and network programs. A 

*See reference 11. 
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group A' designates a similar installation, but includes a small studio 
for handling simple live programs. 
Group B. Includes transmitters with power output up to 10 kilo-

watts. These stations are equipped to handle, in addition to film, 
slides, and network programs, live programs from one studio. 

AT & T network facilities 
dual circuit 

Adjacent city's 
TV coverage 

Overlap of 
service areas 

Grade "A" radius 

Grade "B" radius 

4 

M ARKET AREA 

Important Considerations: A. Potential TV households in coverage area. B. 
Existing TV receiver installations. C. Retail sales. D. Program sources. E. 
Duplication of coverage from existing and proposed TV stations. F. Rates for 

Class A time. G. Competition from other media. 

Fig. 21.19. Considerations in Planning a Television Station. (Herold, refer-
ence 11.) 

Group C. Designates stations with transmitter powers up to 25 
kilowatts, with two or more live studios, remote pickup, and, of course, 
equipped to handle network and film programs. 
Group D. Is constituted of television stations radiating more than 

25 kilowatts. Installations belonging in this class would generally in-

WorldRadioHistory



990 Practical Television Systems [Chap. 21 

dude two or more rather elaborate studios with their control rooms, 
a master control room, facilities for remote pickup, and, of course, net-
work and film program equipment. 

The general size and nature of the installation having been selected, 
the next important question is its location. The primary considera-

Fig. 21.20. NBC Hollywood Transmitter on Mt. Wilson. 

tion in choosing the site of the television station is the location of the 
antenna itself. If possible, it should be near the center of the areas 
to be served. It must be as high as is physically possible. If it can 
be located on top of a natural feature of the terrain, such as a moun-
tain (Fig. 21.20) or the top of a tall building, there is an obvious struc-
tural advantage. The antenna also should be well away from the 
sources of interference. The transmitter must be located close to the 
antenna to minimize power losses in the coaxial lines or wave guides 
feeding the antenna. The studio preferably should be in the same 
building with the transmitter. This arrangement makes for economy 
of operation and ease of coordinating transmitter activities with pro-

WorldRadioHistory



Properties and sceneries 

Hand props 

and 

costumes 

Film editing 

and storage 

Dark 
MOM 

Record 
library 

News 
Mom Per ormers 

lounge 

Filteroexer, r 
floor, wa or I 

ceiling mounted L 

Studio 

Sound 
lock 

U ' u  
Control room 

T.T 
T.T 

UP 
LJ U U 

dn. 

Transmitter 
control room 

re 
em 

AnnT" 
studio I I Console 

A 
Fi 
Fi 

Im 
Im 

16 mm Pull 

Camera n p drape 
r-1 G Slide ®fll 

16 mmil LI 
Film 

projection room 

Fig. 21.21. Typical Floor Plan of Group B Television Station. (Anderson and Hadlock, reference 2.) 

Sec. 
21.7] 

T
h
e
 Television 

Station 
and 

Transmitter 

ce:r 
CC> 

WorldRadioHistory



992 Practical Television Systems [Chap. 21 

gram production. However, this often proves to be physically im-
possible, and the studio building has to be located at some distance 
from the transmitter. When this is necessary, the signals transmitted 
at the studio are sent to the transmitter by means of a small radio 
relay link or over a cable. 

As was pointed out in Chapter 15, the antenna construction is very 
important in determining the effective radiated power of a transmit-
ter. By properly shaping and arranging the radiating elements of an 
antenna, it can be made to radiate more power in a horizontal plane 
and less vertically, where it would be wasted. For example, a super-
turnstile antenna with three sections will deliver 3% times more power 
in a horizontal plane than a dipole radiator fed with the same power. 
As an illustration, let it be assumed that steps 1 and 2 in the plan-

ning of the station have been completed and that a Group B trans-
mitter has been found to be best suited to the needs of the particular 
situation. A suitable site has been found which will permit the in-
clusion of the transmitter and studios in a single building. The build-
ing is then planned to permit efficient operation of the entire station, 
including studios and transmitter. In designing the building, allow-
ance should be made for possible future expansion. Costly errors in 
this direction are not infrequent where a station will be so thoroughly 
designed to perform with its initial size that expansion is virtually 
impossible without completely tearing out the initial installation. A 
typical floor plan of a Group B television station which might be laid 
out for the problem at hand is shown in Fig. 21.21. The transmitter 
is at the center right of the building. Adjoining it on two sides are the 

live-talent studio and the film projection room. A maintenance and 
test shop and the air-conditioning equipment adjoin the third side of 
the transmitter room. The control room and a large properties room 
are on either side of the studio. Provision is also made for film edit-

ing and storage, darkroom work, news reporting, and storage of records 
for sound broadcasting and musical accompaniment. A block diagram 
of the video system for this installation is shown in Fig. 21.22. The 
transmitter for this station might be designed to deliver 3 kilowatts 

of power into the transmission line feeding the antenna. In this case, 
the video portion of the transmitter might be a crystal-controlled 
oscillator followed by several Class C narrow-band r-f amplifier stages 
supplying a final power stage using an RCA 8D21 water-cooled 
tetrode operated as a modulated amplifier. This final stage would 
be grid modulated by the amplified video signal. The audio system 
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might, for example, consist of an RCA frequency-modulated exciter, 
followed by several amplifier stages and a final power amplifier em-
ploying the type of tube used in the video section. For satisfactory 
operation very carefully regulated power supplies should be provided 
to insure stability. The equipment must be thoroughly interlocked 
to avoid possible danger to the operator, and starting and overload 
relays should be provided to protect the equipment from damage. 

Before feeding the transmitter output to the antenna, it would go 
through a vestigial sideband filter so that the output would conform 
to FCC requirements. The antenna, which is mounted on a steel tower 
approximately 400 feet high, located close to the transmitter room, 
is a three-section super-turnstile. A photograph of such an antenna 
is shown in Fig. 15.63. In the channel allotted to the particular sta-
tion in question the antenna has a power gain of approximately 4. 
The height of the antenna itself is approximately 40 feet, and its 

weight about 1% tons. 
A television station of the type described above would have a high-

quality service radius of 10 to 15 miles and a useful service radius up 

to about 25 miles. Larger television stations require the solution of 
technical problems similar to those discussed above but very con-
siderably increased in complexity. Apart from larger and more elabo-
rate live studio and film projection rooms, a mobile unit here becomes 

essential equipment. 
The mobile unit (Fig. 21.23) permits remote spot pickups which 

are relayed from the unit to the station by microwave relay or cable. 
Its interior is divided into a storage section and an operating section. 
The storage section houses cameras, tripods, dollies, cable reels, and 
the microwave transmitter in a manner which makes them readily 
accessible for use on location. The operating section is the analogue 
of the studio control room, with seats for the program director and the 

operating engineers. Three camera controls and a standard comple-
ment of monitors may be provided. The roof of the unit is reinforced 
for supporting a camera and cameraman as well as the microwave 

transmitter. 
A more powerful transmitter generally parallels the more elaborate 

studio installation. A typical power output stage for a larger station 

is the 20- to 25-kilowatt 7-tube unit illustrated in Fig. 15.36. 
A short section such as this can at best outline some of the steps 

involved in the complex problem of setting up a television transmitter 
and station. This phase of television is almost a field in itself with 
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its own literature and specialists that must be called upon to solve 
specific problems. 

Fig. 21.23. A Mobile Unit for Remote Pickup. 

21.8 The Television Network. The limited service area of the in-
dividual television station as well as the high cost of television pro-
ductions creates an obvious need for the interconnection of television 
stations. Networking, alone, makes possible the instantaneous wit-
nessing of events of national interest throughout the country. Fur-
thermore, networking gives access to high-grade entertainment origi-
nating in the studios of New York and Hollywood to cities and vil-
lages throughout the land. Economically, it extends financial support 
for television programs by increasing the audience of the advertiser. 
Finally, interconnection simplifies the problems of the station manager 
by greatly increasing the amount of high-quality program material 
available to him. 

In view of the above facts it is not surprising that experiments with 
long-distance point-to-point transmission actually antecede the first 
regular television broadcasts. In the United States the burden of 
research in this field, as well as of the eventual establishment of net-
work routes, has been carried by the Bell Telephone System. In 
England and other countries with publicly owned communication sys-
tems, the Post Office Department has been charged with this func-
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tion. This close linkage between the telephone system and the tele-
vision network is natural, since the means employed for transmitting 
television programs can, and generally do, transmit large numbers of 
long-distance telephone messages at the same time. 
Two different types of transmitting systems are employed for inter-

connecting television stations: the coaxial cable and the microwave 
relay link. The two services have developed in parallel, and, at the 
close of 1953, the total mileage of coaxial cable and that of microwave 
relays in the United States were approximately equal.* The prefer-
ence for one or the other type of transmission depends largely on the 
terrain. Thus, in mountainous regions and where large bodies of 
water must be crossed, the radio relay is likely to be advantageous. 
In relatively flat areas, on the other hand, the cost of the cable may 
easily be exceeded by that of the relatively complex radio relay re-
peater stations, particularly in view of their higher maintenance and 
power requirements. In city areas factors such as the ease of provid-
ing cable ducts and the availability of convenient line-of-sight routes 
may dictate the choice. 

Coaxial Cable Networks. The advantage of the coaxial cable over 
other types of wire lines consists in its immunity to interference and 
its low attenuation over a wide frequency band. This immunity to 
interference applies, however, only to high-frequency signals, in the 
range above, e.g., 50 kilocycles, where the skin effect prevents pene-
tration of the external sheath by interfering signals. For the direct 
transmission of the video signal, whose frequency spectrum extends 
down to about 60 cycles, "shielded pairs," such as are shown in Fig. 
21.24, are preferred to coaxial cables. The shielded pair consists of 
two insulated wires, balanced to ground, enclosed in a conducting 
sheath. Low-frequency interference induces equal signals in the two 
wires, which cancel in the output. 

Shielded pairs are widely employed for local networks, connecting 
studios and theaters with the master control room of the television 
station. For long-distance lines, on the other hand, the lower attenua-
tion of the coaxial cable outbalances the extra cost of converters re-
quired to shift the video band to higher frequencies and to render, in 
this manner, the video signal immune to interference. 
A typical long-distance cable, with eight coaxials and thirty-two 

additional paper-insulated wire lines, is shown in Fig. 21.25. The 
coaxial cable itself consists of an external copper sheath approximately 

*See Loomis, reference 12. 
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0.012 inch thick, with an internal diameter of 0.375 inch and a central 
conductor held in place by polyethylene disks 0.085 inch thick and 
approximately 1 inch apart. The ratio of the inner diameter of the 
sheath to the outer diameter of the central conductor is made 3.6. 
As has been shown in section 15.8, this corresponds to a characteristic 
impedance of about 75 ohms and leads to minimum attenuation for 
a cable of given external diameter employing loss-free insulation with 
a dielectric constant 1. 

Fig. 21.24. Shielded Pairs Suitable for the Transmission of Video Signals. (Cour-
tesy of American Telephone and Telegraph Co.) 

The external copper sheath is generally formed by copper tape bent 
into a tube with a longitudinal seam. It is enveloped by helically 
wound steel tape for mechanical protection. Identifying paper tape 
may be wound on the exterior of each coaxial pair, serving at the same 
time as insulation between the several units. Finally, the eight co-
axial pairs are assembled together with the individual paper-insulated 
telephone wires in a lead envelope. 

A single two-way circuit requires four coaxial pairs; two of them 
represent spare circuits, to which the signals are transferred in case 
of failures on the main circuit. The additional telephone wires carry 
warning signals in case of malfunctioning of any part of the system 
and are utilized in other ways for system maintenance. A pressure 
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of dry nitrogen or sulphur hexafluoride is maintained within the cable 
to prevent the entrance of moisture and to aid the detection of faults 
in the cable sheath. The complete cable is generally plowed into the 
ground by a cable-laying machine. 

(a) 

Fig. 21.25. Cable with Eight Coaxial 
Pairs. (a) Cross section. (b) Fanned-
out end of cable. (Courtesy of 
American Telephone and Telegraph 

Co.) 

(1)) 

The attenuation of the coaxial cable increases approximately as 
the square root of the frequency. For this reason, it is desirable to 
make the frequency shift to which the video signal is subjected rela-
tively small. Even so, Fig. 21.26 shows that the attenuation of only 
100 miles of cable is about 375 decibels at 1 megacycle and twice this 
value at 4 megacycles. A more detailed examination shows that there 
are deviations from proportionality with the square root of the fre-
quency which, in the range from 70 kilocycles to 4 megacycles, have 
maximum values of the order of 0.2 decibel per mile.* 
The high values of attenuation along the cable necessitate the in-

stallation of amplifiers, or repeaters, along the cable. The gain char-

* See Gould, reference 13. 
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acteristic of each line amplifier must be such as to compensate the 
attenuation of the succeeding length of cable, i.e., increase approxi-
mately with the square root of the frequency. The line amplifiers 
must be spaced sufficiently closely that the required gain can be at-
tained without distortion with low-power components. Furthermore, 
the signal level at the input of each amplifier must be sufficiently high 
to over-ride the cumulative amplifier noise. A simple analysis shows 

20 

100 kc 200 kc 400 kc 600 kc 1 Mc 2 Mc 
Signal frequency 

Fig. 21.26. Attenuation of a Typical %-Inch Coaxial Pair as Function of Fre-
quency. 

4 Mc 6 Mc 10 Mc 

that, with properly adjusted amplifier gain, the input signal power 
required for a given signal-to-noise ratio at the output is simply pro-
portional to the length of the cable route and independent of the 
amplifier spacing. 
The cable attenuation and the repeater gain also depend, in rather 

complex fashion, on the ambient temperature, so that it is desirable 
to control the amplifier gain automatically to compensate temperature 
and aging effects. Thus, to make certain that the signal level remains, 
in successive repeaters, sufficiently high to over-ride the noise and, 
at the same time, sufficiently low to remain within the range of linear 
amplification of the amplifiers, a number of "pilot tones" are trans-
mitted along with the television signal. A pilot tone is a fixed fre-
quency oscillation, which is filtered out at the repeater and is utilized 
to control the repeater gain. In practice, several pilot tones are em-
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›—a Fig. 21.27. Map of Coaxial Cable Routes for Television Relaying (1953). (Elmendorf, Ehbar, Klie, and Grossman, reference o 
19.) (Courtesy of Bell System Technical Journal.) 
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ployed, making possible a differential gain adjustment at different 
frequencies of the television signal. 

Finally, the cutoff characteristics of the amplifiers introduce non-
uniform signal delays which are cumulative. Hence, "delay equal-
izers" must be inserted for their compensation, along with "gain equal-
izers" which flatten the overall frequency characteristic by compen-
sating the imperfect match between the cable attenuation and the 
line amplifier gain. 

This brief account of the problems faced in the design of coaxial 
cable networks for television transmission may serve as an introduc-
tion to the extensive literature on this subject.* The following de-
scription of coaxial cable systems in the United States is, at best, very 
incomplete. 
Whereas the first coaxial cables for television transmission, such as 

the New York—Philadelphia cable over which 240-line pictures were 
sent in 1937, employed ',4-inch coaxial pairs, the more recent cables 
utilize %-inch coaxial pairs of the type described on page 997. The 
repeater system for the 1937 cable was designed for a video bandwidth 
of somewhat less than 1 megacycle. With the arrival of commercial 
television coaxial cable routes, denoted as the "Li System," t were put 
into service which transmitted a video band of 2.8 megacycles. A 
map of the Li-System Routes in 1953 is shown in Fig. 21.27. A few 
of these—in particular, the stretch from Phoenix to Dallas—were, at 
the time, used only for telephone transmissions. Figure 21.28 shows 
a typical cable-laying operation in a desert area of the United States. 

In 1953, the conversion of these routes to the L3 coaxial cable sys-
tem, § providing for a video bandwidth of 4.2 megacycles with addi-
tional space for 600 message channels, had been begun. The L3 System 
differs from the Li System principally in the utilization of mpre pre-
cise equalization techniques, improved components, and refined system 
analysis. It employs a repeater spacing of 4 miles as compared wits 
8 miles in the Li System and has an overall bandwidth of 8 megacycles 
as compared with 3 megacycles. The cable itself and a considerable 
portion of the terminal equipment are the same in the two systems. 

Figure 21.29 shows the frequency bands allocated for television 
transmission in the original New York—Philadelphia test of 1937 and 
in the L1 and the L3 Systems. In the first two instances, vestigial 
sideband transmission about a low-frequency carrier, at 144 and 

* See references 13 to 19. t See references 15 to 18. 
t See Strieby, reference 14. § See reference 19. 
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311.27 kilocycles, respectively, is employed. The lower, vestigial, side-
band extends only to 120 and 200 kilocycles, respectively, so that the 
bandwidth of the displaced signal is scarcely any greater than that of 

Fig. 21.2g. A Cable-Laying Crew in tile Dessurt.. (Courte.-.iy Anicrican Tele-
phone and Telegraph Co.) 

the original signal. The desired signal is obtained by successive modu-
lation with the video signal of two high-frequency carriers (7944.72 
and 8256 kilocycles in the Li System) whose difference is equal to the 
low-frequency carrier of the transmitted signal. In the Li System 
pilot frequencies are located at 64, 556, 2064, and 3096 kilocycles and 
the sound is transmitted on an 80-kilocycle carrier. The position of 
the three upper pilot frequencies is chosen so as to minimize the visi-
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bility of interference of the pilot frequencies with the television 
carrier. 

In the L3 System only a single modulation, with a carrier at 4139 
kilocycles, is required. The upper sideband extends to 8500 kilocycles, 
and the vestigial lower sideband to 3639 kilocycles. The space be-
tween 564 and 3084 kilocycles is allocated to 600 telephone message 
channels. Pilot frequencies are placed at 308, 556, 2064, 3096, 7266, 

Carrier 

(a) 

(b) 

64-
200-
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950 
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r Sound: 80-88 
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Intermediate 
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1- 3084J 
Fig. 21.29. Frequency Allocations in Coaxial Cable Systems. (a) New York-

Philadelphia Cable (1937). (b) Li System. (c) L3 System. 

and 8320 kilocycles. The modulator is double-balanced so as to 
eliminate both the video signals and the carrier from the output. The 
amplitude range of the transmitted signal is reduced to half the value 
for 100 percent modulation by subtraction of the carrier in such am-
plitude as to make the signal amplitude equal for the synchronizing 
signal (blacker-than-black) and for white portions of the picture. 
The carrier phase is, of course, opposite in these two portions of the 
signal. "Homodyne" detection at the receiver, employing a demodu-
lator with a carrier which agrees with the carrier component of the 
signal wave both in phase and frequency, permits the recovery of 
the undistorted video signal. At the receiver both the carrier and the 
pilot tones are separated out from the signal by very sharp crystal 
filters. 
The general layout of the L3 repeaters is shown in Fig. 21.30. Ex-

cept for the spacing of the repeaters, the layout of the Li System is 
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basically similar. The 60-cycle power is carried by the central con-
ductors of two coaxial pairs and is supplied at main repeaters spaced 
approximately 100 miles apart. At the auxiliary repeaters, it is 
separated out by power separation filters and is applied to regulated 
power supplies for the amplifier. Line loading coils at each repeater 
point keep the 60-cycle current equal throughout the system. Standby 
equipment in the form of batteries and engine-driven generators takes 
the place of the external power supply in case of power failure at one 
of the main repeaters. 
The auxiliary repeaters are generally housed in small unattended 

concrete huts. They contain an amplifier compensating the line loss. 
In the Li system this is regulated by a thermistor controlled by the 
2064-kilocycle pilot tone; in the L3 system the regulating thermistor 
responds either to the 7266-kilocycle pilot tone or simply to the cable 
temperature, the variation of cable loss with temperature being known 
accurately. The main repeaters are housed in regular telephone build-
ings and contain, in addition to line amplifiers, equalizers controlled 
by several pilot tones, manual equalizers, and flat amplifiers compen-
sating the equalizer loss, servicing equipment for testing and checking 
components. Cable damage and excessive deviation from normal of 
the amplitude of a pilot tone at an auxiliary repeater or other evi-
dence of malfunctioning along the line are signaled automatically to 
the nearest main repeater. The same applies to calls for assistance 
from line crews making routine checks. 
Switching main repeaters are usually also branching or terminal 

points. Here, the transmission may be switched to a spare line if 
necessary repairs make this desirable, and the television signal may 
be supplied to or from a local station. In the L3 System the televi-
sion terminals, with demodulation and modulation of the signal, are 
placed in tandem. Between terminals 4000 route miles apart, this 
process may be repeated as many as twenty times. Satisfactory pic-
ture reception is made possible by extremely careful elimination of dis-
tortion terms in the modulation and demodulation processes. 
Microwave Networks. Whereas the attenuation characteristics of 

cables dictate the use of a low-frequency carrier in coaxial networks, 
point-to-point transmission of television signals by radio is advan-
tageously carried out on the highest-frequency carriers which can be 
generated with reasonable efficiency and are not strongly absorbed by 

the atmosphere. Elementary diffraction theory shows that if a small 
signal source is placed at the focus of a lens or reflector of area A, the 
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major part of the radiated energy is distributed, at a distance d from 
the transmitter, over an area approximately equal to 3.7X2d2/A, where 

is the wavelength of the radiation. If the receiver detector is placed 
at the focus of a second lens or reflector of area A, the signal strength 
transmitted is seen to be proportional to A2/(c/À) 2. Thus, for equal 
radio link attenuation, the required antenna area is proportional to 
the wavelength or inversely proportional to the frequency, and, for 
equal antenna area, the repeater spacing is proportional to the fre-
quency (provided that no obstacles interfere with the transmission). 

Thus, to economize in antenna and relay station installations, as 
well as to utilize the large frequency range available in the micro-
wave region of the radio spectrum, radio relay systems for long-
distance television transmission quite generally employ microwaves 
in the neighborhood of 4000, 6000, and 7000 megacycles. In this range 
(A =- 7.5 to 4.3 centimeters) the condition that ground configuration 
has little influence on the propagation, namely, that the "Fresnel re-
gion" including paths which deviate from the direct path between 
transmitter and receiver by a half wavelength be free from obstacles, 
can be fulfilled with moderate elevations of the two antennas. Ordi-
nary rough terrain does not give rise to regular reflections, though 
water surfaces and the desert will do so. Atmospheric refraction, on 
the average, causes a bending of the microwave beam with a radius 

of curvature four times as great as the radius of the earth. In addi-
tion, atmospheric disturbances may cause rapid fading effects which 
may vary the received signal within a range of —20 to +10 decibels, 
measured relative to the average value.* This fading must be com-
pensated at the repeater stations by automatic volume control of the 
transmitted signal. 
A map of the microwave relay system employed, in 1953, for tele-

vision relaying in the United States is shown in Fig. 21.31. The re-
peater stations on the Bell System routes are placed approximately 
25 or 30 miles apart along each route. Most of these stations are 
unattended auxiliary stations. Main repeater stations with facilities 
for switching circuits so as to permit repairs on inoperative circuits 
and with limited test equipment are generally several hundred miles 
apart. The same applies to alarm and maintenance centers placed 
at accessible points to serve an "alarm section" of some twelve re-
peaters. 

* See Friis, reference 20. 

WorldRadioHistory



Fig. 21.31. Map of Microwave Routes for Television Relaying (1953). (After Tele-Tech, Vol. 12, February, 1953, by 
permission.) 
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The individual repeater units ,consist of concrete (Fig. 21.32) or steel 
towers (Fig. 21.33). In the second instance the housing for the elec-
trical equipment is generally at 
the base. Four directional an-
tennas, in the form of wave-
guide horns placed at the focus 
of microwave lenses or parabo-
loidal reflectors, are mounted on 
the top of the tower. The anten-
nas constitute the receiving and 
transmitting antennas for signals 
traveling in the two opposite di-
rections along the route. The 
microwave lenses are commonly 
made up out of slabs of polysty-
rene foam in which thin metal 
strips have been inserted in such 
fashion as to create the analogue 
of a refractive medium for light 
waves.* Such lenses are superior 
to paraboloids in ease of weather 
protection, reduced reflection of 
radiation into the horn, and less-
ened cross-talk with the antenna 
placed back-to-back with respect 
to it. 

Since the passband of both 
free space and the antennas em-
ployed in the radio relay sys-
tem is practically unlimited, the 
entire 3700 to 4200 megacycle Fig. 21.32. Concrete Microwave Re-

common carrier band can be Peater Tower, Indicating Internal Lay-

handled as a unit. This band out. (Courtesy of American Telephone 

is broken up into twelve broad- and Telegraph Co.) 

band channels, six in each direction, and spaced 40 megacycles apart, 
at the repeater t (Fig. 21.34). Furthermore, the frequency of each 
channel is shifted by 40 megacycles at the repeater, so as to elimi-
nate feedback from the transmitter to the receiver for the same 
channel. 

*See Kock, reference 21. 
t See Roetken, Smith, and Friis, reference 22. 
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Figure 21.35 is a schematic diagpm of the entire transmission 
system. At the transmitter terminal the video signal, at a signal level 
of 1 volt, frequency modulates a 70-megacycle carrier, the frequency 
excursion for the synchronizing signal and white portions of the pic-

Fig. 21.33. Steel Repeater Tower with Equipment Housed at Base. (Courtesy 
of American Telephone and Telegraph Co.) 

ture being held to ±4 megacycles, respectively. In order to obtain a 
highly linear response, the frequency modulation is carried out origi-
nally at 4280 megacycles, by modulating the repeller voltage of a 
reflex klystron, and the resulting signal is converted to 66 to 74 mega-
cycles with a 4210-megacycle oscillation. The 70-megacycle i-f signal 
modulates a selected microwave carrier, which is generated by a 
quartz crystal tuned to about 18 megacycles followed by six fre-
quency multipliers. Modulation occurs in a 416-A microwave triode 
similar to the BTL 1553 triode described in section 15.7. The modu-
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lator is succeeded by three amplifier stages employing the same tube 
type. The coupling between the input and output cavities of the suc-
cessive stages is such as to provide a passband of 20 megacycles be-
tween points 0.1 decibel down. The signals from several transmission 
channels are passed through channel separation filters and combined 
in the wave guide feeding the transmitter antenna. 

4200 

4150 
-0 

§ 4100 

4050 

(Z) 4000 

c 3950 

•2 3900 

3 3850 
8 
E E 3800 

8' 
3750 

4170 

4130 

4090 

4050 

4010 

3970 

3930 

3890 

3850 

3810 

3770 

3730 

Station A 

W-E 
Channel 6 
E-W 

80 Mc 

20 Mc guard band 

f" 

40 Mc 

W - E 
Channel 1 
E-W 

Station B 

3700 — 

Fig. 21.34. Transmission Channels in the TD-2 Microwave System. (Roetken, 
Smith, and Friis, reference 22.) (Courtesy of Bell System Technical Journal.) 

At the receiver the signal from the antenna passes once more 
through a system of channel separation filters. At their output the 
i-f signal is recovered by conversion with a microwave oscillation in 
a crystal converter stage. The i-f signal is amplified by 12 decibels 
in a preamplifier and an additional 65 decibels in a main amplifier, 
which is provided with automatic volume control to keep the ampli-
tude of the synchronization signal at the output within narrow limits 
(1 decibel for 30-decibel variation in input power). Provision is also 
made for delay equalization. The amplified i-f signal modulates a 
microwave oscillation differing from that of the receiver microwave 
generator by 40 megacycles. The resulting microwave signal is then 
again amplified and combined with the microwave signals from the 
remaining channels as at the transmitter terminal. 

WorldRadioHistory



Transmittiirg( 
antenna 

70 Mc 

FM I 
trans. -t-
term. 

I 
Video 
input 
chan. 1 

Radio 
trans. 

From other 
terminals and < 
transmitters 

3730 

Chan. 
1  

—I 3730 

Receiving 
antenna 

Chan. 
1 

3730 I-

2 

38101 3810 - 

3 3 

3890 3890 

4 4 

3970 3970 

5 5 

4050 4050 

6 6 
4130 4130 

Converter 
and IF 
preamp. 

3800 Mc 

/le   

70 Mc 

-L 
IF 

main 
amp. 

Receiver 
microwave 
generator 

Main 
stations and 
terminals 

 J L  
Terminal station Main or auxiliary station 

Channel separation filters 
(frequency in megacycles) 

Fig. 21.35. Block Diagram of TD-2 System. 

3770 Mc 

Trans. 
mod. 

3840 Mc 

- 

40 Mc 
shifter 

converter 

40 Mc 
generator  

40 Mc shifter 
auxiliary or 

unattended stations 

Transmitting 
antenna 

Trans. 
amp. 

Common 
or trans. 
microwave 
generator 
(3840 Mc) 

 (4 I 

Chan. 
1 

Receiving 
antenna 

Chan 
1 

3770 3770 1--

2 2 

3850 3850  

3 3  

393ö1 3930  

4 4  
4010 4010  

5 5  

4090 j 4090  

6 6  
4170 4170  

Wv i\AA, 

Radio 
rec. 

70 Mc 

FM 
-7- rec. 

term. 

Video 
output 
chan. 1 

To other 
receivers and 

terminals 

_I '1_  
Terminal station 

(Roetken, Smith, and Friis, reference 22.) (Courtesy of Bell System Technical 
Journal.) 

Practical 
Television 

Systems 

WorldRadioHistory



Sec. 21.8] The Television Network 1013 

In the auxiliary repeaters the receiver microwave oscillation is ob-
tained simply by mixing the transmitter microwave oscillation with 
a 40-megacycle signal. Thus, the frequency shift of the output de-
pends only on the stability of a relatively low-frequency generator. 
In main repeaters the two microwave generators must be highly stable 
and independent of each other, so as to permit switching of signals 
from one circuit to another. 
The intermediate frequency is chosen with relation to the channel 

spacings so that the image frequencies generated in the converter fall 

From To 
receiving transmitting 
antenna antenna 

Filter 

f— 4000 Mc 

TWT TWT TWT -0— Filter TWT 

f =fn+3.5Mc 

35 Mc 
generator 

TWT: Traveling wave tube 

Fig. 21.36. Proposed Traveling-Wave Tube Repeater System without Intermedi-
ate Frequency Stages. (Bray, reference 24.) 

midway between the channel centers. The reason for carrying out 
most of the amplification at the i-f level is the unavailability of suffi-
ciently noise-free microwave amplifiers. 
At the receiver terminal the i-f signal is applied to a typical fre-

quency-modulated receiver incorporating a limiter and discriminator. 
Looking toward the future, traveling-wave tubes appear particu-

larly promising in microwave relay applications, since they will read-
ily handle a passband of, e.g., 500 megacycles at 4000 megacycles and 
higher frequencies. This would permit microwave amplification with-
out signal separation. Traveling-wave tubes are now employed as 
transmitter amplifiers in the Manchester—Kirk o'Shotts radio relay 
link in Great Britain,* together with conventional i-f amplifier cir-
cuits. Repeater construction can be enormously simplified when the 
noise properties of traveling-wave tubes have been improved to the 
point that the stepdown to the i-f level becomes unnecessary. A block 
diagram of a proposed repeater of this type is shown in Fig. 21.36.t 
It is seen that, apart from the 35-megacycle shift frequency generator, 

* See reference 23. 
1' See Bray, reference 24. 
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the total tube complement of the repeater consists of four traveling-
wave tubes. 

Numerous shorter microwave television relay routes are in opera-
tion which differ from those described above in various details. Most 
of them employ, like the earlier Bell System routes, klystrons as trans-
mitter amplifiers.* Paraboloidal antennas, eventually mounted near 
ground level and combined with tower-mounted reflectors, are widely 
employed. Together with the coaxial routes, microwave relay links 
may soon be expected to provide network connections for practically 
all the television stations in the United States. Similar developments 
are taking place in most of the countries of the world with several 
television stations. 

21.9 Television Abroad. The preceding discussion has been con-
fined, in the main, to the status of television in the United States. 
Table 21.1 gives a bird's-eye view of parallel television developments 
in the rest of the world. It is seen that, judged by the number of sets 
in use, Great Britain far outstrips any country apart from the United 
States. This is not surprising in view of the fact that the first regular 
public television service was instituted in England. The next point 
of note is the extensive television development in the Americas out-
side the United States, which accounts for two-thirds of the television 
sets outside of the United States and Great Britain. 

By comparison, the distribution of receivers in continental Europe 
is very small. To a considerable extent, this may be attributed to 
the physical destruction and the economic setback effected by the 
Second World War. The relatively large number of stations in opera-
tion, under construction, and on the planning boards makes a large 
expansion in the immediate future likely. 

An examination of the standards indicates that Great Britain alone 
employs 405 lines and 25 frames and that France and its dependencies 
(as well as French-speaking Belgium and Vatican City) utilize 819 
lines and 25 frames. The rest of the world is split up between the 

525 line-30 frame standard dominant in the Western hemisphere and 
the 625 line-25 frame standard adopted throughout the Eastern hemi-
sphere. Since the line frequencies in these two systems are practically 
the same, relatively slight modifications permit the use of receivers 
manufactured for one system in the other system. This is particu-
larly true since the two standards match each other in other respects, 

such as the use of negative modulation and frequency-modulated 
sound as well. Great Britain, France, and its dependencies, Belgium 

*See Forster, reference 25, as well as reference 26. 
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TABLE 21.1. DISTRIBUTION OF TELEVISION STATIONS AND 
RECEIVING SETS THROUGHOUT THE WORLD IN MAY, 1953 

(Quoted from Tele-Tech, Vol. 12, P. 146, June, 1953, by permission) 

Country 
Stand-
ards 

Chan-
nel 

Width, 
Mc 

Stations under 

Oper. Constr. Planned Exp. 

Africa 
Morocco 

America 
Argentina 
Brazil 
Canada 
Chile 
Colombia 
Cuba 
Dominican 

Republic 
Guatemala 
Haiti 
Mexico 
Uruguay 
United States 
Venezuela 

Asia 
Japan 
Thailand 
Turkey 

Australia 
Australia 

Europe 

Belgium 

Czechoslovakia 
Denmark 

France 

Germany 
(East) 

Germany 
(West) 

Great Britain 
Italy 
Monaco 
Netherlands 
Saar 
Spain 
Sweden 
Switzerland 
USSR 
Vatican City 
Yugoslavia 

819/25 14 

625/25 6 
525/30 6 
525/30 6 
525/30 6 
525/30 6 
525/30 6 

525/30 6 
525/30 6 
525/30 6 
525/30 6 

525/30 6 
626/25 6 

525/30 6 

625/25 7 

625/25 7.5 

819/25 14 
625/25 7 
625/25 8 
625/25 7 
819/25 14 
441/25 9 

625/25 

625/25 7 
405/25 5 
625/25 7 
819/25 14 
625/25 7 
625/25 7 
625/25 7 
625/25 7 
625/25 7 
625/25 8 
819/25 14 
625/25 7 

1 
4 
2 

8 

1 

6 

167 
1 

1 
1 

2 
1 

1 

7 
5 
2 

1 

4 

1 

1 

1 
3 
1 

20 

3 

349 
2 

4 

2 

4 
9 
4 
2 
1 

3 
1 
9 
3 

627 
2 

9 

4 

2 

4 
4 

1 
30 

5 10 
2 3 
2 5 

2 
2 2 

1 
2 

4 
1 

1 
2 

23 

2 
1 
1 

1 
1 

1 
1 
2 
2 
2 

Estimated 
Number of 
Receivers 

15,000 
60,000 
250,000 

120,000 

500 

50,000 

23,738,000 

4,500 

4,500 

1,000 
70,000 

5,000 
2,300,000 

5,500 

8,500 

300 
200 

160,000 
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and Turkey, employ amplitude-modulated sound. As has already 
been mentioned, the standard for the field frequency is quite generally 
equated to the frequency of the local power system, though the possi-
bility of obtaining satisfactory reception with a field frequency which 
deviates from the power frequency has been amply demonstrated. 

Coaxial and microwave links are in operation in several of the coun-
tries which have more than one operating television station, such as 
Great Britain, West Germany, and France. 

21.10 Prospects of Television. Since, in 1954, over half the homes 
of the United States were equipped with television receivers, it re-
quires scarcely any extrapolation to state that television will shortly 
assume, or already has assumed, the role of the major medium of 
entertainment in this country. The introduction of color can only 
accelerate this trend. Furthermore, it can confidently be expected 
that the remaining countries of the world will follow suit, with a speed 
dictated largely by local economic conditions. 

It is equally certain that entertainment will be only one of the 
functions of the enormous investment in television sets and broad-
casting systems. Even at the time of writing (1954), television has 
played a major role in familiarizing the public with men and issues 
in political campaigns to an extent which has been impossible hereto-
fore; it has served the cause of adult education through countless 
forums, science programs, and cultural presentations; and it has been 
employed locally to reduce the impact of interruptions in regular 
school programs. Such purely educational functions are bound to 
increase greatly as the television set becomes a practically universal 
part of home equipment. Considerable progress has already been 
made in the use of television as a teaching aid at universities, an 
entire campus being wired for television in at least one instance. 
At the same time, the establishment of television networks in most 

of the countries of the world will invite international program ex-
changes. Such exchanges have already been effected successfully be-
tween France and England.* In order to obtain a (British) 405-line, 
25-frame television signal from a (French) 819-line, 25-frame tele-
vision transmission, the 819-line picture formed on a kinescope screen 
was projected on the target of a storage pickup tube with a 405-line 
scanning pattern, which supplied the desired converted signal. 
This method is not applicable, however, for conversion between 

television systems with greatly differing frame rates; exchanges be-

* See Lord, reference 27. 
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tween a 30 frame-per-second area, such as the United States, and a 
25 frame-per-second area, such as Europe, would result in large-area 
low-frequency flicker which would detract seriously from the enter-
tainment value of the programs.* The remedy appears to lie in the 
development of improved types of storage tubes. In particular, if the 
writing portion of a signal converter storage tube realizes the prin-
ciple of the storage kinescope (section 8.6) the effect of differences in 
frame rate on stationary pictures is completely eliminated. It is 
probable that the storage-tube problem will have been solved by the 
time that a system of television relays joins the European and Ameri-
can continents. 

Several proposals have been made for the realization of the last 
objective. Both floating relay transmitters and planes circling at high 
altitudes have been considered. One of the most attractive sugges-
tions t foresees a chain of land-based microwave relay stations gir-
dling the globe. Such a plan is rendered feasible by the fact that the 
largest separation between land masses which must be spanned—the 
distance between Iceland and the Faroe Islands—is only 290 miles. 
The practical realization of the storage kinescope could have conse-

quences which would go far beyond signal conversion for program 
exchange. This was fully realized by Schr6ter. First of all, the re-
sulting elimination of flicker would permit a reduction of the field 
frequency to a quarter of its present value, which suffices to create 
an impression of continuity of motion. The necessary video band-
width would be reduced by the same factor. As a second step, meth-
ods might be developed for transmitting picture signals corresponding 
to the difference of successive frames. Since, normally, these differ-
ences encompass only a small fraction of the entire picture field, the 
number of picture elements which must be transmitted to achieve a 
prescribed picture resolution is greatly decreased in this manner. 
Accordingly, picture difference transmission could be utilized for an 
additional great reduction in the video bandwidth required. The pos-
sibility of further savings in bandwidth is suggested by a statistical 

analysis of picture content. § 
The reduction of the necessary video bandwidth to a small fraction 

of its present value would make entirely new services feasible, as, for 

*See Zworykin and Ramberg, reference 28. 
t See Forman, reference 29. 
# See articles by F. Schriiter in Leighâuser and Winckel, reference 30. 
§ See Kretzmer, reference 31, and Harrison, reference 32. 
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instance, a video telephone system in which the home receiver would 
function as one terminal. 

The development of television systems of very high resolution is 
another avenue along which progress may be anticipated. It is well 
known that terminal equipment can be built with much higher resolu-
tion capabilities than can be transmitted over broadcast channels by 
present techniques. When such equipment is placed into service, and 
the necessary transmission channels are made available, it may be 
anticipated that television spot pickup will replace news photography 
not only for television reception in the home, but also for the news-
paper. The picture will be derived directly from the television signals 
at the newspaper press. 
Various uses of the home receiver for which the engineering basis 

has been created even now have already been detailed in Chapter 20. 
An example was the possible role of the receiver as an aid in home 
management, through the employment of strategically placed camera 
attachments. The same cameras, in conjunction with a video tape 
recorder, may take the place of the home movie camera. The com-
plete absence of processing makes the magnetic tape technique par-
ticularly attractive to the amateur. Furthermore, playback on the 
home television receiver is free from the inconveniences of setting up 
the screen and projector and darkening the room, which characterize 
conventional home movie presentations. 

Finally, suppose that the major obstacles to interplanetary travel 
have been solved—that, at last, a space ship has been designed which 
can reach the surface of the moon intact. It is quite certain that such 
a ship, on its first successful flight, will be launched without human 
observers aboard. It is equally certain, however, that, among the 
many instruments assembled in it to bring us news of the voyage, the 
television camera will play a prominent role. Our first close view of 
the moon and the planets will, undoubtedly, be through the eyes of 
television, opening up vistas in new worlds as it has transformed 
the old. 
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A-c ripple, 601 
A-c transmission, 605 
ADP, 279 
AFC, 571, 579 

color signal, 890 
AGC, 732 
Aberrations, 159, 161 
Absorption, electron, 406 

tube face, 418 
Absorption modulation, 628 
Acceptor, 14 
Activator, 66 
Addition circuits, 900 
Alternating highs, 866 
Alternating lows, 866 
Aluminum film, brightness gain, 410 

penetration, 406 
reflectivity, 407 

Amplifier, camera, 538 
cascode, 718 
class-C, 622 
grounded-grid, 644 
feedback, 504 
high-frequency correction, 496 
intermediate-frequency, 724 
low-frequency response, 505, 512, 519 
modulating, 634 
nonlinear, 523, 880 
overall response, 508 
phosphor decay compensation, 873 
radio-frequency, 718 
resistance-coupled, 489 
stagger-tuned, 724 
television, 215 
video, 230, 485, 728 

Amplifier gain, 495 
Amplifier response, by Laplace trans-

form, 515 
Amplifier tubes, 494 

Antenaplex System, 745 
Antenna, 679 

broad-banding, 684 
diplexer, 694 
Empire State, 696 
feed system, 688 
microwave, 692 
power gain, 681 
pylon, 691 
radiation pattern, 682, 715, 717 
receiver, 713 
supergain, 686 
superturnstile, 686 
turnstile, 685 
UHF, 691 

Antenna reflector, 717 
Apartment distribution system, 745 
Aperture admittance, 198 
Aperture correction, 522 
Aperture lenses, 131, 147 
Aspect ratio, 178 
Astigmatism, 160, 165 
Asymmetric sampling, 843 
Atmospheric refraction, 703 
Automatic frequency control, 571, 579 

color signal, 890 
pulse-time system, 582 
sawtooth system, 579 
sine-wave system, 581 

Automatic gain control, 732 

Back-lighting, 344, 971 
Backpack transmitter, 969 
Ball mill, 401 
Balun, 613, 682 
Bandwidth reduction, 1017 
Bandwidth requirements, 176, 194, 210 
Barrier grid, 354 
Bat-wing antenna, 685 
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Bent gun, 471 
Black spot, 319, 331 
Blanking, 217, 532 
Blocking oscillator, 575 
Blood cell counter, 952 
Boost capacitance, 565 
Bootstrap circuit, 565 
Braun tube, 291 
Bridge diplexer, 694 
Bridge power equalizer, 688 
Brightness, familiar objects, 386 
outdoor scenes, 339 

Buncher, 660 
Burst, 886 
Burst flag, 883 
Burst pulse generator, 887 
By-passed highs, 784 
By-passed luminance signal, 784 
By-passed monochrome system, 825 

C illuminant, 804 
CIE color chart, 805 
CIE primaries, 804 
CIE tristimulus values, 805 
CPA, 855 
C.P.S. Emitron, 257 
Cable, coaxial, 670, 752, 997 

long-distance, 997 
video, 536, 997 

Cable transmission, color signals, 919 
Cadmium sulphide, 68 
Camera, color, 767, 877 

film, 971 
recording, 976 
television, 965 
Vidicon, 937 

Camera amplifier, 538 
Camera attachment, 942 
Camera lenses, 966 
Carrier generator, 614 
Cascode amplifier, 718 
Catcher, 660 
Cathode, gun, 454 

oxide, 37, 39, 455 
thoriated-tungsten, 36, 457 

Cathode lenses, 148 
Cathode ray tubes, light valve, 278 
phosphor screen, 290 

Cathodoluminescence, 63 
Cauchy's integral theorem, 517 

Center, luminescence, 70 
Cesium-antimony, 44 
Cesium cesium-oxide silver, 44 
Channel utilization, 221 
Channels, microwave transmission, 1011 

television, 220 
Chroma, 809 
Chromatic aberration, 166 
Chromaticity, 759, 761, 800 
Chromaticity discrimination, 806, 817 
Chrominance, 800 
Chrominance signal, 784, 868 

by-passed highs system, 835 
by-passed luminance signal, 842 
formation, 883 
standard, 868 

Circle method, 105 
Clamp circuit, 535 
Clipper, cathode bias, 589 

cathode follower, 588 
diode, 587 
grid bias, 588 

Coaxial cable, attenuation, 999 
network, 997 

Coaxial cable routes, 1001 
Coaxial line, 670 

field pattern, 676 
optimum dimensions, 671 
spacer compensation, 672 

Coaxial tank oscillator, 620 
Coding, 177 
Cold emission, 29 
Color addition, 802 
Color break-up, 773 
Color camera, circuits, 878 

field-sequential, 921 
industrial, 922 
misregistration, 918 
optics, 874 
relay objective, 877 
required responses, 811 
simultaneous, 767 

Color crosstalk, reduction, 853 
Color demodulator, 796, 894 
Color disk, 773 
Color drum, 774 
Color fringing, 773 
Color gamut, pigments, 806 
Color killer, 899 
Color matching, 799 
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Color mixer, 922 
Color mixture curves, 761, 801 

receiver primaries, 813 
Color monitor, 901 

industrial, 925 
Color phase alternation, 855 
Color projection receiver, 771 
Color receiver, 796, 889, 917 
Color reproduction, 810 

errors, 816 
Color signals, 778 

generation, 872 
recovery, 894 

Color synchronization, receiver, 889 
Color television, fundamentals, 757 

practical, 872 
principles, 799 

Color translation ultraviolet microscope, 
950 

Color transmission, requirements, 811 
Color triangle, 762, 805, 862, 914 
Color viewing tubes, 788, 901 
Color vision, 758, 799 
Colorimetry, 799 
Coma, 160, 165 
Community distribution systems, 744, 

749 
Compatibility, 772, 834 
Complementary colors, 762, 809 
Conduction, electric, 10 
Conductivity, 15 
Constant-amplitude system, 847 
Constant-luminance receiver, 832 
Constant-luminance system, 788, 847 
Constant-resistance network, 634, 941 
Contrast, 179 

kinescope, 414 
Contrast range, 387 
Control console, 964 
Control room, 962, 983 
Convergence, 145 

color kinescope, 906 
Convergence correction, 908 
Conversion efficiency, phosphors, 80 
Copper-beryllium, 55 
Cosine integral, 226 
Coupled circuits, 632 
Coupling network, four-terminal, 500 

two-terminal, 498, 501 
Crawling, 776 

Crossed dichroics, 874 
Crossover, 446 
Crystal oscillator, 614, 619 
Crystal ringing circuit, 892 
Curvature of field, 160, 165 

D-c restoration, 739 
D-c signal, 231 
D-c transmission, 605 
Dage Television Camera, 946 
Damper diode, 564, 736 
Dark-trace screen, 78, 289 
Dead layer, 398 
Deflection, 544, 735 

electrostatic, 545 
magnetic, 547 

Deflection circuit, horizontal, 562, 736 
linearity control, 567 
power loss, 566 
vertical, 559, 577 

Deflection coil current, 554 
Deflection defocusing, 551 
Deflection distortion, 552 
Deflection generator, 556 
Deflection linearity, 554 
Deflection power, 559 
Deflection yoke, 547 

tricolor kinescope, 906 
Demodulator, 6AS6, 896 

color signals, 896 
diode, 899 

Depth of focus, 340 
Derived simultaneous system, 778 
De,sampler, 778 
Detail contrast, 415 
Detector, diode, 728 
Dichroic mirrors, 872 
Diplexer, 694 
Dipole, half-wave, 680, 714 
Dipole radiation, 679 
Direct-view kinescopes, 425 
Dissector tube, 250, 935 
Distortion, 161, 166 
Distributed amplification, 504, 654 
Distribution transformer, 747 
Donor, 14 
Dot crawl, 834 
Dot interlacing, 833 
Dot multiplex system, 836 
Dot pattern, 785, 834 
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Dot pattern with 90° phase shift, 853 
Dot-sequential system, 822 
Dot-simultaneous system, 825 
Double-layer lens, 129 
Drift space, 660 
Dusting, 403 
Dynamic convergence correction, 905, 

908 . 

Dynamic focus correction, 555, 908 
Dynode, 60 

ERP, 699 
Eidophor, 283-288 
Electrolytic tank, 98 
Electron absorption, 406 
Electron emission, 28 
Electron gun, 443 
5TP4, 469 
7DP4, 470 
16GP4, 473 
1850-A, 466 
accelerating electrode, 460 
cathode, 454 
control grid, 457 
electrostatic, 476 
first lens, 448, 457 
iconoscope, 465 
internal pole-piece, 477 
ion trap, 461, 470 
kinescope, 467 
limiting performance, 447 
low-velocity, 478 
permanent magnet, 474 
prefocus, 464 
requirements, 444 
second lens, 450, 461 
space-charge effect, 459 
tricolor kinescope, 904 
two-lens, 445 
ultor, 460 
unipotential lens, 477 
Vidicon, 481 

Electron lenses, aperture, 131, 147 
applications, 117 
cathode, 148 
continuous, 130 
double-layer, 129 
magnetic, 152, 463 
two-cylinder, 138, 143, 463 

Electron microscope, 118 

Electron microscope, electrostatic, 119 
emission, 121 
magnetic, 119 
scanning, 120 
shadow, 120 

Electron optics, 94, 117 
Electron paths, 102 

equation, 134 
graphical determination, 104 
uniform magnetic field, 152 

Electron penetration, 399, 406 
Element-sequential color, 776 
Elevator coils, 747 
Emission, electron, 28 

photoelectric, 42 
thermionic, 28, 33 

Empire State antenna, 696 
Equalizing pulses, 591 
Equi-energy white, 759, 804 
Equipotentials, 101 
Eriscope, 257 
Excitation waves, 71 
Eye, acuity for color differences, 817 

aperture admittance, 819 
resolution, 191 
sensitivity, 184 

Fechner's law, 179 
Feedback, negative, 504 
Feedback oscillator, 576 
Fermat's principle, 129 
Fermi-Dirac statistics, 9 
Fermi-level, 16 
Ferrite, 556 
Field-sequential color, 771, 920 
motor drive, 922, 924 
resolution, 772 

Field strength measurements, 701 
Figure of merit, vacuum tubes, 495 
Film camera, 971 
Film multiplexer, 974 
Film projector, intermittent, 972 
Film recording, 974 

color, 980 
Film scanning, 239 

iconoscope, 341, 971 
optical compensation, 260 

Filter, sideband, 673 
Filter disk, 773 
Filtered primaries, 804 
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Filterglass, 419 
Flat field, 204 
Flicker, 187 
Fluorescence, 63 
Fluorescent materials, see Phosphors 
Flying-spot microscope, 947 
Flying-spot scanner, for color, 770, 872 
Flying-spot scanning, 238 

electronic, 259 
Focal length, 126 
Focal point, 127 
Focusing grill color tube, 794 
Frequency components, television signal, 

195, 865 
Frequency converter, 720 
Frequency divider, 595, 888 
Frequency interlace color system, 825, 

864 
Frequency multiplier, 617 
Frequency stability, quartz crystals, 616 
Fresnel region, 1007 
Fringe fields, 546 

Gamma, 181, 837 
Gap width, photoconductors, 24 
Gas focusing, 443 
Gaussian dioptrics, 124 
Germanium, 13, 17-19 
Ghosts, image orthicon, 371 
Glass-to-metal seal, 392 
Glow curve, 74 
Gray Telop, 965 
Green monochrome signal system, 850 
Grid lead inductance, 641 
Grid modulation, 624 
Grid neutralization, 640 
Grounded-grid circuit, 644 
Gun, cathode, 454 

electron, 443 
iconoscope, 308, 465 
kinescope, 396, 467 
low-velocity, 478 
triple, 904 
Vidicon, 481 

Halation, 416 
Half-wave dipole, 680, 714 
Half-wave line, 669 
Harmonic generator, 617 
Hartley's law, 177 

High-voltage supply, 569, 738 
Hold control, 576 
Hole conduction, 14 
Homodyne detection, 1004 
Horizon, effective, 703 
Horizontal pulses, 591 
Hue, 809 
Hum, 601 

/ signal, 863, 883, 896 
ICI, 804 
I-f amplifier, 724 
Iconoscope, 253, 305 

construction, 306 
film scanning, 341, 971 
gun, 308, 465 
limiting sensitivity, 336 
line sensitivity, 331 
mosaic, 309 
performance, 333 
potential distribution, 321 
processing, 311 
RCA 1850A, 342 
RCA 5527, 937 
single-sided mosaic, 255, 305 
spectral response, 335 
tests, 313 
theory, 320 
two-sided mosaic, 254, 352 
video signal generation, 327 

Image defects, 159 
Image dissector, 250, 935 
Image force, 7 
Image iconoscope, 257, 358 
Image multiplier pickup tube, multi-

stage, 363 
Image orthicon, 257, 366 

performance, 369 
signal multiplier, 364, 369 
target structure, 368 

Image orthicon camera, 965 
Image tube, 118 

aberrations, 165, 167 
Impurity, 14 
Index ellipsoid, 269 
Industrial television, applications, 927 

color systems, 952 
iconoscope chain, 936 
RCA Vidicon chain, 937 
requirements, 934 
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Industrial television, stereo systems, 
953 

Utiliscope, 935 
Integration, numerical, 141 
Intercarrier sound, 711, 740 
Interference, cochannel, 704 
Interlace, even-line, 775 

odd-line, 776 
Interlaced scanning, 190 
Intermediate film pickup, 245 
Internal pole-piece gun, 477 
Ion spot, elimination by aluminum film, 

410 
Ion trap, 461, 470 
Isocon, 373 

Karolus multiplate cell, 272 
Kerr cell, 268 
Kerr constant, 270, 272 
Kerr effect, longitudinal, 279 
Keyed clamping, 636 
Keying circuit, 595 
Keystoning, 595 
Killer, 66 
Kinescope, 383 
3NP4, 435 
5TP4, 435 
7NP4, 437 
10BP4-A, 425 
16GP4, 429 
17CP4, 431 
27MP4, 431 
bulb shape, 388 
conducting coating, 390 
contrast, 414 
direct-view, 425 
face plate discoloration, 434, 441 
glass-to-metal seal, 392 
gun, 396, 467 
high-voltage supply, 569 
metal bulb, 391 
processing, 411 
projection, 433 
rectangular, 394 
residual gas, 411 
screen, 397 
screen color, 386 
screen preparation, 401 
screen size, 384 

Kinescope, screen thickness, 398 
tests, 412 
tricolor, 792, 901 

Kinescope recording, 974 
Kinescope screen, metal backing, 404 
Klystron, 659 

Li System, 1003 
L3 System, 1004 
Lagrange law, 126 
Laplace equation, 95 

for axial symmetry, 97 
two-dimensional, 98 

Laplace transformation, 515 
Lattice network, 522 
Least action, principle of, 129 
Lens, thick, 126 
Lens disk, 241 
Lens drum, 241 
Lenses, camera, 966 

microwave, 1009 
Light requirements, Nipkow disk, 237 
Light valve, cathode ray tubes, 278 

Eidophor, 284 
Kerr cell, 268 
supersonic, 274 
suspension, 280 

Liminal unit, 210 
Limiter, 730 
Line number, 186 
Line screen color tube, 789, 794 
Line sensitivity, 331 
Line-sequential color, 774 
Line width, 469 
Local oscillator, 720 
Long-wave threshold, photoconductors, 

24 
Low-velocity gun, 478 
Low-velocity scanning, 355 
Luminance, 760, 800 

unit, 801 
Luminance signal, 784, 829, 868 

formation, 883 
Luminescence, 63 
Luminosity function, 760, 800 

Magnetic lens, 152 
bell-shaped field, 157 
rotation, 155 
thin, 155 
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Mask, tricolor kinescope, 901, 910 
Master antenna, 745 
Maxwell-Boltzmann distribution, 448, 

455 
Mechanical scanning, pickup, 236 

receiver, 266 
Metal kinescope, 391 
Metal-semiconductor junction, 37 
Metals, electron theory, 6 

specific heat, 7 
structure, 5 

Metrechon, 379 
Microwave lenses, 1009 
Microwave networks, 1006 
Microwave radiator, 693 
Microwave repeaters, TD-2 System, 1010 
Microwave routes, 1008 
Microwave triode, 658 
Microwaves, propagation, 1007 
Mirror drum, 267 
Mixed highs, 782, 821, 829 
Mixed-highs principle, 817 
Mobile unit, 993 
Mobility, 15 
Modulated stage, efficiency, 626 
Modulating amplifier, 634 
Modulation, absorption, 628 

at odd angles, 843 
grid, 624 
high-level, 613 
in quadrature, 844 
low-level, 613 
outphase, 632 
plate, 623 

Modulators, balanced, 883 
Moiré, color kinescope, 915 
Monochrome signal, formation, 883 
Monoscope, 380 
Mosaic, iconoscope, 309 
Multicon, 257 
Multiplier, electron paths, 115 
image orthicon, 364, 369 
secondary emission, 60 

Multivibrator, 573 

n-p-n transistor, 21 
NTSC, 868 
n-type semiconductor, 14 
Negative transmission, 604 
Network, television, 996 

Neutralization, 639 
Nipkow disk, 236, 266 
Noise, 30, 526 

receiver, 720 
secondary emission, 56 
shot, 29 
suppression, 363 
thermal, 337, 527 
transit time, 722 
tube, 528, 721 

Noise factor, 721 
Noise inverter, 732 
Noise resistance, 528 
Nominal cutoff, 206 
Nonlinearity compensation, 523 

color system, 836, 880 
Notch diplexer, 695 
Notching filter, 674 
Numerical integration, 141 

Offset carrier operation, 704 
Optical compensation, 260 
Optical contact, 417 
Optics, 123 
Orange-cyan wideband system, 861 

demodulator angles, 894 
Orthicon, 257, 355 
Orthicon scanning, 356 
Orthogam amplifier, 526 
Oscillating color sequence, 855 
Outphase modulation, 632 
Output stage, 20 kilowatt, 652 
Oxide cathode, 37, 39, 455 

PAM subcarrier system, 836 
p-n junction, 20 
p-type semiconductor, 14 
Parabola method, 107 
Parabolic reflector, 693 
Passband, receiver, 228 
Passband utilization, color system, 830 
Penetration, electron, 399, 406 
Penetration-type color tube, 791 
Phase-amplitude modulated subcarrier 

system, 836 
Phase-correcting network, 522 
Phase errors, chrominance signal, 859 
Phosphorescence, 63 
Phosphor decay, correction for, 873 
Phosphors, 63 
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Phosphors, alkali halide :thallium, 71 
cascade, 81 
color kinescope, 912 
conversion efficiency, 80 
decay, 76 
electrical properties, 86 
glow curve, 74 
infrared, 74 
nature, 64 
oxide, 84 
photoconductivity, 73 
preparation, 81, 85 
projection tube, 439 
requirements, 64 
silicate, 75, 84 
sulphide, 68, 73, 81 
table, 79 
television, 78 
theory, 70 
voltage variation, 78 
white, 80, 427, 439 

Photocathode, cesium-antimony, 44 
cesium-cesium oxide, 46 
transparent, 360 

Photoconductive pickup tube, 257, 374 
Photoconductivity, 22 
mechanism, 24 
phosphors, 73 

Photoelectric emission, 42 
Photometer, tristimulus, 808 
Photon, 23 
Photopic vision, 178 
Pickup device, 214 

figure of merit, 351 
limiting sensitivity, 348 

Pickup systems, electronic, 245, 347 
mechanical, 236 

Pickup tube, photoconductive, 257, 374 
Picture brightness, 178 
Picture difference transmission, 1017 
Picture element, 172 
Picture size, 178, 384 
Piezoelectric effect, 614 
Pilot tone, 1000 
Plate modulation, 623 
Plate neutralization, 640 
Polar color chart, 809 
Polarization of signal, 681 
Positive transmission, 604 
Postacceleration focusing, 793 

Potassium chloride, 289 
Potential, inner, 8 
Potential barrier, 26 
Potential mapping, 98 
Potter oscillator, 574 
Power tube, 8D21 double tetrode, 649 

5762 grounded-grid triode, 654 
klystron, 663 
Resnatron, 656 
UHF grounded-grid triode, 656 

Power tubes, multiple operation, 655 
requirements, 646 

Prefocus, 464 
Primary sources, 801 
Principal planes, 127 
Program director, 986 
Program exchanges, 1016 
Program planning, 985 
Projection kinescope, 433 
Projection receiver, 296 

color, 770 
Propagation, beyond horizon, 703 

microwaves, 1007 
VHF and UHF, 699 

Pylon antenna, 691 
Pyramidal screen tube, 792 

Q, 621 
deflection coils, 556 

Q signal, 864, 883, 896 
Quantum efficiency, 350 
Quarter-wave line, 669 
Quartz crystals, 614 

Radechon, 378 
Radiance, 800 
Radiation pattern, 682, 715, 717 
Ray equation, 134 
approximate solution, 137, 156 
magnetic field, 154 

Receiver, 711 
antenna, 713 
direct-view, 294 
passband, 228 
projection, 296 
television, 228 
transient response, 742 

Receiver noise, 720 
Receiver primaries, 813 

color coordinates, 869, 912 
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Recording camera, 976 
Recording kinescope 5WP11, 978 
Rectifier, semiconductor, 21 
Redistribution, iconoscope, 323 
image orthicon, 370 

Reflection suppression, by frosting, 425 
Reflection-type color tube, 789 
Reflections, bulb-wall, 420 

effect on picture, 713 
internal, 415 

Reflective projection system, 296, 437 
Reflex klystron, 662 
Refraction, spherical surface, 124 
Refractive index, electrons, 128 
Refractive power, 126 
Relaxation oscillator, 573 
Relay system, intercontinental, 1017 
Repeater, 999 
Repeaters, L3 System, 1004 
microwave relay system, 1007 

Resnatron, 656 
Resolution, 181, 186, 191, 203 
Resolution pattern, 318 
Resonant cavity, 679 
Return time, 544 
Rooter amplifier, 525, 880 
Rubber model, 108 

Sampler, 778 
Sampler output, 782, 826 
Sampling frequency, 778 
Saturation, 809 
Sawtooth generator, 570 

gas tube, 571 
hard-vacuum tube, 572 

Sawtooth wave, 544, 557 
Scanning, interlaced, 190, 542 

requirements, 541 
theory, 194 

Scanning disk, 236 
Scanning raster, 174 

interlaced, 190 
Schmidt-type projection system, 296, 

437 
Schottky effect, 42 
Scophony system, 275 
Scotopic vision, 178 
Screen, fluorescent, 397 

metal backing, 404 
tricolor kinescope, 911 

Screen curvature, effect on contrast, 419 
Screen thickness, 90, 398 
Screening process, 401 
Secondary emission, 29, 49-56 

insulators, 55, 88 
multiplier, 60 
noise, 56 
statistics, 56 
theory, 52 
velocity distribution, 51 
yield, 50 

Secondary emitters, preparation, 54 
Semiconductors, 10 

impurity, 14 
intrinsic, 14 

Sequential color system, 765 
Settling, 401 
Shading, 319 
Shadow-mask tricolor kinescope, 792, 

901 
Sharp sampling, 778 
Sharpness, 209 
Shielded pair, 997 
Shot effect, 29 
Signal, television, 603 
Signal insertion, 534 
Signal multiplication, 364 
Signal multiplier, image orthicon, 364, 

369 
Signal polarity, 603 
Signal selection, color system, 839 
Signal-to-noise ratio, 32 

video system, 529 
Silver-magnesium, 55 
Simultaneous color system, 766 
Simultaneous system, derived, 778 
PAM, 836 
three-channel, 767, 821 

Sine integral, 226 
Single-sideband transmission, 221, 607 
Skiatron, 289 
Skin effect resistance, 671 
Smear, 743 
Snell's law, 123, 416 
Sodium, band structure, 12 

energy levels, 11 
Sound, intercarrier, 711, 740 

separate, 711, 740 
Sound carrier, separation from picture 

carrier, 860, 869 
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Space charge, 41 
electron gun, 459 

Spectral clu.omaticities, 802 
Spectral primaries, 801 
Spectral response, iconoscope, 335 
image orthicon, 371 

Sphalerite, 82 
Spherical aberration, 160, 163, 462 
Spot overlap, 204 
Spot size, 452, 468 
Spraying, 403 
Spurious patterns, 203 

color picture, 830 
Spurious signal, 182, 830 
Square wave response, 511, 743 
Staging programs, 981 
Standard observer, 800 
Stagger-tuning, 724 
Standards, color television signal, 868 

television, 592, 603, 1014 
Standards conversion, 1016 
Station planning, 988 
Statistics, Fermi-Dirac, 9 

world-wide television, 1015 
Step counter, 595 
Step function, 510 
Stereo television systems, 953 
Sticking potential, 89 
Stirling's formula, 59 
Storage principle, 253 
Storage tube, 377 
Storage viewing tube, 298, 1017 
Studio, 961, 981 
Studio lighting, 982 
Subcarrier frequency, 827, 869 
Superemitron, 257 
Supergain antenna, 686 
Supersonic light valve, 274 
Superturnstile antenna, 686 
Surge impedance, 537, 668 
Synchronization, 232, 541, 584, 730 

color, 886 
sensitivity to interference, 584 

Synchronizing generator, industrial tele-
vision, 940 

Synchronizing pulse selection, 590, 735 
Synchronizing pulse separation, 585, 734 
Synchronizing signal, 234, 592 

color, 887 
generation, 594 

TD-2 System, 1010 
TV Eye, 945 
Tank, electrolytic, 98 
Tape recording, television, 980 
Technical director, 986 
Telecolor system, 952 
Television, bandwidth, 176, 194, 210 

fundamentals, 171 
picture quality, 177, 185 
prospects, 1016 

Television camera, 965 
Television industry, 958 
Television microscope, 946 

ultraviolet, 948 
Television network, 996 
Television signal, 603 
Television station, 987 

video system, 994 
Television studio, 961 
Television system, elements, 214 
Theatre projector, cathode ray tube, 297, 

437 
Eidophor, 286 

Thermionic emission, 28, 33 
Thomson-Whiddington law, 406, 407 
Thoriated tungsten, 35-37, 457 
Thyratron sawtooth generator, 571 
Tilt and bend, 319 
Tilted gun, 471 
Time delay, 487 
Trajectories, electron, 102 

equation, 134, 154 
uniform magnetic field, 152 

Transistor, 21 
Transiter, 984 
Transmission, sky-wave, 704 
Transmission line, 666 

impedance, 668 
single-wire, 677 

Transmission line oscillator, 620 
Transmitter, alignment, 613 

portable, 969 
television, 218, 603 
UHF, 705 
very-high-frequency (VHF), 609 

Trap circuit, 727 
Traps, 27 
Traveling-wave magnetron, 665 
Traveling-wave tube, 664 
Traveling-wave tube repeater, 1013 
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transformation, 808 

Tiichromatic theory, 759, 799 
Tricolor kinescope, 792, 901 
Tristimulus photometer, 808 
Tristimulus values, 760, 805 
Turnstile antenna, 685 
Two-sided target, 254, 352 

UHF propagation, 701 
UHF transmitter, 705 
Ultor, 460 
Ultraviolet television microscope, 948 
Underwater television, 933 
Unipotential lens, 477 
Unit step, 207 
Utiliscope, 935 

VHF transmitter, 609 
VSWR, 699 
Vector potential, 153 
Velocity modulation, 261 
Venetian-blind color tube, 789 
Vericolor system, 952 
Vertical pulse, 591, 734 
Vestigial sideband filter, 673 
Vestigial sideband transmission, chromi-

nance signal, 858 
Video amplifier, 485, 728 

color transmitter, 880 
requirements, 486 
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Video tape recording, 980 
Video-telephone system, 243 
Vidicon, 257, 377 

gun, 481 
ultraviolet-sensitive, 948 

Vidicon camera, 937 
Viewfinder, camera, 968 
Viewing device, 231 
Viewing system, three-tube, 768 
Viewing tube, 383 

color, 788 
Visual acuities, relative, 819 
Voltage standing wave ratio, 699 
Voltage supply, regulated, 507 

Wave-guide, rectangular, 678 
Wehnelt cylinder, 444 
White, C-illuminant, 804 

equi-energy, 759, 804 
Width of blurring, 207 
Width of confusion, 205 
Willemite, 67 
Winged dipole, 717 
Work function, 34 

photoelectric, 43 
Wright wedge cell, 272 
Wtutzite, 82 

Zero-luminance blue system, 848 
Zinc orthosilicate, 67 
Zinc sulphide, 68 
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