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PREFACE

Electron opties and Cathode-ray television are two hardly
separable subjects. The extensive development of the former
was prompted by the needs of the latter. The extensive develop-
ment of the latter was due to the great progress of the former.
Although there are applications of electron optics other than
television, they are of lesser practical importance. This book
has been written for the purpose of developing the theory of
electron opties and its most useful application—the television
cathode-ray tube. Since the tube has to meet a number of
exacting requirements imposed by the associated apparatus, a
treatment of the latter is included in the text.

This book should not be considered an exhaustive treatment
of the subject, but rather an account of that part of it with which
the authors have had first-hand experience at the Research
Laboratories of the RCA Manufacturing Co., Inec., Camden.
N.

The Introduction, which presents a brief description of a
complete cathode-ray television system and a few applications
of electron optics, is for the purpose of informing readers not
already familiar with such systems and applications, and also
for the purpose of clarifying certain concepts and terms used in
television which are referred to later.

The body of the book is divided into two parts. In Part I
the theory of electron emission and electron optics is developed.
Although the theory of pure magnetostatic and combined
electrostatic-magnetostatic focusing is developed, by far the
greater part of the treatment of electron opties is limited to pure
electrostatic lenses, particularly those involving two coaxial
cylindrical electrodes. Part 11 deals for the most part with the
problems encountered in designing tubes, practical and economi-
cal to construct and capable of producing satisfactory television
pictures when used with practical associated apparatus. Included
in Part II are several approximate methods for solving in a
practical way some of the nonlinear-circuit problems connected

v
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with the design of apparatus associated with the television
cathode-ray tube.

The authors are very grateful to the management of the
RCA Manufacturing Co., Ine., for permission to publish the
results of work performed at the laboratories of that company.
They are especially indebted to L. M. Clement and E. W.
Engstrom for their interest and encouragement. They also
acknowledge the full cooperation and valuable help of the entire
research staff of RCA Manufacturing Co., Inec. W. A. Tolson
has contributed greatly to the development of the deflecting
systems described hercin, and C. M. Burrill, Dr. H. L. Donley
and Dr. E. R. Piore have helped by reading and correcting the
manuseript.

I. G. MaLo¥Fr.
D. W. EpsTEIN.

('AMDEN, N. J,,
February, 1938.
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ELECTRON OPTICS IN
TELEVISION

INTRODUCTION

I.1. Electron Optics.—Electron optics deals with the trajec-
tories of electrons in electric and magnetic fields and considers
them from the point of view of geometric optics.  More than 100
years ago, Sir William Hamilton showed that there exists a direct
analogy between the path of a ray of light through refracting
media and the path of a particle through conservative fields of
force. When the clectron was discovered and its properties
understood, it became apparent that the cleetron moving in
vacuum and subject to action of eleetric and magnetic fields
obeyed the laws and the principles formulated by Hamilton.

In general, an clectron moving in an electrostatic field will
follow a curved path. In studying this-path we may adopt a
point of view of eleectron dynamies: that the path is curved
because an electrostatic force, which is a funetion of position,
acts on the electron. According to eleetron opties the path is
curved because the electron is passing through a medium in
which the index of refraction is a funection of position. The
reason for adopting the point of view of electron optics is that
in many cases this point of view clarifies the problem and sim-
plifies its solution. This is particularly true of electric and
magnetic fields having axial symmetry. In electron opties an
electrostatic field having axial symmetry is considered as an
electron lens, similar to a glass lens for light, and, knowing the
constants of the lens, the focusing action of the lens is uniquely
and simply determined for paraxial electrons. Thus, given a
source of electrons (real or virtual) and an electron lens, the posi-
tion and size of the electron image of the source may be simply
determined (as with light) from the knowledge of the size of the

source and the distance between the lens and source.
1



2 INTRODUCTION [SEc. 1.2

Electrostatic electron lenses having axial symmetry are formed
by applying various. potentials to electrodes having axial sym-
metry, such as coaxial cylinders, aperture disks, cones, ete.
An axially symmetrie magnetostatic lens is produced by sending
direet current through a coil whose axis coincides with the axis
of symmetry. It ix often misleading to consider electron lenses
as similar to the simple glass lenses of optical instruments, sinee
the electron lenses are mich more involved.  Electrostatic
electron lenses are constructed of media in which the index of
refraction ix a function of position. Further, the ratio of the
indexes of refraction on the two sides of the lens may be as high
as several hundred. Magnetostatic electron lenses are con-
structed of media in which the index of refraction is a funetion
of position and direction, so that the electron does not remain in
the same meridian plane throughout its path in the lens.

The principal problems of clectron opties are (1) lens analysis
and (2) lens synthesis.  Lens analysis ineludes the determination
of the positions of the lens constants, i.e., the foeal and principal
points, for a given electrostatic and/or magnetostatic field
(or a given clectrode and/or coil arrangement) and the determina-
tion of the lens aberrations.  Since both the lens constants and
aberrations may be determined from electron trajectories through
the electrostatic and/or magnetostatic field it is seen that the
major task of lens analysis is electron-trajectory determination.
Lens synthesis involves the determination of electrie and/or
magnetic ficlds, or, better, the electrode and/or coil arrangement
necessary to produce a lens of given constants and aberrations.
As is to be expected, lens synthesis is by far the more difficult
of the two. Until recently, clectron opties has been occupied
almost exclusively with lens analysis. Recently, some work
has been done on the determination of lenses having a minimum
of aberration.

The treatment of electron opties presented in this book is
limited to axially symmetrice lens analysis, and particularly to
axially symmetrie lens systems useful in television cathode-ray
apparatus. The electron-optics point of view has been developed
to such an extent as to be useful for technical and engineering
purposes.

1.2. Scanning Principle.—Since cathode-ray television is one
of the most useful results of the advances of electron optics, a
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brief deseription of its principles and essential components scems
worth while. The main television principle was born when, in
1884, Nipkow proposed to send pictures point by point in a rapid
and orderly succession instead of sending all parts at once. This
orderly splitting of the picture into points or elements is now
called scanning, and the original scanning means employed by
Nipkow is termed the scanning or Nipkow disk.

Nipkow’s system, with its mechanically driven rotating disk,
remained idle for nearly 40 years. Not until thermionic tubes
were developed did Nipkow’s system become a practical reality.
It had many defects, the greatest being its limitations in trans-
mitting scenes of high detail with gufficient brilliancy. However,
it played a great part in the general development of television,
chiefly by encouraging the advances in the associated apparatus.

I.3. Nipkow’s Scanning Scheme.—While cathode-ray tele-
vision systems of high definition are very far removed in appear-
ance and in underlying principles from the original Nipkow
system, any television system employing one wire or one com-
munication channel can be reduced in its basic performance to
Nipkow’s scanning scheme.  According to this scheme, a square
aperture is passed along straight lines over the entire area of a
rectangular picture to be transmitted. The picture is divided
into a definite number of rectangular strips, usually horizontal,
and these strips are scanned in orderly succession by the aperture.
The brightness of the part of the picture under the aperture is
impressed on a photoclectric cell by means of an optical system.
The photoelectric cell generates an clectrie current proportional
to the brightness of the area under the diaphragm. The electric
current thus generated is amplified and is sent either over wires
or by means of a high-frequency carrier to a receiver.

At the receiver there is a similar aperture moving in synchro-
msm with the one at the transmitter. The electric current
received by wire or radio is applied to a source of light, the
luminous intensity of which follows precisely the intensity of the
received current. This light is sent through the diaphragm.
In this way, the total amount of light which falls on a given part
of the picture at the receiver is approximately proportional to the
illumination of the corresponding part of the original picture
scanned at the transmitter. The light at each point of the
receiver picture falls there only when the diaphragm is passing
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over it. Owing to the retentiveness of the human eye, the
reeeived picture will appear similar to the picture at the trans-
mitter if the rate of scanning is high and a sufficient number of
pictures is sent per second.

The order in which the secanning is done, z.e., whether it is
done from left to right or from top to bottom, is not essential.
The only thing that matters is that the picture is scanned com-
pletely cach time it is transmitted.

I.4. General Scheme of Television System.—Figure 1.1(a)
shows a block diagram of a complete television system. Both
high- and low-definition television systems ean be divided into

Video Video
Picture omplifier | | Radio amplifier | | Picture
pickup ond. wire link and reproducer
synchronizer synchronizer
(€)
Sound | | Sound | | pgdio wire| | Sound || Sound
pickup omplifier Jink omplifier [ |reproducer
(b)

Fie. 1.1.-—(a) Block diagram of television-communication system. (b Block

dingram of sound-communication system.
the parts shown. The only difference between the television
systems of high and low definition is the degree of detail trans-
mitted and received with satisfactory illumination levels. The
old mechanical systems are satisfactory for transmitting pictures
that have a detail equivalent to 100 scanning lines, and reach
their useful limit of definition somewhere hetween 100 and 200
lines. The high-definition systems employing no moving parts
are almost unlimited in their capability of definition. The
limitations on the latter class of television systems are imposed
chiefly by the associated communication apparatus and by com-
mercial considerations.

In Fig. I.1(b) a block diagram of a complete sound-communica-
tion system is shown. The only essential difference between the
latter and the system shown in Fig. 1.1(a) is that the television
system requires synchronizing arrangements while the sound
system does not.  Apart from synchronization, the similarity
is great. Of course, the amplifiers have to be different; they
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have to pass frequency bands of greatly differing widths. But
in all other essentials both systems are alike. Both systems pick
up forces affecting our senses, and both translate them into
intensity-vs.-time variations of eclectric eurrents. In both sys-
tems the electric current at the pickup stage is of very low
intensity, and both have to use amplifiers to bring it up to levels
suitable for transmission over distances. Again, both systems
may or may not usc high-frequency carriers to transmit the
intelligence over distance by means of either radio or cable.

At the receiving end both systems have to demodulate and
amplify the received signals to bring them to the required power
levels, and then, by means of suitable transducers, to reproduce
forces similar to those which were originally picked up and which
affect our senses.

1.5. Electron Beam.—An electron beam in cathode-ray tubes
may be visualized as a narrow pencil of negatively charged parti-
cles moving with velocities of the order of 30,000 miles/scc.
While electron beams were discovered as early as the end of the
last century, it is only in the last decade that their properties have
heen understood and means for their generation and control
developed. The discovery of the electron, of electron emission,
and the development of means for their control opened the way
which led to present-day radio broadcasting and communication
systems in general. In exactly the same way the gradual
development of means for concentrating clectrons into narrow
beams and the development of means for controlling the intensity
and direction of these beams were directly responsible for the
development of the present-day high-definition television systems.

In a high-definition television system, both the picture-pickup
device and the picture-reproducing device employ the cathode-
ray beam. They employ the beam for the scanning of both the
transmitted and the received pictures. V. K. Zworykin, who
is responsible for the development of a successful and complete
television system, named the picture-pickup device the iconoscope,
a combination of the Greek words “cikon,” meaning image, and
“skopein,” meaning to observe. The cathode-ray receiving tube
he named kinescope. In this book, an abbreviation, “TCR
tube,” will be used to denote ‘“television cathode-ray tube.”
It is now in order to describe briefly the salient features of both
of these devices hefore describing the performance of a modern
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cathode-ray television system as a whole.  The term *‘television
system,” as used below will refer to a modern high-definition
television system employing the clectron beam for scanning both
at the transmitter and at the receiver.

1.6. TCR Tube.—The cathode-ray tube in a television receiver
corresponds to the combination of a power-output tube and a
loudspeaker in a sound radio receiver. A eross section of a
typical TCR tube is shown in Fig. 1.2. It consists essentially of
five component parts: first, a glass envelope, sealed for the
maintenance of high vacuum; sceond, a hot eathode from which
the electron beam originates; third, a device for controlling and
focusing the electron beam; fourth, an arrangement (either
internal or external) for deflecting the beam for scanning pur-
poses; and fifth, a fluorescent scrcen on which the image is
reproduced.

Fia, 1.2.—A\ typical TCR tube,

The envelope, usually of glass, is made strong enough electrie-
ally and mechanically, being designed to withstand the: atmos-
pheric pressure with a large margin of safety. The tube, in its
processing, is carcfully baked and evacuated to obtain a high
vacuum of the order of 10=7 ¢m. of mercury.

The carty tubes were partly gas-filled and utilized for beam
concentration, the space charge resulting from the collisions of
electrons with molecules of residual gas. This so-called gas
focusing is rather uncertain, since the gas pressure in any tube
varies with life.  If in a tube the focusing of the electron beam is
critically dependent on pressure, the useful life of such a tube is
comparatively short.

Most of the modern cathode-ray receiving tubes are of the
high-vacuum type. In this type, the focusing of the beam is
accomplished by the action of eleetric and magnetic fields. The
vacuum treatment of modern TCR tubes is such that even at the
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end of a tube’s life, i.e., when the cathode emission has fallen off,
the vacuum still is so high that the collisions of electrons with
molecules of residual gas produce negligible effects. :

The ecathode in a TCR tube is of a tubular form, with a flat
emitting surface covered with a preparation of barium and
strontium oxides. Only the flat end facing the luminescent
screen is covered by the clectron-emitting material. A tungsten
heater, noninductively wound and insulated from the cathode by
means of a heat-resisting material, is located inside of the tubular
cathode.

The electron gun, or the device for concentrating, controlling
and focusing of the electron beam, consists of a grid sleeve and a
first anode. Sometimes it includes another electrode, usually
called sereen grid, which is not essential for operation and is not
shown on the figure. The grid sleeve is of a tubular form with a
disk parallel to the flat emitting surface of the cathode. A
cireular hole in the center of the disk is coaxial with the cathode
sleeve. The first anode is also of tubular form coaxial with the
rest of the gun. It usually carries diaphragms or aperture disks
on the inside to stop or limit the beam angle and the penetrations
of electrostatic fields. The glass envelope of the TCR tube
carries a black conductive coating on its inner side and has a
sealed-in conductor leading to this coating. The conductive
coating forms the second anode. The final electron-accelerating
potential is applied between the cathode and the second anode.
The purpose of the first anode is: first, to stop the beam, which is
similar to the action of an optical stop in a lens; and, second,
together with the second anode, to create an axially symmetric
electrostatie field or an electron lens which starts the initially
divergent electrons of the beam toward the axis. By adjusting
the voltage on the first anode the luminous spot on the screen
can be brought to a minimum diameter or focus. The voltage
on the first anode for the best focus is usually about one-fourth
or one-fifth of that of the second anode. Figure 1.3 shows a
photograph of a TCR tube having a screen 5 in. in diameter
and capable of reproducing a picture of about 3 by 4 in.

Instead of an electrostatic system for focusing the beam, a
magnetostatic system may be used. A magnetostatic field
having axial symmetry acts on an electron beam similarly to an
electrostatic field. The general matter of focusing is treated at
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much greater length in Part I.  The details of this action will be
left until then, since for an understanding of the general opera-
tion of a high-definition television system a deseription of an
cleetrostatic TCR tube will be sufficient.

F1:. 1.3.—Five-inch TCR tube.

Just as soon as the heam leaves the first anode it is subjected
to the action of either magnetic or electrie fields for the purpose
of defleeting the beam in a predetermined manner.  This deflect-
ing is scanning in television. There are three ways of scanning:
first, by means of two clectrie fields at right angles to cach other;

F1u. 1.4—TCR tube with deflecting yoke.

second, with two magnetic fields at right angles to each other;
and third, with electric and magnetic fields parallel to each other.
It may be mentioned at this point that an electrostatic field
deflects the electrons along the lines of force and an electro-
magnetic field deflects them perpendicularly to the lines of force.
The deflecting plates are usually placed inside the glass envelope,
while the magnetic deflecting coils are usually outside of the
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envelope. In Fig. 1.4 is shown a TCR tube with a typical all-
magnetic deflecting arrangement. This arrangement is called
the deflecting yoke.

A luminescent screen is placed on the inner side of the front
face of the tube. This face is as flat as the mechanical strength
permits. The material of the screen is usually either a sulfide or
silicate of zine and is deposited in a very thin, translucent layer.
Under electron bombardment, this material emits light which
quickly vanishes when the bombardment ceases.

I.7. Operation of TCR Tube.—The operation of a TCR tube
is as follows:

The electrostatic field created by the potential applied to the
first anode penectrates the grid opening and draws the emitted
eleetrons into a well defined beam. The grid is usually at some-
what lower potential than the cathode and in this way limits
and controls the beam intensity. By applying a more negative
potential to the grid, the beam can be completely cut off. The
heam' seans the luminescent sereen, and its intensity is varied
just as the intensity of the neon light in the Nipkow's scheme is
varied. The received picture is reproduced on the luminescent
sereen. The voltage controlling the intensity of the beam i
impressed between the grid and cathode of the TCR tube. After
entering the first anode, the beam passes through a masking
diaphragm, which cuts off some of the irregular peripheral por-
tions of the beam. Then the beam enters the region of the
field produced by the difference of potentials between the first
and second anodes.  In this field, a strong focusing action takes
place, which gives the clectrons a radial velocity component
directed towards the axis of symmetry of the beam. The radial
momentum acquired by the electrons is sufficient to bring them,
after a flight through the equipotential space of the main body
of the tube, to a focus on the screen.

Some of the electrons originally drawn from the cathode are
cut off by the masking aperture disk. They return to the source
of the e.n.f. through the first anode lead. The rest of the
electrons strike the fluorescent screen. They excite the screen
and dissipate most of their kinetic energy there. This kinetic
energy has been acquired by the electrons through acceleration
from the very small velocities of emission to that corresponding
to the second-anode potential.
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Some of the energy of the beam is transformed into light, some
goes into heat, raising the temperature of the glass, while the
rest is spent in knocking out the secondary electrons from the
screen material.  These low-velocity secondaries flow in a steady
stream to the conductive coating of the second anode. An
equilibrium condition is quickly established, the conductive
coating maintaining the voltage equal to that of the direct-
current supply, while the fluorescent screen slides a few score of
volts below the potential of the coating. The difference of
potentials between the fluoreseent sereen and the conduetive
coating adjusts itself so that it draws the secondaries to the
coating at exactly the same rate as the rate of arrival of the
primaries to the screen.

I.8. Image Pickup.—The key to a high-definition television
system is an image-pickup device capable of translating the light
image into variations of electric current.  Many deviees have
been developed and proposed for this purpose.  Without excep-
tion, all the devices used utilize the well known property of
certain materials of emitting electrons while exposed to light.
Image pickups may be divided into two groups; viz., storage
pickups and non-storage pickups. The difference between the
two is as follows:

In the former the photoelectric current from an element! of the
picture charges an individual condenser for a period of time equal
to the scanning time of one complete picture.  This condenser ix
dixcharged once during a seanning time of a complete picture, the
time of discharge being only the time of scanning of one picture
clement.  In the non-storage pickup the current from the photo-
cleetrie cell flows only during time of scanning, does not charge
any condenser, and therefore in the sccond type of image pickup
no storage of the charge caused by the photoclectric effect takes
place,

At present one image pickup of the storage type seems to have
come into universal use. It. ix the iconoscope developed by
V. K. Zworykin.?  The iconoscope consists of a photosensitive

' The coneept of the picture element and of the seanning line is treated
separately in Sec. 1.9,

2 A large part of the material in this section is taken from the articles,
The Iconoscope, by V. K. Zworykin, Proc. I.R.E., 22 (1934), and Theory
and Performanee of Iconoscope, by V. K. Zworykin, G. A. Morton and L. E.
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mosaic and an electron gun, assembled in a glass bulb which is
highly evacuated. The electron gun is of the same general type
as the gun described in Sec. 1.6.  The gun assembly is shown
diagrammatically in Fig. 1.5. It functions as an electron optical
system for producing a narrow bundle of electrons which is made
to scan the mosaic by means of magnetic deflecting coils.

Cothode, Control  First Second
Heoter \ grie) orode anode |
e / /

i

1. 1.5.—Iconoscope electron gun.

Flectron beam._ Pc ,~Mosaic
\

.~ Signal plate

““~IDeflecting
coils

——EAE— T
Electron gun ==

6. 1.6.—Iconoscope and its circuit.

The mosaic consists of a thin sheet of mica coated with a con-
ducting metal film on one xide, and covered on the other with a
vast number of tiny, photosensitized silver globules. This
mosaic is mouuted in the blank in such a position that the elec-
tron beam strikes the photosensitized side at an angle of 30 deg.
from the normal, and the optical image to be transmitted is
projected normal to the surface on the same side. The arrange-

Flory, Proc. 1.IR.E., 26 (1937). Two more papers on the theory of storage
image pickups are of importance: On Light Storing Devices, by V. L. Krasov-
sky, 1.E.S.T., Feb., 1936, (in Russian) and The Operation of Cathode
Ray Secanning Devices with Storage, by R. Urtel, H.w.E., 48, 150 (1936)
(in German).



12 INTRODUCTION [Sec. 1.8

ment of these elements in the tube is shown in Fig. 1.6, while
Fig. 1.7 shows a photograph of an iconoscope and its deflecting
yoke.

Briefly, the iconoscope mosaie may be thought of as a two-
dimensional array of tiny photoclectric cells, each shunted by a
condenser which couples it to a common signal lead. When the
mosaic is illuminated, these condensers are charged positively
with respect to their equilibrium potential due to the emission
of photoelectrons from the photosensitive elements. For any

Fra. 1.7.—Iconoscope with deflecting voke.

particular element, this charging process continues for a time
equal to the picture-repetition interval, 7.e., until the beam in the
process of scanning returns to the element. When the beam
strikes it, it is driven to cquilibrium, releasing its charge and
inducing a current impulse in the signal lead. The train of
impulses thus generated constitutes the picture-signal output of
the iconoscope.  This deseription serves to illustrate the general
prineiples of the iconoscope but is not sufficiently acecurate to
form the basis of an analysis of its operation.

In eonsidering the operation of the iconoscope, because of the
fact that the silver globules are so small that a great number of
them are under the beam at any instant, the mosaic may be
treated as a continuous surface which has infinite transverse
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resistance, and which has both a high secondary-emission ratio
(in the neighborhood of 5 or 7) and photosensitivity. This surface
has a capacity of about 100 uuf/sq. em. in the case of a standard
tube.

The average potential of the mosaic under bombardment,
while no light is falling upon it, is between 0 and —1 volt with
respect to the elements which colleet the secondary emission from
the mosaic, i.e., the sccond anode. However, the potential is not
uniform over the entire surfacc. The area directly under the
scanning beam will be at a potential of 43 volts with respect to
the second anode, this being the potential at which the secondary-
emission ratio from caesiated silver becomes unity. Away from
the point under immediate bombardment in the region which
has just been traversed by the scanning beam, the potential
will be found to decrease until at a distance equal to 25 or 30
per cent of the vertical scanning distance, the potential reaches
about —11 volts with respect to the second anode. The rest of
the mosaic is at this potential. This decrease in potential is
caused by electrons which leave the point under hombardment
and return to the mosaic as a more or less uniform rain of low-
velocity electrons.

The scanning beam sweeping over the mosaic acts like a
resistive commutator. The resistance in this case is determined

. by the current-voltage relation of the secondary clectrons from
the bombarded point. While this resistance is actually non-
ohmie, appreciable error is not introduced in assuming it ohmic
over the small voltage range dealt with in the case of the icono-
scope. Jixperimental measurements show this beam impedance
Z to be given by the relation

Z =2 (L.1)

where i, is the beam current and Z,, the coefficient of beam
impedance, having a value between 1 and 2 ohm-amp.

Any small element of area of the mosaic when it is swept over
by the scanning beam must change its potential from —13 volts
to its equilibrium of approximately +3 volts. However, even
with no light on the mosaic, the equilibrium, both under the
beam and away from the beam, is not constant over the surface
of the mosaic.
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The electron beam itself is not a commutator. It sprays the
same amount of electrons on all portions of the mosaie, irrespec-
tive of the small variations in the potentials of the individual
elements resulting from the photoelectric effect and redistribu-
tion of charges. The beam establishes, however, a conductance
between the bombarded spot and the second anode, and this
conductance acts as a resistant commutator.

The entire secondary current, however, will not reach the
second anode because, on the average, as much current must
reach the mosaic as leaves it. Approximative calculations show
that out of the total charge released by the element when struck
by the beam, only about 25 per cent will reach the second anode,
the remainder being returned to the mosaic. In other words, .
only about 25 per cent of the stored charge is available for
producing the picture signal.

As was mentioned above, the equilibrium potentials are not
constant over the mosaic, even when it is in darkness. As a
consequence, there is a variation in the current reaching the
second anode as the mosaic is scanned. This gives rise to a
spurious signal which produces irregular shading over the pic-
ture. In practice, this spurious signal is compeusated by means
of electrical correcting networks.

Besides the inefficiency consequent on the redistribution
losses, the photoelectric emission is also inefficient due to the
small fields drawing the electrons away from the mosaic. The
effective photoelectric emission of the mosaic in the standard
iconoscope is only about 20 to 30 per cent of its saturated value.
This means that the overall efficiency of the iconoscope is only
5 or 10 per cent. In spite of this inefficiency, the very great
advantage resulting from the use of the storage principle makes
the iconoscope a very effective pickup tube.

The photosensitivity of the mosaic is of the same order as that
of high-vacuum caesiated-silver photoelectric cells. The same
is true of the color response.

The electron gun producing the beam is quite an important
factor in the performance of the iconoscope. Since the resolu-
tion of the iconoscope is determined by the size of the scanning
spot, the gun should be designed accordingly. In its essential
details, it is very similar to the gun used in kinescopes. The
gun is mounted in the long, narrow neck attached to the spherical
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bulb housing the mosaic screen. The inner surface of the neck
and part of the sphere are metallized and serve as the second
anode for the gun and also as a collector for the electrons from the
mosaic. The first anode operates at a fraction of the potential
applied to the second anode,
which operates at about 1,000
volts. The deflection of the
clectron beam for scanning the
mosaic is accomplished by a
magnetic field. The deflection
coils are arranged in a yoke
whicl slips over the neck of the
iconoscope.  An assembled de-
flecting unit is shown beside
the tube in Fig. 1.7. The scan-
ning is linear in both vertical
and horizontal directions and is
produced by saw-tooth impul-
ses of current passing through
the deflecting coils.

Since the iconoscope is prac-
tically a self-contained pickup
unit, it is possible to design a
very compact camera contain-
ing the iconoscope and a pair of
amplifying stages connected to
the main amplifier by means of -
along cable. Since the camera
is portable, it ean be taken to
any point of interest for the transmission of a television pic-
ture. The photograph of such a unit is shown in Fig. 1.8.

1.9. Scanning Line and Picture Element.—Under the heading,
“Nipkow’s Scanning Scheme,” it was stated that according to this
scheme a square aperture is passed along straight lines from left
to right (or from right to left) over the entire area of a rec-
tangular picture to be transmitted. Also, that the picture is
thus divided in a certain number of horizontal rectangular strips,
and these strips are scanned in orderly succession by the aperture.

The horizontal rectangular strip along which the scanning is
done is called the scanning line, and the number of these strips

Fi1G. I.R.—Iconoscope camera.
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in a complete television picture is called the number of scanning
lines in the television picture. This term has been already used
in the preceding paragraphs of this book but has not been
explained. A complete theory of scanning is beyond the scope
of this hook,! but a few elementary explanations are deemed
necessary.

Suppose our rectangular television picture is scanned hori-
zontally by means of a square aperture. Let n be the number
of scanning lines in the picture and % the aspect ratio (ratio of
the width of the picture to its height). The product n2k is called
the theoretical number of picture clements in the scanned picture.
A theoretical picture element thus can be defined as the area
of the scanning aperture. The roundabout way in which the
definition of the picture element is given is justified by the fact
that the picture element in the Nipkow’s scanning scheme is
fictitious. This fiction is very helpful, however, for a rough
estimation of the degree of detail of which a given television
system is capable.

Take for a picture to be scanned a black and white checker-
board made of squares of the same size as our theoretical picture
element. For an ideal scanning system a periodic current of
rectangular wave shape in the photoelectrie cell should result.
A fair approximation of this shape is a sine wave having the dura-
tion of a complete cycle equal to the time the spot passes over
two complete picture elements. To transmit such a checker-
board would then require n%k/2 complete eyeles of a sine wave.
Continuing the same line of reasoning, if we desire to send m
complete pictures (or frames) per second we will need a sine wave
of frequency equal to n2mk/2 eycles/sce.  Thus for a transmission
of a checker-board picture of 343 lines, with 4:3 aspect ratio, at
30 frames per second the required theoretical frequency, f is

2 A
" é’i’-” = 2,350,000 cycles/xec. (1.2)
This quantity is called the marximum theoretical frequency required
to transmit a television picture under given scanning conditions,
As will be shown in what follows, the synchronizing requirements
! For a rather extensive treatment of the subject of seanning in television

the reader is referred to an article by Erich Hudee, E.N.T., June, 1931, p.
229,
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and also the requirements for balanced directional resolution
somewhat modify the results just obtained.

1.10. Directional Resolution.'—Suppose that at the trans-
mitter we scan a luminous spot of negligible dimensions (we shall
call it a point) by a square spot of the same dimensions as at the
receiver, and moving with the same velocity, of course. Also

12345
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Fia. L!) -Square spot scanning a luminous point.

suppose that the rest of the picture is dark and that the luminous
spot is of sueh an intensity as to make the eurrent in the pickup
device jump to a certain value. This value will remain constant
for all the time that the transmitter’s rectangular spot is covering
the point.

Figure 1.9 shows such a point.  When the center of the scanning
spot reaclies a position indicated as 2 in the figure, the current at
the pickup device rises to a certain value and stays at that value
until the center of the scanning 2 4
spot reaches position 4. The cur-
rent at the pickup is shown in
Fig. 1.10. Assuming an ideal
transmitting and receiving system,
the current at the receiver will Tme l
also look like the one in Iig. 1.10. g, |10 Photocurrent  corre-
This means that at the receiver sponding to conditions in Fig. 1.9.
the beam is out until the center of it reaches position 2. At
this point, the light is turned on, reaching the final and con-
stant value instantly. It will stay at that value until its center
reaches position 4, where it is turned off again. So, in the received
picture there will be light thrown on all points along the seanning
line from line 1 and up to line 5. The distance between these two
lines is equal to twice the width of the scanning spot. In other
words, some light will be thrown on all points along the scanning

! Mavorr, 1. G., Problems of Cathode Ray Television, Electronics,
January, 1934.



18 INTRODUCTION [SEc. L10

line from one spot width of scanning line before the true position
of the original spot until one spot width after this position. The
apparent brightness of the various points of this illuminated strip
will not be uniform, however.

Let I be the brightness of the spot in the reproducer while the
center of the spot travels from position 2 to position 4. For all
other locations of the center of the spot the brightness will be
zero. Also let T be the period of one frame, v the velocity of the
scanning spot and a the width of it. Since we are interested
only in the apparent illumination of points along the z axis
between positions 1 and 5, let us count x from position 1.

12 3 345
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Fic. I.11.—Apparent illumination at  Fic. I.12.—Apparent illumination at
receiver corresponding to Fig. 1.9. receiver corresponding to Fig. 1.9.
An interval of time for which a point, or rather a vertical line

through any point x, between z = 0 and = = a is illuminated,

is z/v, which is equal to the time during which the left edge of the

scanning spot travels from position 1 to position z.  The apparent

average intensity of illumination of this line is

xl
Inppurem. - ﬁy (13)

At point 1, z is equal to 0, so that the apparent illumination at
point 1 is 0; similarly, at point 3, z is equal to a, so that the
apparent illumination at point 3 is al/vT, and between these
points it varies along a straight line, as shown in Fig. I.11.

Now let us see what happens after the left edge of the scanning
spot leaves position 3. Let us start measuring anew from position
3 Here the time of illumination of a vertical line through any
—x

point z, is e : therefore, the apparent illumination may be

expressed as follows:

- la=al
Ilnnurenl - UT (14)
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At point 3, z is equal to 0, so that the apparent illumination at this
point is al /vT; similarly, at point 5, z is equal to a, and apparent
illumination at point 5 is 0. Between points 3 and 5, it varies
along a straight line, as shown in Fig. 1.12. In this way we
arrive at a distribution of apparent brightness of illumination
along the scanning line, as shown in Fig. 1.13. The appearance

I 23 4 5

T

Fii. 1.13.—Apparent illumination Frc. 1.14.—Same as Fig. 1.13 except
at receiver having ideal response cor- for receiver with limited frequency
responding to Fig. 1.9. response.

of the reproduced image of an illuminated point is shown in
Fig. I.15.  If the system has a limited instead of an ideal response,
and limited to the frequency calculated by the approximative
formula already deseribed, the received intensity of ililumination
will be distributed as shown in Fig. 1.14, and the apptarance
of the reproduced image still will he close to that shown iu
Fig. 1.15.

Fra. 1.15.—Reproduced image of illuminated point.

Let us consider what has happened to the image of the original
point. Along the horizontal we have a maximum at position
3, the exact location of the original point. Along the vertical
our point could be anywhere along the vertical line 3 inside
the scanning line. It is true that the image along the horizontal
is somewhat blurred, but the general character and the location
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are correctly reproduced, while along the vertical an illuminated
strip would give us the same image as the illuminated point.

1.11. Frequency Band Required by Television Picture.—After
trying several objects other than the point, one will find that for
nearly all of them the vertical resolution is poorer than the hori-
zontal. It may also be mentioned that the diagonal resolution
will appear poorest of all.

When viewing a television picture, any picturc for that matter,
the observer tends to adjust his viewing distance in such a way
that the structure of the picture disappears. With it disappear
the imperfections in reproduction of detail. When there is
unequal directional detail the observer will tend to adjust himself
for the poorest and will lose some of the best.  Therefore, the
excess of detail along one direction over the other cannot be
utilized and is lost. .

We may say, therefore, that for a given frequency band from
0 to f, the number of scanning lines should be considerably higher
than that derived from the theoretical relation previously given

- | ¥

It can be shown either theoretically by computing various
patterns, or experimentally by trying various pictures, that the
received pieture improves in overall resolution for a given fre-
quency band with the number of lines increasing until this num-
ber reaches a value between

- of _ /)
n = 1'25\/77116 and n = 1.4\/;1—1? (1.6)

This means that a band required to reproduce a picture of m
frames and n lines is only 65 per cent of the theoretical. For
343 lines at 30 frames/sce. the required frequency baund (or the
highest frequency required) is only 1,530,000 cycles/sec. instead
of 2,350,000 cycles. The formula for f becomes

f = 0.325n2mk cycles/sec.

1.12. Frame- and Line-frequency Requirements.—Television
images consist of rapidly superimposed, individual frames much
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the same as motion pictures.! In the case of motion pictures, a
group of time-related ‘“stills” is projected at a uniform rate,
rapid enough to form a continuous picture through persistence
of vision. By present methods each frame of a television image
is built up element by element in a definite order, and these time-
related frames are reproduced at a rapid rate.

In motion pictures the taking or camera frame frequency
determines how well the system will reproduce objects in motion.
This has been standardized at 24 frames per second. In tele-
vision it is assumed that we shall use a frame frequency of 24
per second or greater. Since this is satisfactory for motion
pictures, it is also satisfactory for television, and this character-
istic of frame frequency will, therefore, not be considered further.

If we qualify and limit the ability to tell a desired story to
specifie conditions, the experience we have had with television
allows us to make some interesting approximate generalizations.
If we take as a standard the information and entertainment
capabilities of 16-mm. home-movie film and equipment, we may
estimate the television images in comparison.

TaBLE I.1.—NUMBER OF SCcANNING LiNEs ax FUNCTION OF PERFORMANCE

No.
seanning lines Performance
60 Entirely inadequate
120 Hardly passable
180 Minimum acceptable
240 Minimum satisfactory
360 Excellent )
480 Equivalent for practical conditions

The comparison in Table 1.1 assumes advanced stages of develop-
ment for each of the line structures. We may say, therefore,
that a number of scanning lines in excess of 360, say 440, will
give a very good performance comparable with 16-mm. home-
movie film.

I.13. Flicker Characteristics.—In his two papers? on the study
of television-image characteristics, E. W. Engstrom treats in
great detail the problem of determination of frame and line
frequencies in terms of detail, illumiation and flicker character-

! For a detailed treatment of this subject see E. W. Engstrom, A Study of
Television Image Characteristies, Pt. I, I.R.E. PProc., 21 (1933), and Pt. 11,
1.R.E. Proc., 23 (1935).

¢ Loc. eit.
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istics. We shall attempt to give here in a condensed form some
of his findings, which will be useful in understanding television
reception.

In the reproduced image there is another effect of the frame
frequency, which has been the subject of lengthy theoretical and
experimental investigations. This is the effect of frame fre-
quency on flicker. Motion-picture projectors commonly used
are of intermittent type. The usual cycle of such projectors is
that, at the end of each projection period, the projection light
is eut off by a light cutter. The film is then moved and stopped
so that the succeeding frame registers with the picture aperture.
At this time the light cutter opeus, starting the next projection
period. The above procedure is repeated for each frame (24 per
second). Since a projection at 24. light stoppages per second
with the illumination levels used in motion pictures causes too
great a flicker effect, the light is also cut off at the middle of the
projection period for each frame for a time equal to the period
that it is cut off while the film is moved from one frame to the
next. This results in projection at 24 frames per second with
48 equal and equally spaced light impulses.  Such an arrange-
ment provides a satisfactory condition as regards flicker.

In television we also may have a reproduced image at 24 frames
per second, but because of the manner in which the image is
reconstructed, a continuous scanning process, it is not practicable
further to break the light impulses by means of a light chopper
in a manner similar to that used in the projection of motion
pictures. We, therefore, have for the usual systems of television
a flicker frequency which corresponds to the actual frame fre-
quency (24 per second, for example).  This would be satisfactory
at very low levels of illumination, but becomes increasingly
objectionable as the illumination is increased.

If an eye is exposed to a source of rapidly varying intensity,
the effects of the finite rates of growth and decay of sensation
may prevent flicker from being noticeable. This is true provided
the total cycle of variations is regular and of high enough fre-
quency. If the frequency. of the varying source is sufficiently
high so that flicker is imperceptible, the cye is able to integrate
the brightness over the cyele of variation. The effect is as if
the light for each cycle were uniformly distributed over the
period of the cycle. 5
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The highest frequency at which the flicker can just be detected
is called the critical frequency. It has been shown that the
critical frequeney is practically a linear function of the logarithm
of the brightness of the field of vision (over the range of brightness
of interest in television). The sensitivity of the eye to flicker is
noticeably increased when inecreasing the field of view from a few
degrees to an image of the size and viewing distances encountered
in motion-picture practice. The sensitivity to flicker is also
greater for averted vision when viewing large fields of varying
brightness.

In television there are a great number of factors that con-
tribute to flicker effects. These in general are:

Number of frames (light impulses) per second.

Brightness of the image.

Percentage of time the image is illuminated for one frame cycle.

Wave form of rise and decay of light impulse.

Size of the image in terms of angle subtended at the eye of the
observer.

1.14. Flicker in Television.—In a television system using a
TCR tube in the receiver, each element of the image on the
luminescent sereen, when exeited by the electron beam, fluoresces
and assumes a value of brightness corresponding with the excita-
tion. Upon removing the excitation this brightness decays
(phosphoresces) in an exponential manner dependent upon the
sereen material. The persistence of the image screen aids the
persistence of the eye in viewing the reproduced image. The
persistence characteristic of a TCR tube screen of the type gener-
ally used (willemite) is shown in Fig. 1.16.

In order to obtain data on flicker from a kinescope under
several conditions of operation, a scries of observations were
made by Engstrom! and his associates. The deflecting circuits
were so arranged that the vertical speed (frames per seeond)
could be varied. With the picture height 6 in. and the viewing
distance 3 ft., the ratio of picture height to viewing distance was
1:6. The stray room illumination was of the order of 0.1 foot-
candle. The screen illumination was measured with a direct-
reading illuminometer at the kinescope glass, looking toward the
screen. A sufficient number of lines of even distribution was
used to fill completely the picture height.

! JLoc. cit.
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Data were taken by a number of observers for three conditions
of flicker; viz., just noticeable, noticeable but satisfactory, dis-
agreeably objectionable. The average results of these observa-
tions are shown in Fig. 1.17.

These observations indicate that for even one foot-candle of
sereen illumination 38 frames per second is required for just
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noticeable flicker, 35 frames per sccond for noticeable but satis-
factory flicker and 28 frames per second results in disagreeably
objectionable flicker. Thus a standard of 24 frames per second
cannot be justified. These data also indicate that 48 frames per
second will be satisfactory from the standpoint of flicker for
values encountered in television.

1.16. Interlaced Scanning.—In motion-picture practice the
projected light is broken up at the rate of two times the frame
frequency to reduce the flicker effect. In ordinary television
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seanning, the object is divided into equal horizontal strips or
lines, and these lines are scanned in their regular order: 15 2, 3, 4,
cte. (progressive order).  This results in one overall light impulse
for each frame repetition in the reproduced image. If this
procedure is modified so that the seanning is, for the first half
of the frame period, in the order of lines 1, 3, 5, 7,9, ... from
top to bottom of the frame, and for the second half of the frame
period in order of lines 2, 4, 6,8, . . . from top to bottom of the
frame (interlaced scanning), then the flicker effect of the repro-
duced image is changed. Each frame period now consists of two
portions with respect to time, the first of alternate lines and the
seeond of remaining alternate lines, properly staggered to form
a complete interlaced pattern. This results in an overall effeet
of two light impulses for each frame repetition, twice that of the
ordinary method of scanning. ‘

Observations made on systems using an interlaced scanning
pattern with a television receiver using a kinescope indicate that
this method provides a satisfactory solution of the flicker problem
with frame frequencies equal to or greater than 24 per second.
This, of course, results in a pattern having 48 or more equivalent
light impulses. This frequency of light impulses is called field
frequency.

1.16. Effect of Alternating-current Supply Ripple on Inter-
laced Scanning.—Since in television systems the power supply is
provided by the rectifiers of alternating current, the residual
ripples find their way into transmitted and reproduced images
from numerous sources. In progressive scanning the adjacent
lines are closcly related in time, and, therefore, the relative dis-
placement of the adjacent lines is small. Unless the frame fre-
(uency is a multiple or a submultiple of the supply frequency, a
ripple ‘will move across the image. If the frame frequency is a
multiple or a submultiple of the power-supply frequency, such
ax 30 frames for a 60-cycle source, then the effect of this ripple is
stationary on the image and much less pronounced. The
moving-ripple pattern is almost as disturbing as the true flicker,
and the visual effects of it are almost the same.

With the interlaced-scanning pattern, the adjacent lines are
separated in time by one-half of one frame, and in case the power-
supply frequency is not a multiple or submultiple of the frame
frequency, the scanning lines first draw together and then separate
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in correspondence with the time difference between the frame
and supply frequencies. The visual effect is a loss of one-half
of the total number of lines. The solution is found in choosing
a 30-frame interlaced-seanning pattern for a 60-cycle source
and a 25-frame pattern for a 50-cycle source.  The ripple effect
is then stationary, and with reasonably well designed power-sup-
ply systems is quite unnoticeable.

I.17. Synchronization.—Synchronization in television is a very
important matter, a detailed treatment of which might casily
make a volume of the size of this book. It is recommended that
the reader study the series of several papers, An Experimental
Television System.! A description of synchronizing arrange-

,~Space between scanning lines
"l‘ - .‘ --S$pace between, p/'cfures->'

-

1. 1.18.—Composite television signal.

ments in a television system utilizing the progressive (not inter-
laced) scanning is therein given. After the reader becomes
familiar with the synchronizing practice in a progressive system,
a later paper published by Kell, Bedford and Trainer, Scanning
Sequence and Repetition Rate of Television Images,? will be of
help in understanding the synchronizing practice in an interlaced
system. In the present treatise only a brief mention of some
general factors pertaining to the synchronization problem will
be made.

In order to reproduce a picture received by means of an elee-
trical signal over radio or wires, it is necessary that the seanning
luminous spot on the screen of the kinescope be maintained in
synchronism with seanning spot on the mosaice of the iconoscope.
A variation of synchronism at the receiver to a linear equivalent
of one picture element will result in a loss of 50 per cent of the
normal resolution. In a modern television system such distortion

VI.R.E. Proc., 22, 1241 (1934).

tI.R.E. Proc., 24, 559 (1936).
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is less than one-half of the picturc element. Figure 1.18 shows
a section of the received-signal voltage wave taken over a period
of time equivalent to that of four scanning lines. The section is
taken at the bottom of the picture in order to include the vertical
synchronizing impulsc.

It should bhe noted that the horizontal synchronizing impulses
are superimposed upon the “black’ signal between the scanning
lines, and the vertical impulse is superimposed upon the black
signal between the pictures. The fact that the video signal can-

Ly 1

Fra. 1.19.—Signal after removal of video component.

not go beyond the black amplitude assures that the video signal
will not interfere with the synchronizing action.  The video signal
is then removed from the synchronizing signal by means of a
«uitable filter. The resultant synchronizing signal is shown in
Fig. 1.19. Owing to the wide difference between the time
duration of the vertical and horizontal synchronizing impulses,
cither may be removed from the composite synchronizing signal
by means of very simple frequency-selective circuits.  After the
separation, the respective signals have the appearance shown
in Fig. 1.20. The horizontal and vertical synchronizing impulses

HERERE

Horizontal Vertical
Fia. 1.20.—Synchronizing signals after separation.

are then applied, respectively, to the horizontal and vertical
deflection oscillators. The subject of deflection oscillators is
treated in Part II.  The signals shown above are those of the
ordinary progressive scanning system. The interlaced system
imposes many additional requirements; synchronization of such a
system will not be treated here because of its complexity and the
fact that it is nonessential for the subject matter of this book.
1.18. Television Receivers.—One paper of the series mentioned
above is devoted to the receivers.t A large part of this section is

! HouMEs, R. 8., W. L. CARLSON AND W. A. TousoN, I.R.E., Proc., 22,
1266 (1934).
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taken from the above paper. A present-day receiver does not
greatly differ from those described in the paper mentioned.
The video-frequency band is wider at present. It is around
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Fi1a. 1.22.—Receiver picture channel.

1,500,000 cycles and even goes to 2,500,000 cycles, as compared
with the 1,000,000-cycle-band previously used. The sound
and the picture are usually transmitted on two separate carriers
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in the frequency band between 40 and 80 megacycles. One
form of receiver provides a single radio-frequency tuning system,
consisting of two coupled radio-frequency circuits having a suffi-
¢ient band width to accept both carriers and their side bands
simultaneously. A heterodyne oscillator beats the two carriers

Fi1a. 1.23.—(a) Television receiver, front view.

and produces two intermediate frequencics. Two first-detector
tubes supply the resulting intermediate frequencies to two
separate intermediate-frequency amplifiers. Since the tuning
of the sound intermediate amplifier is relatively sharp, it furnishes
a sharp reference point for tuning the receiver, and assures that
when the sound is tuned in, the picture receiving cireuit is also
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properly tuned. A schematie diagram of the sound channel of
such a receiver is shown in Fig. 1.21. A corresponding diagram
of the picture-receiving channel is shown in Fig. 1.22.

The particular television and sound receiver here deseribed had
its intermediate-frequency amplifiers tuned to 6 and 7 megacycles

Fi1c. 1.23.—(b) Television receiver, rear view.

for sound and picture, respectively. As the schematic diagrams
show, both the sound and the video channel are provided with
automatic-volume control. These controls maintain the signals
on the grids of the two second-detector tubes constant when the
signals on the antenna posts of the receiver exceed 100 microvolts.

The video amplifier which follows the second detector of the
picture-channel part of the receiver had a flat frequency response
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from 30 to 1,000,000 cycles. A present-day receiver has this
range extended to at least 1,500,000 cycles.

In Fig. 1.23 a complete television receiver is shown.

Deflecting circuits for scanning purposes form a more or less
separate subject related to the use of TCR tubes and are treated
in detail in Part IT of this book.

1.19. Television Transmitters.'—In Fig. 1.24 a block diagram
of a modern television transmitter is shown. The film and studio
cameras are nearly identical. A motion-picture projector forms
an image on the iconoscope plate of the film camera, while a

Y
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Fic. 1.24.—Block diagram of television transmitter.

photographic lens forms an image in the studio camera. Figure
1.7 is a photograph showing the general appearance of the studio
camera. .
Figure 1.25 shows the general arrangement of the parts in
the camera. An electrostatic shield (a) separates the video-
frequency amplifier (b) from the rest of the wiring of the icono-
scope. The deflecting yoke (¢) contains windings for both the
vertical and horizontal deflections. The amplifier (b) has an out-
put impedance sufficiently low for transmitting the signal to the
control room over a reasonable length of special cable. At the
end of the cable additional video amplifiers are provided. The
signal obtained directly from the iconoscope is of the order of 1

1 KeLL, R. D, A. V. BeEprorp aND M» A. TRAINER, An Experimental
Television System, Part II, I.R.E. Proc., 22, 1246 (1934).
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millivolt across 10,000 ohms. With this input, an amplifier
having a voltage gain of 2,000 is sufficient to supply a signal at
a 2-volt level.

F1G. 1.25.—General arrangement of parts in a television camera.

A typical amplifier stage is shown in Fig. 1.26. The response
of the amplifier at high frequencies is equalized by placing a small
inductance L in series with each plate resistor R. The value
of the plate inductance for a given cireuit is determined by a

T
ILT 4+ I -

Fig. 1.26.—A typical video-amplifier stage.

simple rule which gives a flat amplifier characteristic and a
negligible phase distortion. The plate resistor in an amplifier
stage should be equal in ohms to the effective reactance of the
tube and distributed capacity at the highest frequency which it
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ix desired to pass. The reactance of the inductance in the plate
circuit at this frequency should be equal to one-half the value
of the plate resistor. Plate filters are used in order to get flat
frequency response at the low end. .

Figure 1.27 shows a main television signal-control room.
These racks contain the circuits for amplifying and mixing picture

F1c. 1.27.—Television sighal-control room.

signals and synchronizing impulses.  They contain the deflecting
and control cireuits for hoth studio and motion-picture cameras,
a monitor for checking the operation of the system, all switching
facilities to change the input to the radio transmitters from studio
to motion picture and, of course, the complete installation for
controlling and monitoring of sound signals.

The video-frequency signal generated in this part of the
system is at a level of the order of 2 volts across 30 ohms. The
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low impedance output is such as to match the impedance of a
special cable which carries it to the radio transmitter, which may
be a considerable distance away. At the transmitter the picture
signal is stepped up in power in order to modulate the power-
output stage. Except that the rather broad frequency band
of the picture signal requires wide, flat tops in the tuned stages
of the radio-frequency amplifiers, the general technique of the
picture transmitter is similar to that of any ultra-short-wave
transmitter operating with high power at frequencies between
30 and 100 megacycles. The reason for going to such short
waves is that the frequency band between the extreme side bands
of the modulated video carrier is approximately 4 to 6 mega-
cyeles, minimum, and the ultra-short-wave band mentioned
appears the most convenient from the standpoint of the number
of channels available and the reasonably well developed technique
of realization of high-power outputs.

1.20. Image Tube.—Two important applications of eclectron
optics are the image tube and electron microscope, which are
discussed in this and the following sections.

The image tube is a device for producing an electron image
of any extended source of clectrons. The image tube has been
used for converting an optical picture projected onto a photo-
sensitive surface into an electron image by focusing the emitted
clectrons with magnetostatic or electrostatic lenses.  An optical
image focused upon a photosensitive surface produces an electron
emission from each point proportional to the intensity of the light
at the point, thus forming an electron object similar to the optical
image. The electrons which leave each point of the photo-
sensitive surface as a divergent cone are then focused by the
magnetostatic or electrostatic lenses into an electron image.

The electron image may be made visible by placing a fluorescent
screen in the plane of the electron image. Loss in intensity due
to energy exchange at the photosensitive surface may be com-
pensated by suitable choice of accelerating potential. The
picture projected on the photosensitive surface need not be of
visible light ; it may, for example, be of infrared light.

The following discussion is limited to the electrostatic image
tube as developed by Drs. Zworykin,! Morton and Ramberg.?

1ZworykIN, V. K, axnp G. A. Morrox, Jour. Optical Soc. Amer., 26,
181-189 (1936).
2 MorToX, G. A., AND E. G. RAMBERG, Physics, 7, 451-459 (1936).
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Figure 1.28 is a cross section through the axis of an image tube,
and Fig. 1.29 is a photograph of an image tube with a 9-in. view-
ing screen. The electrostatic lens system of this tube consists
of a cathode, a series of rings and an anode cylinder, each at a
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IF1g. I1.28.—Image tube, fixed magnification.

progressively higher potential. It is worth noting that it is
unnecessary to bring out separate leads for each of the rings but
that the potential divider supplying the voltage to these rings
may be mounted within the tube. The construction of the

Fi1g. 1.29.—Photograph of a 9-in. image tube.

photosensitive cathode depends upon the spectral region in which
maximum sensitivity is required. Cathodes having a photo-
sensitivity of 5 pa. per lumen or better and a spectral response
extending well into the infrared may be formed as follows:
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A metal layer is sprayed onto the curved glass disk to be used
as the cathode. This layer serves to form an inert conducting
backing for the photosensitive layer. A layer of silver is then
evaporated on the backing metal.  The cathode is then mounted
and the tube baked and exhausted in the usual way. The activa-
tion of the cathode is similar to that used for the ordinary caesium
photoelectric cell.  The silver ix oxidized by an electric discharge
in oxygen at a pressure of 1 or 2 mm. Caesium is then admitted
from a side tube, and the cathode is baked to promote a reaction
between the silver oxide and the caesium.

The cathode is curved in order to correct for the aberrations
which are present when a plane cathode is used. It is found

m=2q

st
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N

Fis. 1.30.—Arrangement of apertures in image tubes.

experimentally that if the cathode is spherical and of radius equal
to p (see Fig. 1.28), very satisfactory results are obtained. The
magnification of a tube such as that shown in Fig. 1.28 is p/2q.
Higher or lower magnifications may be obtained by using aper-
tures as shown in Fig. 1.30. The magnification of the uppermost
arrangement is also p/2q, but the focal length of the lens is
shorter for a given voltage ratio V,/1 .. In practice, this reduces
the voltage difference between the anode cylinder and the final
focusing ring, which simplifies the insulation problem and
decreases the danger of cold-cathode discharge. In the case of
the next two arrangements of Iig. 1.30, the magnification is less
than p/2q if the aperture is on the final focusing ring and greater
than p/2¢ if the aperture is on the anode.  With the arrangement
shown in Fig. 1.31 it is possible to construct a tube which gives
a very satisfactory clectron image and whose magnification can
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be controlled electrically. If the potential V; equals the anode
voltage, the magnification is greater than p/2q, and if Vj is
made equal to the final-ring potential, the magnification is less
than p/2q.
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FiG. 1.31.—Image tube, variable magnification.

An application of the image tube for television is the incorpora-
tion of it into an iconoscope. Such a device is known as an
image-multiplier iconoscope! and is shown in diagrammatic form
in Fig. 1.32. The image tube focuses onto a secondary emissive
mosaic an clectron reproduction of an optical image formed on
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Fic. 1.32.—Image-multiplier iconoscope.

resrstors

the photocathode. This mosaie differs from that in the standard
iconoscope in that the mosaic clements extend through the
insulating matrix in such a way that the electron image can be
formed on one side while the mosaie is scanned on the other.

! ZworykiN, MorTON aND FLoRY, [.R.E. Proc., 26, 1090-1092 (1937).
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The image-multiplier iconoscope, which at present must be
considered as a purcly experimental device, has a sensitivity
about ten times greater than that of a standard iconoscope.
Figure 1.33 represents a photograph of a laboratory-built image-
multiplier iconoscope.

1.21. Electron Microscope.—The electron microscope is a
device for producing a highly magnified electron image of any
small source of electrons. A fluorescent screen placed in the
plane of the electron image permits a visual study of the highly
magnified electron source. Primary requirements of a nicro-
scope are good resolution and high magnification. Theoretically,

F1g. 1.33.—Photograph of image-multiplier iconoscope.

the resolution of the electron microscope is much superior! to
that of the light microscope. The electron optical problem of the
electron microscope is to obtain electrostatic or magnetostatic
lenses of short focal lengths capable of produeing high mag-
nifications with low image distortions.

Figure 1.34 shows a schematic cross section through the axix
of the electrode system of an electrostatic clectron microscope.
Figure 1.35 shows a similar cross section of a magnetostatic
microscope. The choice between the clectrostatic and magneto-
static microscope depends upon many factors, a very important
one heing the type of source of electrons which it is desired to
image. In general, the electrostatic microscope is more useful
for studying objects from which the electrons issue with low
150
v

1 The wave length of an clectron is given by A = \/ X 107% em,,

where V is the potential in volts. Thus, a 150-volt eleetron has a wave
length of one angstrom unit, which is more than 1073 times smaller than the
wave length of visible or ultraviolet light.
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velocities, such as thermionie cathodes, while the magnetostatie
microscope is more useful for studying objeets from which the
electrons issue with high velocities, such as thin foil through
which high-velocity clectrons are passing. A factor in favor
of the magnetostatic microscope is the fact that the position and
power of the lens may be adjusted and experimented with from
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Fra. 1.34.— Electrostatic eleetron microscope.

the outside of the tube, by moving and changing the focusing
coil and by varying the current through the coil.

The strength of the magnetostatic lens is increased; i.e., the
focal length is decreased by encompassing the coil with an iron
mantel but leaving a narrow gap (see coil of Fig. 1.35). The
increased strength of the lens is accompanied by stronger aber-
rations, to counteract which the lens aperture (the beam diam-
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F1a. 1.35.—Magnetostatic electron microscope.

eter) is reduced as much as light-intensity considerations on the
sereen will permit. With the magnifications obtained, the
decrease in lens aperture does not decrease the resolution (as it
does in light) on account of the very small wave length of the
electron. Using a magnetostatic microscope composed of two
lenses, Ruska! claims to have obtained magnifications as high

' Ruska, E., Zeits. f. Physik, 87, 580-602 (1934).



40 INTROD l.f(,'TIé)N [SEC. 1.21

as 12,000 and a resolution of 3 X 10~% em., which is about ten
times better than the maximum resolution possible with a light
microscope. Ruska'’s microscope, however, is a rather com-
plicated and expensive device.

The electrostatic microscope shown in Fig. 1.34, which is q