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The Institute of Radio Engineers

GENERAL INFORMATION

INsTiTUTE. The Institute of Radio Engineers was formed in 1912 through the
amalgamation of the Society of Wireless Telegraph Engineers and the
Wireless Institute. Its headquarters were established in New York City
and the membership has grown from less than fifty members at the start
to several thousand.

Ams aND Ossecrs. The Institute functions solely to advance the theory and
practice of radio and allied branches of engineering and of the related arts
and sciences, their application to human needs, and the maintenance of a
high professional standing among its members. Among the methods of ac-
complishing this is the publication of papers, discussions, and communi-
cations of interest to the membership.

ProceEpiNgs. The ProceepiNGs is the official publication of the Institute and
in it are published all of the papers, discussions, and communications re-
ceived from the membership wﬁich are accepted for publication by the
Board of Editors. Copies are sent without additional charge to all members
of the Institute. The subscription price to nonmembers is $10.00 per year,
with an additional charge for postage where such is necessary.

RespoNsisiLiTy. It is understood that the statements and opinions given in the
PRrRoOCEEDINGS are views of the individual members to whom they are credited,
and are not binding on the membership of the Institute as a whole. Papers
submitted to the Institute for publication shall be regarded as no longer
confidential.

RerrINTING PrOCEEDINGS MATERIAL. The right to reprint portions or abstracts
of the papers, discussions, or editorial notes in the PRocEEDINGS is granted
on the express condition that specific reference shall be made to the source
of such material. Diagrams and photographs published in the ProcEEDINGS
may not be reproduced without making specific arrangements with the Insti-
tute through the Secretary.

-‘MaNuscriprs. All manuscripts should be addressed to the Institute of Radio
. Engineers, 330 West 42nd Street, New York City. They will be examined by
the Papers Committee and the Board of Editors to determine their suita-
bility for publication in the PRoCEEDINGS. Authors are advised as promptly

as possible of the action taken, usually within two or three months. Manu-

seripts and illustrations will be destroyed immediately after publication of
the paper unless the author requests their return. Information on the me-
chanical form in which manuscripts should be prepared may be obtained by
addressing the secretary.

MainiNg. Entered as second-class matter at the post office at Menasha, Wiscon-
sin Acceptance for mailing at special rate of postage is provided for in the
act of Fegruary 28, 1925, embodied in Paragraph 4, Section 412, P. L. and
R.. and authorization was granted on October 26, 1927,

Published monthly by
THE INSTITUTE OF RADIO ENGINEERS, INC.
Publication office, 450-454 Ahnaip St., Menasha, Wis.

BusiNEsS, EDITORIAL, AND ADVERTISING OFFICES
Harold P. Westman, Secretary
330 West 42nd Street, New York, N. Y.
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Witriam H. DoHERTY

Recipient, Morris Liebmann Memorial Prize, 1937

William H. Doherty was born in Cambridge, Massachusetts, on August 21,
1907. He received a B.S. degree in electrical communication engineering from
Harvard in 1927 and a M.S. degree in engineering in 1928. After a few months
in 1928 in the Long Lines Department of the American Telephone and Telegraph
Company in Boston, he became a research associate of the radio section of the
National Bureau of Standards and was assigned to the study of radio wave phe-
nomena. In June, 1929, he joined the radio development department of the Bell
Telephone Laboratories where he has since been engaged in the development of
high power transmitters in transoceanic radiotelephony and broadcasting. He
joined the Institute as an Associate in 1929 and transferred to the Member
grade in 1936. .

The Morris Liebmann Memorial Prize wag voted to him for his improve-
ment in the efficiency of radio-frequency power amplifiers. It was presented to
him during the Silver Anniversary banquet of the Institute which was held in
the Hotel Pennsylvania on May 12, 1937. .
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INSTITUTE NEWS AND RADIO NOTES

Pacific Coast Meeting

Through the co-operation of the American Institute of Electrical
Engineers, arrangements have been made for a two-day technical
session on radio which is being sponsored by our three Pacific Coast
sections. The meetings will be held in Spokane, Washington, on
September 1 and 2. Institute members have been invited to partici-
pate in an all-day trip to the Grand Coulee Dam which the American
Institute of Electrical Engineers has arranged for September 3.
They are also invited to attend their banquet which will be on
the evening of September 1. The summaries of the papers to be pre-
sented during the two-day radio meeting are given below. This pro-
gram is tentative but it is expected that relatively few changes will be
made in it.

HIGH-FREQUENCY TRANSMISSION LINE NETWORKS

ANDREW ALFORD
(Mackay Radio and Telegraph Company)

It is sometimes economical to operate a directional transmitting antenna on
two frequencies simultaneously. This paper deals with transmission line networks
which enable such operation. Both theory and practice are discussed.

ULTRA-SHORT-WAVE PROPAGATION

H. H. BEVERAGE
(RCA Communiecations, Ine.)

The theoretical laws for ultra-short-wave propagation over unobstructed
optical paths are simple and check fairly well with observations. Beyond the
horizon, other factors.such as diffraction and atmospheric refraction become of
importance, but sufficient information for calculating these effects requires fur-
ther experimental data. Measured values of signal intensity versus distance are
shown for several different frequencies which indicate that the attenuation beyond
the horizon inereases rapidly as the frequency is increased. Sky-wave transmission
over long distances sometimes takes place on frequencies up to 45 megacyecles
or above. The sky-wave transmissions on 41.5 megacycles and 45 megacycles
from the London television transmitter have been observed at Riverhead,
L.I., N.Y. and the periods of good transmission are found to correlate fairly
well with the periods of high eritical frequencies of the f; layer as measured in
Washington by the National Bureau of Standards.

EXPERIENCE WITH THE SHUNT-EXCITED ANTENNA AT KWSC

H. V. CARPENTER
(Washington State College)

This paper is a review of the problems*experienced with a shunt-excited
broadeast antenna and a review of practical results obtained with an actual in-
stallation.
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‘%
NEWLY DEVELOPED LOUD-SPEAKER SYSTEM FOR
USE IN SMALL ROOMS =
Georee Downs -
£

(Lansing Manufacturing Company)

This loud-speaker is patterned after the well-known Shearer horn system.
It is designed for use in monitor rooms, audition rooms, and for use in the
better grade of residential radio or phonograph installations. This loud-speaker
is of the “two-way type.” It uses a 15-inch cone to cover the audio system up to
800 cycles. Above this point, a new metal diaphragm unit is used. Provision is
made for giving uniform frequency response over a large solid angle.

THE USE OF COMPRESSED GAS CONDENSERS IN HIGH
POWER TRANSMITTER DESIGN

Norr ELprED
(Heintz and Kaufman)

The requirements for the tank circuit of a high power transmitter are con-
sidered. It is shown that the tank circuit capacitance must not be too low if the
radiation of spurious harmonics is to be prevented, and that the size depends
upon the load on the oscillating circuit and the voltage across it.

The importance of the tank circuit @ as a design factor is considered. In-
vestigation indicates that this @ should be at least fifteen, with values of twenty- ~
five probably more appropriate. Higher values of @ are to be desired, but the
upper limit is imposed by the factor of side-band cutting which is a serious con-
sideration in high fidelity broadcasting. Curves are derived to show the amount
of this reduction of high-frequency response for various values of . Study of
the curves of these diametrically opposed conditions readily indicates the point
of proper compromise.

Practical tank circuit calculations indicate rather high values of capacitance -
arerequired. Methods of obtaining this capacitance are reviewed and their relative
merits cited. The compressed nitrogen condenser is found to be ideal from the
standpoint of cost, small size, stability, and efficiency.

Two practical physical circuit designs are suggested which combine the
tank and-neutralization condensers in a simple and effective arrangement. A
circuit design is stressed which gives convenience of wiring and conservation of
space in high power push-pull broadcast amplifiers.

Use of the compressed gas condenser as an antenna tuning unit is illustrated.

s |

AMPLIFICATION PROBLEMS OF TELEVISION

F. Avron EvEREST
(Oregon State College)

This paper deals with television amplifier design requirements as they are
influenced by the severe wide-band characteristics of television signals. As a =
background for this discussion of amplifiers and their frequency response, a
brief analysis of transient pulses resulting from the scanning of a single line is
made. By treating this transient pulse as an aperiodic wave, a Fourier analysis

R




Institute News and Radio Notes 925

may be made and the frequency components determined. The frequency dis-
tribution of a single line scan is not continuous and the possibility of utilization of
empty spaces is touched upon.

Methods of attaining the necessary high- and low-frequency amplitude and
phase characteristics of both intermediate- and television-frequency amplifiers
are shown. Various compensating circuits and calculated curves showing their
effect are given.

GRID-CURRENT FLOW AS A FACTOR IN THE DESIGN OF
VACUUM TUBE POWER AMPLIFIERS

W. L. Everrrr aND KARL SPANGENBERG
(Ohio State University)

In the design of class C amplifiers analytical methods have been proposed
which give good results from the standpoint of plate circuit operating conditions.
Similar methods have not been available for the determination of grid cireuit
conditions. It is the purpose of this paper to deseribe a method by which this
result can be obtained.

An analytical determination of grid circuit operating conditions requires a
knowledge of grid current as a function of grid and plate voltage. Since good
approximations for the space current in a triode are available, an expression for
grid current can be had if the ratio of plate-to-grid current as a function of
plate and grid voltage can be determined. Theoretical considerations show that
the ratio of plate current to grid current should be a function of the ratio of plate
voltage to grid voltage. The nature of this functional relation was determined
experimentally and a comparatively simple and accurate expression for grid
current in cases in which there is only a small amount of secondary emission is
thus obtained. ‘

The design procedure for class C amplifiers is based upon the allowable grid
and plate dissipation. The method of determining optimum operating condi- -
tions on the basis of plate-circuit analysis alone is modified to include the analyt-
ical determination of the corresponding grid driving power and grid loss. This
procedure results in the determination of the operating conditions which will
give the highest output which can be obtained without exceeding the allowable
grid or plate dissipation. The design procedure is facilitated by the use of uni-
versally applicable functions presented in graphical form. Experimental results
are in good agreement with the theory developed.

ELECTRONIC MUSIC FROM ELECTROSTATIC TONE GENERATORS

Ravymonp C. Fisuer
(Tacoma, Washington)

Electronic instruments employing vibrating parts, with electrostatic pickup
therefrom, are briefly reviewed. At least one such instrument has attained com-
mercial importance. The discussion proceeds to a second class of instruments,
wherein the musical tones originate in variable condensers, whose parts move in
rotation or translation. Several inventors have secured patents in this field. Dis-
cussion is given of the auxiliary circuits and switching arrangements necessary
in conjunction with them for the production of music. The description includes
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details of an experimental musical instrument now under development by the
author, which employs rotary condenser generators and is playable from a con-
sole having two manual keyboards, a pedal keyboard, and thirty-four stops.

BALANCED FEED-BACK AMPLIFIERS

Epwarp L. GinzToN
(University of California)

An amplifier is described in which two controlling voltages, balanced against
each other, are used at the input of the amplifier for the purpose of controlling

its performance. One of these voltages is the conventional negative feedback -

which regulates the performance of the amplifier, and is called the negative
feed-back voltage. The other voltage, in opposite polarity to the negative feed-
back and hence called the positive feed-back voltage, is obtained in such a
way that it is independent of frequency over the range of frequencies it is de-
sired to amplify linearly. Hence, when the performance of the amplifier is perfect,
the positive and negative feedbacks cancel each other and have no effect on the
rerformance of the amplifier. But if the output should for some reason differ
from the input, the feed-back circuits introduce voltages at the input of the am-
plifer in such a direction and of such magnitude that the output is changed
back to normal.

Circuit diagrams and performance equations are given for the balanced
feed-back amplifier and expérimental results are presented showing a reduction
of distortion and improvement in the frequency response for an amplifier of
this type. :

AIRCRAFT RADIO EQUIPMENT TRENDS

Ravea M. HeiNTz
(Heintz and Kaufman)

This is a discussion of telephone and telegraph transmitters, receivers, and in-
ter-communication systems for aircraft purposes. The use of alternating-current
sources of power for aircraft radio purposes is considered, and the effect that
this has upon radio design is treated in detail.

MAGNETIC GENERATION OF A GROUP OF HARMONICS

E. PerersoN, J. M. MaNLEY, anD L. R. WRraATHALL
(Bell Telephone Laboratories, Ine.)

This parer describes a method of producing a number of harmonics which
may Le used, for example, as carriers for high-frequency multiplex transmission.

TRANSMISSION LINES AT ULTRA-HIGH
RADIO FREQUENCIES

L. E. REUREMA
(University of California)

Accurate equations are developed for thera diation resistance of parallel-
wire and concentric lines of any length, any ratio of outer to inner diameter
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which might be used in practice, and any termination. These equations are ex-
pressed in a form that will give an accurate answer with not more than a few
minutes computation. The equations for the radiation resistance of the shorting
bar for parallel wire lines are given. It is proved that the radiation resistance of
the shorting disk for a concentric line is zero.

TRANSMISSION LINES AT ULTRA-HIGH
RADIO FREQUENCIES

L. E. REukEMa
(University of California)

Radiation resistance, although ordinarily neglected, is actually of dominant
importance in determining the selectivity factor @ and the input impedance Z,
of both parallel wire and concentric transmission lines at high radio frequencies,
and therefore materially changes the optimum design of the line, whether used
as a low-loss inductive or capacitive reactance or to give high selectivity or
high impedance as a resonant line. Accurate design equations for either maximum
selectivity or maximum impedance are developed in this paper for both parallel
wire and concentric lines, and curves are included showing radiation resistance,
selectivity, input impedance, optimum values of spacing, conductor radius, ete.,
for any length of correctly designed line and any frequency, whether the line is
open- or short-circuited or is terminated in its characteristic impedance. It is
shown that for maximum @ the optimum ratio of spacing to wire radius for
parallel wire lines is D/r =8.186, and the ratio of outer conductor radius to inner
conductor radius for concentric lines is b/a =4.22, as compared with values of
about 3.6 for both ratios when radiation resistance is neglected. For maximum
impedance corresponding values are D /» =20.96 and b/a = 14.3, as compared with
values of 8 and 9.2, respectively, predicted neglecting radiation resistance.
Moreover, ¢ and Z, are not proportional to D and b, respectively, as indicated in
previous analyses; instead definite values of D and b give maximum ¢ and
slightly larger values give maximum Z,, and even a small departure from the
best value produces a large decrease in @ or in Z,. @ and Z, for optimum design
are both inversely proportional to the cube root of the frequency for parallel-wire
lines and énversely proportional to the 0.4 power of the frequency for concentric
lines, whereas previous analyses showed both increasing as the square root of the
frequency.

KGW SECTIONALIZED ANTENNA TOWER

Harowup C. SINGLETON
(The Portland Oregonian)

The new antenna is a uniform cross-section vertical steel radiator. Its
height is 625 feet above the ground and it is sectionalized for the dual purpose of
giving optimum electrical length when so adjusted for 620 kilocycles (KGW) and
at the same time using the portion of the radiator below the sectionalizing point
for 1180 kilocyeles (KEX). In this case the sectionalizing network is so designed
to offer a high impedance to 1180 kilocycles while producing the proper reac-
tance at 620 kilocycles for the over-all antenna.

The ground system will consist of 120 half-wave length radial conductors.
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The antenna is so located that a second element can be erected at a later time to
form a two-element array with augmented signal strengths north and south
and suppression toward Phoenix, Arizona, where KTAR operates on the same
frequency with KGW.

"RADIOTELEPHONE NOISE REDUCER

C. C. Tavror
(Bell Telephone Laboratories, Inc.)

This describes a device which lessens the effect of noise by reducing the
noises which occur between syllables of speech and also by reducing weak speech
sounds which are obscured by noise.

HIGH EFFICIENCY GRID-MODULATED AMPLIFIERS

FrEpERICK EMMONS TERMAN AND JouN R. WOODYARD
(Stanford University)

A grid-modulated amplifier is described that has an average efficiency ex-
ceeding seventy per cent, and that requires negligible modulating power. In this
modulator the radio-frequency amplifier is divided into two sections that are
interconnected by a quarter-wave length line. By taking advantage of the
impedance inverting action of this line, high efficiency is obtained during un-
modulated as well as heavily modulated intervals. Theoretical possible efficien-
cies are calculated for this high efficiency grid-modulated amplifier as well as
for high efficiency linear amplifiers. Means of improving these theoretical maxi-
mum efficiencies are discussed and the practical possibilities and limitations con-
sidered.

THE DEVELOPMENTAL PROBLEMS AND OPERATING CHAR-
ACTERISTICS OF TWO NEW ULTRA-HIGH-
FREQUENCY TRIODES

. WinrFierp G. WAGENER -
(RCA Manufacturing Company, Ine., RCA Radiotron Division)

To introduce the problem of high power at ultra-high frequencies a curve
of maximum power obtainable at various wave lengths in the limiting region is
presented for various types of tube generators. The factors of the electrical cir-
cuit and power as they influence size, and the problem of the transit time of
electrons as it affects performance are discussed.

The design principles that result from these conditions have been used in
the development of two new ultra-high frequency triodes which are described.
The water- and air-cooled triode is capable of delivering above 700 watts per
tube at 100 megacycles. It is capable of operation as a neutralized power ampli-
fier up to frequencies of the order of 200 to 250 megacycles with an output of
about 500 watts. A second triode is described which is a radiation-cooled glass
tube with a 300-watt plate dissipation rating. Normal efficiency is obtained up
to 40 and 50 megacycles and operation as a neutralized power amplifier is possi-
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ble up to about 100 megacycles. The efficiency at 100 megacycles is about sixty
per cent.

GROUND CONDUCTIVITY IN WESTERN UNITED STATES

JamEs W. WarLrace anp MARTIN V. KIEBERT
(Puget Sound Broadecasting Company)

This is a report on the effect of various soil conditions on radio transmission.
Important factors in efficient broadcast station coverage are discussed. Experi-
mental data taken by the authors in the state of Washington, where all types of
soil and ground conductivity are present, show striking sample conditions. Some
contours of iso-potential run almost directly on a radial from the transmitter.
Equipment and methods of measurement and calculation are explained.

Western States conditions are compared with those throughout the United
States. It is found that regions such as Lake Washington, noted for its water
purity, are low conductivity regions. Of interest to transmission and telephone
men is the correlation with the problem of obtaining pole grounds in various
regions.

THE VODAS

S. B. WrrgaT
(Bell Telephone Lahoratories, Inec.)

This describes and gives the characteristics of the voice-operated device
used to prevent singing between a radio transmitter and receiver. Although the
device has been mentioned in two earlier papers it has not previously been de-
seribed in so much detail nor were performance curves previously included.

Committee Work

CONSTITUTION AND LAWwWS

Further consideration on the revision of the Institute’s constitu-
tion was made at a meeting of the Constitution and Laws Committee
which was held in the Institute office on June 11 and attended by
H. M. Turner, chairman; B. J. Thompson, J. D. Crawford, assistant
secretary; and H. P, Westman, secretary.

STANDARDS COMMITTEE

On June 22 a meeting of the Standards Committee was held in the
Institute office and attended by L. C. F. Horle, chairman; J. F. Far-
rington, representing H. A. Wheeler, F. T. McNamara, representing
H. M. Turner; H. F. Olson, J. C. Schelleng, B. J. Thompson, L. P.
Wheeler, William Wilson, J. D. Crawford, assistant secretary; and
H. P. Westman, secretary.
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Final approval was given to the reports of the Technical Commit-
tee on Electroacoustics and the Technical Committee on Electronics.
These two reports are now to be considered by the Board of Directors
and after approval of that body will be published.

Institute Meetings
ATLANTA SECTION

The Atlanta Section met on May 20 at the Atlanta Athletic Club
with N. B. Fowler, chairman, presiding. There were sixty persons
present,

“Advances in Transmitter Antenna Design” was the subject of a
paper presented by George H. Brown of the Research Division of the
RCA Manufacturing Company, RCA Victor Division. Dr. Brown
first spoke of experiences which he had in the study of antennas. He
outlined the various problems encountered and how solutions were
obtained through mathematical analysis, supplemented by actual
measurements in the field of a special model antenna erected for the
purpose. It was demonstrated that antennas of limited height were
entirely feasible if effectively excited and operated against an efficient
ground system. Considerable information was given on the subject of
ground systems and an effective one was indicated as being a pattern
of 120 buried radial wires, each one-half wave long.

Almost everyone in the audience participated in the discussion of
the paper. '

A meeting of the Atlanta Section was held on June 17 at the Postal -

Telegraph and Cable Company plant and there were nine present.
N. B. Fowler, chairman, presided.

A tour of the plant was made under the direction of H. P. Thorn-
ton, division equipment engineer. The inspection tour started with
the incoming cables at the testboard and continued through the va-
rious bays of equipment including the half duplex, full duplex, and
multiplex machines with their associated apparatus. Much of the
equipment was demonstrated as well as its functions outlined.

BosToN SECTION

Harvard University was thé place for the June 4 meeting of the
Boston Section which was attended by fifty and presided over by
"~ E. L. Bowles, chairman.

A paper on “A Method of Obtaxmng Sta‘mc Characteristics of
Power Tubes and the Calculation of their Operating Characteristics”
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was presented by B. L. Chaffee, professor of physics at Harvard Uni-
versity. It disclosed a method of obtaining static characteristics of
power tubes in the regions of extreme positive bias over a wide range
of plate voltages. Using these characteristics and with the aid of a
simplified- harmonic analysis a means of calculating the operating
characteristics of the tube is available. The paper was discussed by
Messrs. Dallin, Karplus, and Krahl.

The Nominating Committee submitted its report and it was agreed
by & written ballot that the section would affiliate with the Engineer-
ing Societies of New England. This will result in the inclusion of
notices of the Boston Section in the Journal of that organization which
is mailed weekly to all affiliated groups.

CHICAGO SECTION

The Chicago Section met on June 11 at the Stevens Hotel. J. K.
Johnson, chairman, presided and there were 250 present.

“Recent Developments in Receiver Test and Service Equipment”
was presented by Kendall Clough of the Clough-Brengle Company.
[n it he presented new developments in receiver test and service
equipment during last year. A new frequency modulator was de-
seribed with emphasis on new features for the suppression of spurious
responses. The paper was discussed by W. C. Dunn.

A second paper on “What Standardization of Radio Receiving

Tubes Means to the Radio Industry” was presented by R. M. Wise,

chief radio engineer of the Hygrade Sylvania Corporation. He dis-
cussed the present complex tube type situation in detail and presented
arguments favoring greater standardization than now exists. The
benefits to be realized were enumerated and suggestions for appro-
priate action were made. The paper was discussed by Messrs. Kohler
and Kranz. A third paper on “Chicago’s Contribution to the Radio
Receiver Art in 1937” was presented by J. K. Johnson, chief engineer
of Wells Gardner and Company. In it he reviewed some of the
outstanding developments offered to the public by Chicago radio
manufacturers. Several of the recent and novel developments were
covered in detail.

DETROIT SECTION

On June 19 a meeting of the Detroit Section was held in the De-
troit News Conference Room and presided over by R. L. Davis, chair-
man. There were forty present.

A paper on “Bringing the Ionosphere Down to Earth” was pre-
sented by S. L. Bailey of Jansky and Bailey. The density of the atmos-
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phere decreases with altitude while the intensity of ultraviolet radia-
tion from the sun increases. At about one hundred kilometers above
the earth, there is sufficient ultraviolet radiation to ionize the remain-
ing molecules of gas to an extent that permits refraction of radio waves
used for communication purposes. The velocity of propagation of
radio waves is different in the ionosphere than in the atmosphere, and
this results in refraction. If the angle of refraction is sufliciently large,
the wave is bent back toward the earth’s surface, where it may be
useful. Changes in solar radiation during the day and season affect
substantially the amount of ionization and how near to the earth’s
surface it penetrates. The Dellinger effect which is a sudden cessation
of radio reception has been identified as being caused by sudden erup-
tions on the surface of the sun. The paper was closed with a descrip-
tion of a continuously variable frequency transmitter used to obtain
ionosphere height recordings. The paper was discussed by Messrs.
Brewington, Byerlay, and Davis.

INnDIANAPOLIS SECTION

The March meeting of the Indianapolis Section was held on. the
25th at the Indianapolis Athletic Club. Due to adverse weather con-
ditions, the attendance was only thirty-two and it was agreed to hold
an election of officers to serve until the January meeting. V. C. Mae-
Nabb of Fairbanks Morse and Company was named chairman ;

C. F. Wolcott of Noblitt Sparks Industries was elected vice chairman;

and the temporary secretory, I. M. Slater of P. R. Mallory and Com-
pany was named secretary.

A paper on “Recent Tube Developments—Their Design and Ap-
plication” was presented by W. R. Jones of Hygrade Sylvania Corpo-
ration. In it he traced the evolution of the screen-grid, pentode, and
multigrid tubes. Particular emphasis was placed on the new beam
power tubes. Various tube problems were discussed in detail.

The April meeting was held at the Indianapolis Municipal Airport
on the 29th with Chairman MacNabb presiding.

E. Kramer of the Lorenz Radio Company, Berlin, presented a
paper on “Ultra-Short-Wave Radio Landing Beam for Aircraft.” In
it Dr. Kramer discussed the various advantages and disadvantages of
the Lorenz blind landing system. The difficulties due to hangar re-
flection and other interferences were outlined and methods to over-
come these problems presented. An acoustical demonstration of the
tones and signals heard when the plane is landing using this system
was reproduced from a phonograph record. After the paper, members

-
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and guests were invited to inspect both the transmitting and receiving
equipment. There were approximately ninety-five present.

The May meeting was held on the 14th at the Indianapolis Athletic
Club and a paper on “Direct Reading Instruments” was presented by
R. F. Field of the General Radio Company. It covered various types
of instruments and the evolution of direct reading equipment. The
advantages of logarithmic type scales were presented. A number of the
thirty-eight members and guests participated in the discussion of the
paper.

Los ANGELES SECTION

Thirty-six members and guests were present at the Los Angeles
Section meeting which was held on May 18 and presided over by
Douglas Kennedy, chairman. ‘

Robert Moore, engineer of the Southern California Telephone
Company, presented a paper on “Marine Radiotelephone Service in
Southern California.” He deseribed the transmitting and receiving
equipment installed at Palos.Verdes. The location was chosen after
field measurements indicated reliable communication with boats could
be maintained within a two-hundred-mile radius. In a number of in-
stances, satisfactory communication has been maintained over a dis-
tance of 1500 miles. A five-hundred-watt transmitter is employed and
is remote controlled from Los Angeles, there being no operator on duty
at the station. To demonstrate the operation, a call was placed from a
telephone in the lecture room. A monitor amplifier and loud-speaker
attached to the circuit allowed.the audience to hear both sides of the
conversation. The station called was the yacht Gypsy anchored in
Balboa Harbor which is about thirty miles from the transmitter sta-
tion.

MONTREAL SECTION .

On April 14 the Montreal Section held a meeting in the Engineer-
ing Institute Building which was attended by sixty. A. M. Patience,
chairman, presided. .

A paper on “Current Developments in Radio Tubes in the United
States” was presented by R. M. Wise, chief engineer of the Hygrade
Sylvania Corporation. This review included a discussion of the higher
tensile strength filaments for battery tubes, higher sensitivity battery
pentodes such as the 1G5G, the beam power types, and converters.
Graphs were shown depicting the effect of plate current, mutual con-
ductance, amplification factor and other characteristics resulting from
variations in the spacing between grids and ehanges in the size of grid
wires. The paper was closed with a plea for more co-operation between
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set manufacturers and tube mantfacturers in order to avoid further
increases in the already too large number of tube types on the market.
The paper was discussed by Messrs. Farley, Fisher, Hackbusch, Moore,
Oxley, Parker, Patience, and Vennes.

The May 26 meeting was also held in the Engineering Institute
Building and attended by forty, with Chairman Patience, presiding.

A. B. Oxley, quality control engineer of the RCA Victor Company,
Ltd., presented a paper on “Vibrational Analysis of Radio Tubes.” It
dealt with a new method of analyzing tube structures by mechanical
modulation of various elements and interpretation of the results as
illustrated on the cathode-ray oscillograph. The exact measurements
of microphonic susceptibility at critical frequencies was demonstrated
and a method of classification outlined together with a proper method
of attack for the elimination of these undesirable characteristics. The
usefulness of the method was demonstrated for both tube design and
production test purposes. Fundamental equations of natural resonance
and common modes of complex mechanical shapes were reviewed to-
gether with short-cut methods of diagnosing troubles. The detection
of loose welds, faulty suspension, and improper clearance in standard
tubes was discussed and demonstrated and the relation of quantitative
. mechanical tests to electrical tests in production examined. A lively
discussion of the paper followed its presentation.

New OrLEANS SECTION

The June 16 meeting of the New Orleans Section was attended by
forty-three and was held at the Shushan Airport. L. J. N. Du Treil,
chairman, presided.

A paper on “Radio Equipment Used by the Department of Com-
merce Aeronautics Division” was presented by F. C. Mashburn, opera-
tor-in-charge of the Department of Commerce station which is also
used by the Weather Bureau. H. L. Bannon, chief radio operator of
Eastern Airlines station presented a paper on “Radio Equipment
Used by Modern Air Lines.” After the meeting, an inspection trip was
made to the radio facilities at the airport-and equipment used on the
modern transport planes was examined.

PirTsBurGHE SEcTION

Carnegie Institute of Technology was the place in which the May
17 meeting of the Pittsburgh Section was held. There were twenty-
three present and B. Lazich, chairman, presided. _
A paper on “The Port-A-Phone” was presented by R. E. Stark of
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the Federated Metal Products Corporation and P. N. Wettlaufer of
the LaSalle Lamp Company. After reviewing the general theory of
carrier current communication, a description was given of the Port-A-
Phone which comprises a pair of transmitter-receivers for communi-
cation over existing electric lighting circuits. A switch permits trans-
mission of a calling signal to other receivers on the line, conversion of
the device into a transmitter employing the loud-speaker as a micro-
phone, or its operation as a receiver for reception from similar devices.
A modulated tone is used as a call signal. The paper was discussed by
Messrs. Adams, Backer, Baudino, Bossart, Phillips, Pickels, and
Sutherlin. ‘
ROCHESTER SECTION

L. A. DuBridge, chairman, presided at the May 20 meeting of the
Rochester Section which was held in the Sagamore Hotel and attended
by sixty-five.

D. E. Foster, an engineer of the RCA License Laboratory, pre-
sented a paper on “Principles of Automatic Frequency Control in
Radio Receivers.” The author presented a brief statement as to the
objective of the developments which he discussed and outlined the

problems and the various solutions which have resulted in the work

done in the field.

As this was the annual meeting, the election of officers took place.
Dr. DuBridge was continued as chairman. W. F. Cotter of the Strom-
berg-Carlson Telephone Manufacturing Company was elected vice
chairman, and H. A. Brown was re-elected secretary-treasurer.

SEATTLE SECTION

On June 18 the Seattle Section met at the University of Washing-
ton with J. W. Wallace, chairman, presiding. There were thirty-two
in attendance.

“A Review of the Theory of the Stabilized Feed-Back Amplifier”
was presented by R. O. Bach, exchange transmission engineer of the
Pacific Telephone and Telegraph Company. The subject was intro-
duced by a review of feed-back theory outlining the voltage and phase
relationships and how they may be utilized to reduce noise and har-
monic distortion which arise in the output stages of the tube ampli-
fiers. The use of a feed-back amplifier as an equalizer was described.
Performance data were also presented to show the improvement ob-
tained from a particular amplifier through the use of feedback. Follow-
ing the discussion of the paper which was participated in by Messrs.
Fastman and Wallace, a Western Electric portable line amplifier was ex-

hibited to show the design advantages obtained by the use of feedback.
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WASHINGTON SECTION

The Washington Section met in the auditorium of the Potomac
Electric Power Company building on June 14. W. F. Burgess, chair-
man, presided and there were eighty present.

W. E. Jackson, chief of the radio development section of the
Bureau of Air Commerce, presented a paper on “Improvement in Air
Navigation Radio Facilities.” He included a brief discussion of loop
radio ranges, and the reasons for changing to tower ranges, problems
involved in the use of these and solutions of the problems, simultaneous
radio range and broadcast operation, Z and fan markers, ultra-high-
frequency communication between planes and ground, remote re-
ceiving antennas, and tuning houses.

The exccutive committee was given authority to take any neces-
sary steps in regard to the pending bill for the registration of engineers.
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TECHNICAL PAP%ERS
|

DEVELOPMENT OF THE PROJECTION KINESCOPE*

By
V. K. ZworygIN AND W. H. PAINTER
(RCA Manufacturing Company, Inc )

|
Summary—This paper discusses the generol'requirements and destgn of Kine-
scope tubes for projecting television images. A picture 18 X 24 inches in size having
a brighiness in the high lights of 0.9 candle per square foot appears to be an acceptable
minimum for home television receplion. Several years of developmental work were
required before the problems of designing a suitable projection system were clarified.
This clarification led to a developmental Kinescope which closely approaches the
minimum brightness requirements. The possibilities of further tmprovements in
electron guns, fluorescent screen materials, and optical systems are discussed.

cathode-ray television receiver under typical conditions in the

home are agreed that the brightness and resolution of the pic-
ture are quite satisfactory. Some observers, however, have expressed
a desire for a somewhat larger picture in order to eliminate the necessity
of crowding around the viewing screen. The actual size of the picture
in one of the console television receivers used in recent tests is 71X 10
inches.

The size of image required will be influenced by the number of ob-
servers to be accommodated and the desired viewing distance, this
latter factor varying with the perfection of the image.? When viewing
an image of low detail, the observer tends to step back to such a dis-
tance that the visible imperfections blend into a more harmonious
whole. As the detail is increased the picture will bear closer inspection
and the optimum viewing distance is hence decreased. As we approach
the high detail represented by the proposed RMA standard of 441
lines, Engstrom® has shown that the optimum viewing distance is
about four times the picture height. To avoid crowding of observers,
it would seem that a height of at least eighteen inches is necessary,
making the optimum viewing distance some six to eight feet. If the

THOSE who have had the opportunity of viewing a modern

* Decimal elassification: R583. Original manuseript received by the Insti-
tute, June 9, 1937. Presented before Silver Anniversary Convention, New York
City, May 12, 1937. . :

! Registered trade-mark RCA Manufacturing Company, Inc.

2 V. K. Zworykin, “Television with cathoderay tube for receiver,” Radio
Eng., vol. 9, p. 38; December, (1929).

s X, W. Engstrom, “A study of television image characteristics,” Proc
LR.E., vol. 21, pp. 1631-1651; December, (1933).
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present picture could be increased to about six times its "'area, or, in
other words, to about 18X24 inches, it would probably be an accept-
able size for home television reception.

In brief, the Kinescope consistsof an electron gun.and a fluorescent
screen assembled within an evacuated vessel in such a way that the
- cathode-ray beam can be made to scan across the screen, where the
electrical energy of the electron beam is converted into light reproduc-
ing the picture. Fig. 1 is a photograph of such a tube.

Fig. 1—Conventional 9 inch-diameter Kinescope. The television -
image is viewed directly on the large end of the tube.

In order to increase the size of image on a directly viewed tube it
is necessary merely to increase the physical dimensions of the tube.
Within reasonable limits this can be done without serious sacrifice of
brilliance. However, if we wish to make the picture size 18X 24 inches,
the physical bulk of the tube becomes enormous. For example, the
diameter would be nearly thirty inches, the length more than three
feet, and the glass face would have to withstand a pressure of over five
tons. This is obviously a rather difficult solution of the problem.

An alternative method of obtaining an enlarged picture is through
the use of a projection Kinescope. The projection tube is similar to
the directly viewed Kinescope in principle, but produces a small,
very bright image. By the use of a suitable lens the picture on the
Kinescope may be projected to any desired size on a screen. The prin-
cipal problem involved in.this method is that of obtaining sufficient
illumination on the screen so that the picture may be viewed without
fatigue. -

Let us consider for a moment the 12-inch Kinescope, widely used
in test console receivers at present. The electron gun supplies a beam
current of about 250 microamperes to the high lights of the picture and
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the tube opeX'atés at an over-all potential of 6000 volts. Thus, about 1.5
watts of electrical energy are available for conversion into light in the

~ high lights. This energy is supplied to a tiny spot about 0.5 millimeter

in diameter which, by means of a magnetic deflecting system, is made
to scan the fluorescent screen in a 441-line pattern at the rate of thirty
times a second. The luminous output of the fluorescent material, a
form of zinc orthosilicate, is a function of both current and voltage, as
can be seen from Fig. 2. Under the conditions specified the fluorescent
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Fig. 2—Top curve shows variation of light output of fluorescent material
with beam current. Bottom curve shows light output vs. second anode potential.

Both curves are for RCA phosphor No. 1.

material has a luminous output of about two candles per watt. The

.H5X2
brightness of the screen, therefore, will be ———=5.8 candles

TOX——
144
per square foot, or 18.2 foot-lamberts.

The Society of Motion Picture Engineers has devoted considerable
attention to the subject of brightness in relation to moving picture
projection.* The May and August, 1936, issues of the Journal of the
SMPE contain much interesting information on the subject. It is at
once apparent that.the subject is full of controversy and that present

.information is not by any means final. Evidence was presented to

show that the high lights of a 35-millimeter moving picture should
have a brightness of about 11 foot-lamberts if eye fatigue is to be
completely avoided. It was estimated that in theaters throughout
the country the actual level attained probably ranged from 1 to 9

i Jour. SMPE, vol. 26, May, (1936), and vol. 27, August, (1936).
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foot-lamberts. As a temporary measure it was recommended that
3.7 foot-lamberts be adopted as a standard, with limits of from 2.7 to0 5.2
foot-lamberts. These recommendations were actually made in terms of
light from a projector running with no film in the gate, but we have
converted them to terms of highlight brilliance for convenience in this
discussion. The suggestion has also been made that a high-light bril-
liance of 2.7 foot-lamberts be considered standard for 16-millimeter
projection. In this case the recommendation was couched in terms of
intensity of light falling on the screen; in converting, we assumed a
diffuse screen with a reflection factor of 75 per cent.

For the sake of direct comparison, the brightness of these and other
. familiar objects is shown in the following table:

Lighted page (minimum recommended

brightness for reading fine print) 10 foot-lamberts
High-light brilliance on screen of moving

picture theater 2.7 to 5.2 foot-lamberts
High-light brilliance in 16-millimeter

movie 2.7 foot-lamberts
Outdoor scene—bright day 300 to 600 foot-lamberts
High-light brilliance of picture on 12-

inch console television receiver 18.2 foot-lamberts

These figures, particularly those referring to the 16-millimeter movie
and the 12-inch Kinescope, should be kept in mind as we investigate
the elements constituting a means of projecting television images.
The most efficient viewing screen to use for our purpose is a highly
directional transmission screen. The transmission characteristics of two
such screens are shown in Fig. 3. The solid line represents a commerecial
type of screen made from a rubberized material, while the dotted
curve was obtained from a piece of ordinary tracing paper. Screens of
this type will transmit-in a direction normal to their surface several
times as much light as would a perfect diffusing screen. For the com-
mercial sereen the ratio is 480 per cent while for the tracing paper it is
360 per cent. In the former case the picture can be viewed without too
serious loss of light within an angle of twenty degrees on either side of
the normal, while the tracing paper allows an angle of about fifteen

degrees. In both cases, the light is distributed with sufficient uniformity

to avoid the bright area due to direct transparency of the screen known
as “hot spot.”

For the purpose of computation, let us consider the projection ar-
rangement shown in Fig. 4. Before we can arrive at any conclusions as
to the light output required from the Kinescope it is necessary to

~
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| .
make certain -restrictions on the lens that is to be used. These are
determined chiefly by the commercial aspects of the problem. The lens
must be one that can be manufactured in quantities and must be rela-
tively inexpensive. Since the resolution of the picture is to be 441 lines,
the correction of the lens does not have to be as perfect as in the case of

—— COMMERCIAL SCREEN
~—— TRACING PAPER

Q S
10 10’
PER CENT REFLECTION FACTOR COMPARED
TO PERFECT DIFFUSING SCREEN

Fig. 3—Brilliance distribution of two types of transmission screens.

a photographic objection. This will be an important consideration in
large scale production. Because lens makers have never before faced
the problem of making high quality lenses in the quantities forescen
for television, cost estimates are at best a guess. However, from our
present understanding of costs, it seems that the lens diameter should

Tig. 4—S8chematic diagram of optical system for projection Kinescope.

not be much greater than three inches nor the f value much smaller
than f 1.5. A lens of this type in use at present has an angle of field
of approximately 35 degrees, and the focal length is 120 millimeters.

From these lens specifications, and using our 18- X 24-inch standard,
it ean be shown that the distance from lens to viewing screen is about
4.6 feet. The lens of Kinescope distance will then be 130 millimeters
and the image on the projection tube sereen should measure 1.66 by
2.22 inches.
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The brightness of the projection tube screen can be caleulated from
the brightness of the image on the viewing screen, the lens aperture,
the magnification and the losses in the system. Assuming fifty per
cent transmission through the lens and applying the distribution of our
transmitting screen to the result, we find that the image on the projec-
tion Kinescope must be 480 times as bright as that on the viewing
screen. To attain a brilliance equal to that on our 12-inch Kinescope
we must have a brightness of about 2800 candles per square foot.

At first glance this brightness seems very large indeed, but when it
is remembered that we are using a small area and that we are referring
only to the picture highlights it will be seen that the light output is not

o . . . . 2800x1.66X2.22
excessive. The equivalent light output will be T =71.4

candle power.

There are, unfortunately, practically no data available on the
efficiency of fluorescent materials at high input levels. However, if we
assume that it may some day be possible to.produce a fluorescent
material having an efficiency of 1.5 candles per watt at such levels,
then we find that the peak input required to produce this light in the
high lights would be 47.6 watts. At 10,000 volts this would require a peak
beam current of 4.76 milliamperes; if the voltages were raised to twenty
kilovolts, the required peak current would be only 2.4 milliamperes. It
should be remembered that the required brilliance has been figured
on the basis of equalling the brilliance of present Kinescope tubes. If,
however, we are satisfied with the brilliance attained with a reasonably
priced home movie projeetor, the brightness of the high lights need be
only 427 candles per square foot, or the light output-only 11 candle
power. At 10,000 volts the current needed to produce this light, even
with present screen materials, is only 0.73 milliampere. Thus, while
the type of tube described in this paper will not yet compete with the
directly viewed tube in brilliance, it does not fall so very far bélow the
minimum requirements. : )

Although such a set of clear-cut requirements as previously de-
scribed seems an almost essential part of any co-ordinated development
program, it must be admitted that projection tube work was not
started with any such definite goal in view. The successful reception
of cathode-ray television pictures of any sort has been accomplished
within the last decade. Since the early work on projection tubes was
carried out at a time when a good imagination was an essential aid to
viewing a picture, it can readily be recognized that a certain amount
of inspiration went hand in hand with science.

w
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While some of the initial ideas were tested by one of the authors
in the laboratories of the Westinghouse Electric and Manufacturing
Company at East Pittsburgh, more active development of the pro-
jection Kinescope wasundertaken at the RCA Victor Company plant in
Camden. For several years work has progressed steadily in the RCA
laboratories both in Camden and later in Harrison.

The original projection Kinescope involved simply a scaling down
of dimensions of a standard 9-inch Kinescope. The electron gun and
sereen were assembled in a common Ehrlenmeyer chemical flask. The
usual vacuum technique did not permit of very high voltage opera-
tion, yet a picture of reasonable detail, though lacking in brilliance,
was obtained. The tendency of the soft glass blanks to crack under the
heat generated by the beam spelled the doom of a majority of these
tubes.

One of the first major steps forward was the realization that the
projection tube deserved recognition as a separate problem rather than
as merely an offshoot of larger tubes. With this recognition came the
design of a special glass blank having an optically clear window suitable.
for use with a highly corrected lens system. Vacuum technique was
improved to allow the consistent use of ten kilovolts on the anode. A
realization of the need for far higher beam currents concentrated in
much smaller areas than had hitherto been considered feasible guided
further experiments on the electron gun.

While the principles of electron opties had not yet been widely
espoused at that time, the gun development proceeded along quite
logical lines. Attention first centered on the focusing field between
first and second anodes, now known as the final lens, until the optimum
conditions, within the restrictions of the bulb, were determined. So
well was this foundation established, in fact, that even today some of
the oscillograph tubes obtainable commercially utilize the exact di-
mensions of first and second anodes which these early tubes employed.
It was soon realized however, that a major source of trouble was the
field adjacent to the cathode and effort was concentrated on improve-
ments there. The necessity of decreasing the area of the beam near the
crossover was recognized; a wide range of means for accomplishing
this was tried, including a study of preconcentrating cylinders attached
to the grid and the shaping of fields by the introduction of various
sizes and shapes of electrodes.

Two circuit considerations served to handicap the work. The first
was the need of maintaining a fairly restricted modulating range,
since a high signal voltage covering the necessary range of frequencies
was impractical. The other was the need of maintaining a small con-
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striction in the tube neck, in order that magnetic poles might be placed
close enough together to allow full deflection of the beam. This in
turn set such a limit upon the size of electrodes which would be used
that considerable aberration was always present. The first of these
difficulties is being overcome by refinements in tube design; the latter
has been greatly modified by improvements in deflecting circuits.

The advent of electron optics allowed a theoretical analysis of the
remaining faults to be made and pointed the way to refinements which
are so necessary to give the projection Kinescope a place in the field
of high definition television.

While the major effort was spent on tubes of the type described,
several investigations of interest were made along somewhat different
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DEFLECTING YOKE

FLUORESCENT SCREEN

Fig. 5—*“Front surface” type of projection Kinescope. Use is made of the greater
amount of light emanating from the side of the screen which is scanned.

lines. One of these particularly worthy of mention is the so-called
“front surface” type of projection tube. It has been determined that
the light on the surface of the screen adjacent to the scanning beam
may be double that appearing on the outer surface. To utilize this
fact seemed an easy way of improving the brilliance of the image. -
Attemptsto accomplish this were made by depositing the fluorescent
material upon a metal plate within the tube. To enable the lens to’
be placed directly in front of the screen, it was necessary to seal the
neck containing the electron gun onto the bulb at an angle, as shown
in Fig. 5. This imposes several difficulties upon the problem of focusing.
First of all, because of interference with the optical lens there is
little clearance of the magnetic deflecting yoke. The electron gun must
therefore be placed well back in the neck and the distance between gun
and screen is greater than in the direct type. This, of course, limits
the focus obtainable. Since the beam strikes the screen at an angle
the fluorescent spot is no longer round but is elliptical. To make the
long axis of the ellipse equal to the diameter of the corresponding round
spot requires better focusing than in the direct viewing type of tube
if the same resolution is to be maintained. The keystone shape of the
scanned pattern can be corrected by suitable changes in the scanning
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circuits. From a manufacturing standpoint, backing plates of metal or
conventional insulators are extremely difficult to degas, and the heat
generated by the high power input required tends to develop gas in
the tube during operation. Glass plates can be used but they tend
to increase the fragility of the tube and complicate the assembly.
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Fig. 6—Developmental model of a projection Kinescope. The face of
the tube is carefully ground and polished.

While some fairly good pictures with low definition have been obtained,
this design has not yet worked successfully in a 441-line system.

Fig. 6 shows & developmental model of one of the projection tubes
developed in our laboratories. The picture size for this type of tube is
2.25X3 inches. The high-light brightness under operating conditions
is about 280 candles per square foot. Since the image is larger than in
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Fig. 7—Sectional diagram of the electron gun used in a projection Kinescope.
The second anode is formed by a conductive coating on the bulb wall.

our example the lens suitable for use with it must have a slightly
longer focal length (assuming the field is limited to 35 degrees). If
this lens has the same diameter as the one considered in the previous

" example, the brightness of the picture on a viewing screen 1.5X2 feet

in size is about 0.6 candle per square foot, or about 1.9 foot-lamberts.
This illumination is not quite great enough to allow comfortable view-
ing for any length of time.

The electron gun used in this tube is shown in Fig. 7. It operates
at an over-all voltage of 15,000 volts and delivers a beam current of
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about 400 microamperes, thus generating six watts in the high lights
at the fluorescent screen. The spot size for this condition is about 0.005
inch. In principle this gun is similar to the gun used in the directly
viewed Kinescope. It consists in essence of a cathode, a control grid,
and a two-lens electron optical system. The first lens in this system
causes the electrons from the cathode to converge into a narrow bundle
known as the crossover. This crossover has a diameter much smaller
than that of the emitting area of the cathode. As well as forming the
crossover, the first lens produces a virtual image of the crossover lying
slightly behind the cathode itself. This virtual image serves as a virtual
objeet for the second lens and is imaged on the fluorescent screen in
the form of a small electron “spot.” Fig. 8 shows the electron trajectory
through the gun.

GRID 12 ANCDE

(VERTICAL DIMENSION - 4 TIMES NORMAL)

Tig. 8—Diagram of electron trajectories through the electron gun of Fig. 7. The
electron lenses are represented by the lines of equal potential.

The control grid, as shown, consists of an apertured disk near the
cathode, whose potential is controlled by the television signal. The po-
tential of this element controls the size of the area on the cathode over
which there is a positive field allowing the escape of electrons. Fig. 9
shows the control characteristics of this type of grid and the variation
of spot size with bias.

The cathode is of the indirectly heated oxide-coated type. The emis-
sive coating consists of a mixture of barium and strontium oxides and
covers an area of about 6X107% square inches. This material is oper-
ated at a brightness temperature of 1050 degrees Kelvin. Although the
entire coated surface is capable of emission, only an area slightly
smaller than the grid aperture is utilized, From this portion a cur-
rent to 1.0 to 1.5 milliamperes is drawn, about 0.4 milliampere being
delivered to the beam and the remainder being collected in the first
anode.
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The fluorescent materials commonly used in the projection Kine-
scope are zinc or zine-beryllium orthosilicates. These give a green or
greenish-yellow fluorescence. Another class of fluorescent materials are
the zinc sulphides, some of which produce a nearly white light. In gen-
eral, the sulphides have higher initial efficiencies than the silicate ma-
terials; however, they are characterized by instability, and their use
to date has therefore been restricted.
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Fig. 9—Control characteristic of a projection Kinescope. The upper curve
represents the variation of focused spot size with control grid bias.

It is interesting to note, however, that use of a material giving
white light under normal conditions does not seem as important in the
case of the projection tube as it does with larger tubes. When viewing
the image projected from tubes having green fluorescent screens, sev-
eral observers have commented on the apparent black and white ap-
pearance of the picture. This might possibly be due to a broadening of
the spectral characteristic of the fluorescent material at high intensi-
ties, although further study is necessary before reliable conclusions can
be drawn. )

Turning now to the question of bringing the performance of this
tube up to the standard set by our earlier considerations, the most
important requirement is found to be that of increasing the brightness.
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In addition, it would be desirable to increase the contrast of the picture
and to improve the resolution.

An increase in brightness of the projected picture involves (1) in-
creasing the power output from the gun while maintaining the present
spot size, or, if possible, reducing its dimensions; (2) improving the
fluorescent material and sereen design; and (3) designing a more effi-
cient optical system. These points will be taken up in the order men-
tioned.

The improvement of the electron gun can take place along one or
more of the following lines: (1) Construction of the gun so that it can
be operated at a higher potential; (2) improvement in the electron
optical system so that less current is lost to the first anode; (3) increase
of specific emissivity of the cathode; and (4) increase of the usable area
_of the cathode by altering the electron optical system.

The problem of constructing a tube which will withstand voltages
of twenty kilovolts does not seem particularly difficult. Commercial os-
cillograph tubes are on the market today which operate consistently
and satisfactorily at 15,000 volts, and tests at 20,000 volts are a rather
common occurrence in the laboratory. The experience gained in the
construction of these tubes shows that the problem is concerned chiefly
with the elimination of sharp points or edges where exceptionally high
gradients might build up and with proper shielding to insure that the
electrons are confined within their designated path. One outstanding
difficulty is the problem of applying a black conductive coating to the
inside of the bulb. This coating is used to reduce reflection from the
walls of the bulb. Conventional coatings consist chiefly of carbon. We
have experienced some.difficulty in preventing minute particles from
shaking off and causing arcs. In the oscillograph tubes mentioned, we
substituted a coating of platinum which adheres tightly to the glass
bulb.

The matter of improving the performance of the electron optical
system is much more difficult. In order to approach the question in a
systematic manner, it will be necessary to examine in greater detail the
way in which this system works. As was deseribed above, the system
consists of two focusing fields or lenses. The first of these lenses pro-
duces a small virtual object which is imaged by the second lens on the
fluorescent screen. This second lens, like the lens which is used in ordi-
nary optics, produces an image which is subject to the same aberra-

tions which are met in the Seidel theory. Assuming good alignment of’

the gun parts, we are concerned only with axial aberration; that is to
say, chromatic and spherical aberration. As far as this lens is concerned,
chromatic aberration, that is, the aberration produced by the fact that

N
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the electrons do not all have the same velocity, may be assumed to be
negligible. This is because the electrons entering this lens have attained
a velocity, due to the accelerating field of the first lens, which is a
different order of magnitude from the initial velocity of the electrons.

Spherical aberration, however, is by no means negligible. In order
to reduce this aberration, it is necessary (1) to shape the electrodes in
such a way that the fields they produce give a minimum of aberration,
or (2) to limit by means of apertures the portion of the lens used, or
conversely, (3) to increase the diameter of the electron lens, which in-
volves necessary improvements in the deflecting system.

The spherical aberration of such a lens has been the subject of con-
siderable investigation.’ It is possible to show mathematically that
spherical aberration cannot be entirely eliminated in any electron lens.
However, the aberration can be reduced and guns which are used to-
day are superior in this respect to earlier guns. As our knowledge of
the properties of specific lens fields increases, it will undoubtedly be
possible to make better electron lenses.

With the type of lens available at present about fifteen per cent of -
the lens aperture (i.e., fifteen per cent of the diameter of the first anode)
can be used. The course of electron rays coming from the crossover, if
extended to the second lens, would occupy slightly more than twenty- -
five per cent of its diameter. The aperture therefore limits the beam
current to about thirty per cent of the current from the crossover. This
not only reduces the beam current, but also represents considerable
power loss and causes undesirable heating at the first anode. As the
spherical aberration inherent in the lens is reduced by better lens de-
sign, it will permit the use of larger stopping apertures and, therefore,
a greater beam current.

The configuration of the first lens and the cathode diameter deter-
mine the current in the crossover and also the angle subtended by the
electron rays as they enter the second lens system. From a theoretical
standpoint the first focusing lens is very complicated. The current den-
sity is very high in this region and cannot be neglected. Furthermore,
the electrons enter the lens system at a low velocity so that the initial
velocities produce considerable chromatic aberration. Finally, the
analysis is further complicated by the varying action of the control
grid as modulation is applied. In spite of its complicated nature, con-
siderable progress has been made in analyzing this region. As this study
has progressed, it has been possible to decrease the angle of the beam
leaving the crossover and to increase the ratio of the area of cathode

s D. W. Epstein, “Electron optical system of two cylinders as applied to
cathode-ray tubes,” Proc. I.R.E., vol. 24, pp. 1095-1139; August, (1936).
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used to the area of the crossover. A more complete discussion of the
results of this investigation and the parameters which determine the
performance of the region is beyond the scope of this paper.

Analysis of the electron optical properties of the cathode-ray gun
has now made it possible to design a gun in which there is very little
change in spot size with control-grid voltage, which utilizes an area of
the cathode several times greater than that of the crossover, and in
which thirty to fifty per cent of the current leaving the cathode is de-~
livered into the beam, Furthermore, we feel that still better perform-
ance can be expected in the future.

TH

Fig. 10—Effect of positive ion bombardment on oxide-coated cathode. The
dark central area is a hole through the cap. The pebbled area is bare nickel. The
uniformly gray part is oxide coating. The useful area of the cathode is contained
within the inner circle. The photograph to the right is the electron image of this
cathode.

The cathode materials used at present give fairly satisfactory per-
formance but it is quite possible that a material may be developed
which will give even higher emission and have greater stability. One of
the more serious problems is the destruction of the emitting surface
due to bombardment by positive ions originating in the residual gas
always present even in a high vacuum. The cathode, of courée, lies di-
rectly at one end of the beam path and, except for the control grid, is
the most negative element in the tube. The ions generated by the pas-
sage of the beam through the residual gas strike the surface with tre-
mendous impact. Numerous cathodes have been examined from which
the emitting material opposite the grid aperture has been knocked off
completely. Fig. 10 is a photograph of a cathode which not only shows
this action but which also shows a hole eaten entirely through the
0.002-inch nickel cap on which the coating was originally deposited.
The solution of this difficulty is not yet at hand; still, it is believed that

n =
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a rigorous processing will yield good enough vacuum to at least mini-
mize the effect. This hope is borne out by life tests in which tubes have
run at an anode potential of 10,000 volts for well over 500 hours with
little trace of the bombardment effect.

Also connected with the general problem of cathodes is the charac-
teristic dark spot which appears on the fluorescent screen directly op-
posite the apertures of the electron gun. The exact nature and cause of
this discoloration is still the subject of considerable study, but many
indications point to the fact that it may be due to bombardment of the
screen by negative ions originating at the cathode upon bombardment
by the positive ions mentioned above. The size and shape of the spot
indicates that very little deflection of these ions takes place in ordinary
magnetic deflecting fields. If a single pair of deflecting plates is intro-
duced into the tube, the ions and electrons are deflected equally by the
electrostatic field, and the result is a dark line. If deflection is accom-
plished entirely by electrostatic means, the entire screen is bombarded
and the effect is diminished to a point where it is not noticeable in the
course of the ordinary life of the tube.

The type of gun just deseribed, though quite practical, is not the
only one possible. Work is being done on different types which make
use of a higher ratio of working.area of cathode to crossover in order
to increase the beam current. Some phases of this work are reported in
a companion paper by R. R. Law.}

While most of our attention has been devoted to questions concern-
ing the electron gun, the problems involved in the fluorescent material
can in no wise be neglected. At the current densities and voltages used
in the directly viewed Kinescope, present fluorescent materials yield
fairly satisfactory light output and have demonstrated their ability to"
withstand bombardment for extended periods of time without undue
deterioration. However, as the beam current and operating voltages
are increased, a saturation effect becomes evident. The exact point at
which the effect becomes objectionable varies with different materials,
and not very much information concerning the behavior of fluorescent
materials at high input levels is yet available for discussion.

Extension of the point where voltage saturation sets in seems to
depend upon a better understanding of the secondary emissive proper-
ties of the sereen material, which place a limit upon the effective bom-
barding voltage as distinguished from the final accelerating potential.

8 R. R. Law, “High current electron gun for projection Kinescopes,” Proc.
I.R.E., this issue, pp. 954-976.
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Physical chemists are engaged in an intensive study of means of ex-
tending the point where current saturation begins, and the results to be
expected are as yet a matter of conjecture.

The question of the useful life of the material immediately comes to
mind when voltages and currents of the order contemplated are men-

tioned. The picture is more encouraging than might be imagined; life _

tests run with a steady beam current of 200 microamperes at a poten-
tial of 10,000 volts have shown an efficiency drop of only twenty-seven
per cent in 1200 hours. This, indeed, is more satisfactory than were the
results at 50 microamperes and 6000 volts a brief three years ago. There
is every reason to believe that work in progress will yield comparable
improvements. ’
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Fig. 11—A bollow shell filled with liquid and sealed .te the face of a pro-
jection Kinescope will increase the amount of light entering the projection lens.
Aberration is a serious defect in this system.

There is some possibility of improving the performance of the pro-
jection system by improving the optical system. An obvious way of
doing this is by increasing the diameter of the projection lens; however,
here we are restricted by the increasing cost of such lenses. There is,
however, the possibility of increasing the light-gathering power of the
system by a factor of two or three times by the use of a liquid lens in
contact with the face of the projection tube. Such a lens is shown in
Fig. 11. The arrangement consists of a hollow shell sealed to the front
of the projection tube. This shell is filled with a liquid whose index of
refraction is about equal to that of the glass of the projection tube.
Aberration is a serious problem, but proper design of the shell can mini-
mize this defect. Such an arrangement increases the effective aperture
by a factor equal approximately to the square of the index of refraction
of the liquid in the shell. With water as the liquid, output is increased
by a factor of about seventy per cent, while if a liquid such as paraffine
oil or cedar oil is used the gain in light is in the neighborhood of two
and one-fourth times.
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In addition to improving the optical system, the liquid of this lens
can be used to aid the dissipation of heat generated at the fluorescent
screen. It will also serve to reduce the loss of contrast due to halation
in the glass face of the tube, so that if the aberration can be sufficiently
reduced, the scheme may prove advantageous.

This paper has touched upon many of the technical aspects of the
projection tube television system and has outlined some of the lines
along which improvenient may be expected. It must be obvious that a
considerable amount of developmental work remains to be done before
the projection type receiver can be added to our practical television
system, Nevertheless, the results attained thus far give us reason to
believe that in the projection Kinescope may lie the eventual solution
to the problem of obtaining large television pictures.
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HIGH CURRENT ELECTRON GUN FOR PROJECTION
KINESCOPES*

By
R. R. Law

(RCA Manufacturing Company, Inc., RCA Radiotron Division, Harrison, New Jersey)

Summary—One of the problems in the art of reproducing a scene by television
is to obtain an image of adequate size. Because of this there has been considerable
interest in projection systems where a small, high iniensity image reproduced on the
face of a projection Kinescope* is thrown onto a viewing screen of the desired size
by a suitable optical system. The light output and the definition of these systems has
been limited by the inability of the eleciron gun to provide a sufliciently large beam
current in a small spot.

This paper describes an eleciron gun giving large beam current in a small spot.
The design of this electron gun is based on the results of the present investigation
which shows that the ratio of the current in the first crossover inside the radius v to
the total space current is I/1,=1—e"F where E is the voltage applied to the first
crossover forming system and a is a constant for any given cathode lemperature,
potential distribution, and geometry. Inasmuch as the total space current varies ap-
prozimately as B2, the concentration of current in the first crossover increases very
rapidly with voltage.

A description is given of an electron gun based on this theory. All available
voltage is used to form a small intense first crossover whose edges are sharply defined
by a first crossover defining aperture. A magnetic final focusing lens reimages this
first crossover on the fluorescent screen. This electron gun gives beam currents of 1.5
to 2 milliamperes at an operating potential of ten kilovolts. This beam current may
be readily concentrated into a 300-micron spol on the screen when the electron gun s
spaced at such a distance from the screen as to give a 2.4- X 1.8-inch image. In con-
junction with an f 1.4 lens having a focal length of 12 centimeters, this projection
Kinescope has a light output sufficient to give an 18- X24-~inch picture having high
lights with an apparent brighiness of about 2.5 foot-lamberts when viewed on a 480
per cent directional screen.

- INTRODUCTION

NE of the problems in the art of reproducing a scene by tele-
vision is to obtain an image of adequate size. The size of image
required will be influenced by the number of observers to be
accommodated and the perfection of the image. In viewing a low defi-
nition image, an observer tends to select a viewing position such that
the psychological benefit to be derived from moving closer is just
balanced out by the psychological loss due to visible imperfections in
the picture structure. Engstrom? has shown how this optimum viewing
* Decimal classification: R583. Original manuscript received by the Insti-
tute, June 29, 1937. Presented before Silver Anniversary Convention, New York,
City, May 12, 1937.
1 Registered trade-mark, RCA Manufacturing Company, Ine.

¢ E. W. Engstrom, “A study of television image characteristics,” Proc.
I.R.E., vol.-21, pp. 1631-1651; December, (1933).
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distance depends upon detail and size of image. He finds that as the
definition of the image is improved, the observer tends to move closer
and closer until the viewing distance is about four times the picture
height, at which time the image occupies the optimum field of view.
This tendency for an observer to select an optimum viewing position is
well illustrated by the preference for a centrally located seat in modern
motion-picture theaters.

In older experimental television systems providing 120- to 180-line
definition, image sizes of about 5 X7 inches were entirely adequate for
home entertainment purposeswhere onlyarelatively few observers were
to be accommodated. However, in more recent experimental systems
giving up to 300-line definition, the need for images of 8 X10 inches
or larger is already being expressed. As the resolution is pushed up to
the proposed RMA standard of 441 lines,® the definition becomes sub-
stantially equivalent to a projection print, for which the optimum
viewing distance is about four times the picture height. The viewing
distance will depend upon the number of observers. To avoid crowd-
ing, it is probable that a viewing distance of six to eight feet would be
desirable for home entertainment. In this event the picture should be
at least 18 inches high. By this reasoning it would seem that an image
size of about 1824 inches will be required to furnish the optimum
home entertainment value,

In anticipation of this need, many workers are investigating means
for the production of large images. Different systems for accomplishing
this result have been proposed. Although the final solution to this
problem is not in sight, much can be said in favor of the inertialess
electron beam method of tracing out the picture. Inasmuch as it may
be impractical to reproduce a picture of large size directly, a very at-
tractive method appears to be one in which an electron beam is used
to produce a relatively small primary image which, in turn, may be
projected onto a viewing screen of the desired size by a suitable optical
system. This idea is not new. Many tests of projection systems have
been carried out in the laboratories of the various organizations en-
gaged in television research. Those familiar with these tests have long
recognized certain fundamental problems.

Because of the low light-gathering power of the optical system, the
original image must be very bright. With conventional optical systems
not more than five or ten per cent of the light flux from the original
image can be collected and projected to the final image on the viewing
screen. The original image must therefore have a light output of some

? Latest television standards as proposed by RMA, RMA Eng., vol. 1, pp.
9-13, 18; November, (1936).
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ten to twenty times that required to illuminate satisfactorily the large
viewing screen.

So long as the light in the primary image is derived directly from

the energy in the electron beam, as by fluorescence, this system will
require an electron beam of high power. Such an electron beam is not
particularly diffieult to obtain provided no restrictions are placed upon
the spot size or voltage. The real problem arises when one attempts to
concentrate a high current beam into a small spot at a moderate volt-
age so that the required detail can be reproduced in a relatively small
image.

Conventional electron guns of the type commonly used in present-
day oscilloscopes and Kinescopes may be adapted to projection work

SCREEN

Fig. 1—Schematic optical analogy of an electron gun.

by minor modifications. However, systems utilizing such electron guns
have been only moderately successful due to the inability of the elec-
tron gun to give a sufficiently large beam current in a small spot. Al-
though improved performance of the electron gun may be obtained
by operating it at increased potentials,* the electron gun has usually
been the limiting factor in projection systems of this type.

Bricr TEEORY OF ELECTRON GUN

Before entering upon a detailed analysis of specific problems in
connection with electron beam formation, it seems desirable to recall
certain fundamental principles underlying the operation of an electron
gun. -
An electron gun is that device which serves to generate, control,
and concentrate the electron beam in a cathode-ray tube. Experience
in the design of electron guns® has indicated that these functions are
advantageously accomplished asindicated in the schematic drawing of
Fig. 1. In Fig. 1, 4 cathode K, generally as an indirectly heated, oxide-
coated, unipotential surface, serves as a source of electrons. A control

1 Kette, “Television receivers for 1936,” Zeit. fur Tech. und Kultur des
Fernsehwesens und des Tonfilms, vol. 7, p. 74; October, (1936).

5 V. K. Zworykin, “Desecription of an experimental television system and
Kinescope,” Proc. LR.E., vol. 21, pp. 1655-1873; December, (1933).
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electrode G, regulates the number of electrons drawn out and thereby
permits modulation of the intensity of the electron beam. A cathode
region or first crossover forming lens Li concentrates the electron
beam into a small diameter at a first crossover C. The electrons emerg-
ing from this first crossover are collected and refocused to a small spot
on the fluorescent screen by the final focusing lens Ly -

Bush® has shown that a sufficiently narrow electron beam will be
focused by any nonuniform electrostatic or magnetic field provided
these fields have axial symmetry with the beam. Such a field constitutes
an electron lens. Because of the large number of geometrical structures
that will satisfy this requirement, electron lenses and electron guns
assume a variety of forms in the hands of different designers. Picht’
considers electron trajectories in a continuously varying electrostatic
field and treats the focusing system as a thick electron lens. Maloff
and Epstein® show that certain types of thick electron lenses may be
described by a set of constants analogous to those used in ordinary
optics. These constants include the location of the focal points and the
principal planes. This analogy partly justifies the schematic drawing
of Fig. 1 wherein the lenses L, and L; are to be interpreted as thick
electron lenses formed by nonuniform electrostatic or magnetic fields
or combinations of the two. By assigning appropriate optical constants
to these thick electron lenses, we may approximately represent the
system in this schematic manner. Such a representation is entirely
satisfactory insofar as the final focusing lens Ls is concerned. This
lens simply reimages some cross section of the beam into a spot on the
sereen. To produce the smallest spot, the Lens L is adjusted to image
the apparent minimum section—usually the first crossover—on the
screen. If the size of the first crossover, or electron object, and the
optical constants of the lens are known, the magnification of the system
for any given set of object and image distances is immediately given
by the laws of ordinary geometric optics. Thus, in Fig. 2, if the location
of the principal planes H; and H,, the focal distances fi and f> and the
object and image distances U and V are known, the magnification m,
is given by '

a
m =b—= V/ifs=f/U

and

f1f2 = UV

6 H. Bush, “The caleulation of the electron path in an axially symmetric
electromagnetic field, Ann. der Phys., vol. 81, p. 974; December, (1926).

7 J. Picht, “Theory of geometric optics for electrons,” Ann. der Phys., vol.
15, p. 926; December, (1932).
.7 Y5 1. (d.-Maloff and D. W. Epstein, “Theory of electron gun,” Proc. IL.R.E,,
vol. 22, pp. 1386-1411; December, (1934).
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The behavior of the cathode region lens L1 is not fully described in
this simple manner. Although a suitable set of optical constants for
this lens might enable one to describe the image it produces, the func-
tion of this lens is not to produce an image but to concentrate the beam
into a small crossover. The size of this crossover is not uniquely deter-
mined by the.optical constants of this lens. To describe the crossover,
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we must have additional information about the trajectories of particu-
lar electrons in the beam. Although Ruska?® has carried out an excellent
analysis of electron trajectories in a central force field, and although it
has been generally recognized that initial velocity of emission plays an
important part in determining the size of the first crossover, there has
been no available theory describing the characteristics of a first cross-
over in the general case where the initial velocities are considered to

have a Maxwellian distribution and the potential function is not an-
alytie.

AEGION OF NON-UNIFORM
POTENTIAL WHEREIN E=f{r.2})

Fig. 3—Generalized representation of a first crossover forming system.

GENERALIZED ANALYSIS OF F1rsT CROSSOVER

For a generalized analysis of first crossover formation, we may con-
sider any nonuniform potential field having axial symmetry wherein
E=f(r, z). Let the cathode K, Fig. 3, conform to one of the equipoten-
tial surfaces defined by E=f(r, z). In the absence of space charge we
may so choose this potential function that all electrons leaving the
cathode with zero velocity of emission will unite in a common point p

® BE. Ruska, “Focusing of cathode-ray beams of large cross section,” Zeit.
Jur Physik., vol. 83, p.-684; July, (1933). :
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at the crossover. Let us designate the paths of these electrons as prin-
cipal trajectories. Other electrons leaving the cathode surface with ini-
tial velocities of emission will deviate from these principal trajectories
by amounts depending upon the magnitude and direction of their ini-
tial velocities. .

Inasmuch as the nonuniform potential function E =f(r, 2) is sym-
metrical about the axis, it constitutes an electron lens. The action of
this electron lens is best illustrated by observing its effect upon a few
representative electrons. For example, electrons originating at point o
which do not deviate greatly from the principal trajectory will be
brought to a common focus at point f. Similarly, electrons originating
at adjacent points o’ and o’/ will be focused at points f and f’’, respec-
tively. For small deviations from the principal trajectory, the force
tending to restore an electron to its particular principal trajectory is
everywhere proportional to its displacement. Furthermore, the dis-
placement is in turn proportional to the initial radial velocity. Neglect-
ing the effects of initial longitudinal velocity, the deviation of the kth
electron from its principal trajectory may be expressed by

E:,, '
o = 4/ 7 (2 (1)

5, = deviation of kth electron from its principal trajectory
E#y,=1nitial radial velocity of the kth electron in equivalent volts
E =voltage applied to crossover forming system
f(Z)y=function of Z describing the deviation of the kth electron
from its principal trajectory.

where,

Since all the principal trajectories intersect at a common point p
which is on the axis of symmetry at the center of the crossover, the
radial position r; of the kth electron at the crossover is

4/ B pizy )
Ty = 2 )k
! E ,I cos 8

where 8, is the angle between the kth principal trajectory and the axis
of symmetry. In practice 8, is small so that cos §; is substantially unity.
Furthermore f(Z); is substantially the same for all electrons, conse-
quently the radial position of any electron at the crossover is very

nearly
B,
r= 4/ 2. (3)
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With reference to any particular potential configuration which
forms a crossover at a specified distance Z from the cathode, the func-
tion f(Z) must have the dimensions of Z and is dependent upon some
proportionality factor 7 which defines how the potential F is applied
to the system. Equation (3) therefore may be written

-

4/ il Z X ! ' 4)
7" = 7 —
Solving (4) for E,,
ril .
E;, = — P, (5)
Z?

If the thermally emitted electrons leaving the cathode surface have
a Maxwellian velocity distribution, the current contributed by elec-
trons with initial radial velocity components lying being #, and #o--A#,
is .
dl (o) = Ae™ ' BRT jodirg. - " (6)
The ratio of the current due to electrons with initial radial velocities
lying between #9=0 and #, =7, to the total space current is

I Aj: 677117=02/2I(T7'/0d7>0 (7)
I, - A[:" KT

which yields e
T = ] — ¢mhy I2ET, 8
I € (8)

If #¢ be expressed in equivalent volts

I _ G

— =1 — E—-(e/lcT)Ei-o.

I

Substituting (5) in (9), the current in the crossover inside the radius
s = I,[1 — etern (72/Z2)F2EJ (10)
where,

e =charge on the particle

k=Boltzmann’s constant

T = cathode temperature in degrees Kelvin

Z = cathode-to-crossover distance

r=radius at crossover

E =voltage applied to crossover forming system

F =a proportionality factor depending on the way in which the
potential is applied to the system.

-
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For purposes of subsequent analysis it is convenient to abbreviate

(10) as I=L[1— el | (1)
where, .
e F?
a e e
KT 2

The current density is also of interest because it gives a physical
picture of conditions at the crossover. By differentiating (11) with
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Fig. 4—Computed variation of current density in a crossover.

.0

respect to 7 ‘and dividing both sides by 2xr, we see that the current
density 7 is . : '

i= & aEeer’E, (12)

T
These last two equations are sufficient to describe many features of

the crossover. For purposes of illustration let us suppose that a cathode
temperature T, a cathode-to-crossover distance Z, and a potential dis-
tribution F are selected such that the coefficient a = (e/kT)(F?/Z?)
=0.001. In addition, lef the voltage across the first crossover forming
system assume the values 1, 2, and 4 kilovolts. The parameter aF then
assumes the values 1, 2, and 4, respectively. Let us now see what
happens at the crossover under these conditions. Fig. 4 shows the varia-
tion of current density per unit total space current with radius for
these three values of applied voltage computed from (12). The current
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density is seen to be greatest in the center and has the maximum value
im=(I,/7)al amperes per square centimeter. At the lower value of
the parameter ak for the case when the applied potential is one kilo-
volt, the maximum current density is seen to be only 0.32 I, ampere
per square centimeter, and it is observed to drop off very slowly with
radial distance. At the higher value of the parameter aff for the case
when the applied potential is four kilovolts, the maximum current
density is 1.27 I, amperes per square centimeter, or four times as
great, and drops off very rapidly with radial distance away from the

1o

)

0.8}— =8

0.6

0.2 //

[¢]

IN

Q.

Fig. 5—Computed variation of current through a crossover defining aperture.

center. Thus at the higher voltage the current density at the center of
the crossover per unit space current is increased because the beam is
concentrated into a smaller crossover. No matter how high the voltage
or how large the parameter oF, the edge of the crossover is never
sharply defined. Inasmuch as the final spot on the screen will be an
image of this crossover, the final spot would not be homogeneous and
sharply defined. Instead it would be a spot of high intensity at the
center fading off to a poorly defined edge of indefinite size.

This lack of definition has been described by Zworykin.® He has
inspected photographically the spot on the fluorescent screen of a
Kinescope and finds a distribution very closely approximating the
curves shown in Fig. 4.

To define sharply the edge of the first crossover and prevent radical
changes in its size due to defocusing by modulation, it would be desir-
able to use a small defining aperture located at the crossover. In con-
templation of this we become interested in determining how the current
through a first crossover defining aperture depends on the size of the
aperture. and the parameter aF. Fig. 5 illustrates how the current

-
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through a crossover defining aperture varies with the radius of the de-
fining aperture. These plots are computed from (11) for the same values
of the parameter o&.

In Fig. 5 it will be observed that larger and larger fractional parts
of the total space current may be concentrated into a crossover of
given size as the parameter aF is increased. For example, if as before
a=0.001, fifty per cent of the total space current may be concentrated
into a crossover defining aperture 1.68 millimeters in diameter with a
potential of one kilovolt. At two kilovolts, fifty per cent of the total
space current may be concentrated into a 1.18-millimeter aperture,
while at four kilovolts the same fraction may be concentrated into a
0.84-millimeter aperture. Thus, at higher and higher values of voltage,
a given fractional part of the total space current can be concentrated
into a smaller and smaller crossover defining aperture.

In addition to the effects of different voltages applied to the cross-
over forming system, it is evident that any alteration in cathode tem-
perature, crossover forming system geometry, or potential distribution
factor which may alter the coefficient a, will have an effect analogous
to a change in voltage insofar as concentration of the beam at the cross-
over is concerned. For example, the curves of Figs. 4 and 5 might be
taken to represent a case wherein the applied voltage was constant at
one kilovolt and the coefficient ¢ assumed the values 0.001, 0.002, and
0.004, respectively. In the light of these observations we would con-
clude that the cathode temperature 7' should be kept as low as possible
consistent with satisfactory emission, the voltage E applied to the
first crossover forming system should be as high as possible, and the
potential distribution should be adjusted to give a large value of F.
The proper choice of these factors requires a consideration of other
problems and will be discussed in more detail later on.

ExXPERIMENTAL VERIFICATION OF CROSSOVER THEORY

The foregoing relationships describing the general characteristics
of a crossover have been studied experimentally by structures of the
type illustrated in Fig. 6. In these studies the several electrodes were
connected to a common potential source through potentiometers of
such low resistance that the potential of any electrode was substan-
tially independent of the current drawn by the electrode. The way
in which the potential was applied to the system;i.e., the potential func-
tion E=f(Z), was adjusted by the positions of the several potentiom-
eters. A variation of the supply voltage was then utilized to change
the over-all potential supplied to the system without altering the as-
signed distribution. :
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Various potential distributions in different structures have been
studied. In each case the distribution was adjusted to satisfy the three
conditions:

1. E increasing with Z

2. No current to intermediate electrodes

3. Maximum current through final aperture

To avoid collectmg the group of low velocity secondary electrons
originating on the edges of the final aperture, the collector electrode
was operated at a somewhat lower potential than the final aperture.
To provide proper alignment, particularly at low voltages where stray

ELECTRODE neg
o1 2 3 4

CATHODE § j

o COLLECTOR

ELECTRODE
SUPPLY % % éj §_~

+o TYPICAL POTENTIAL DISTRIBUTION
FOR CROSS-OVER STUDY
ELECTRODE NZ 0 - CATHODE
- By sl %e £
' n2-Ep=i0% Ey
" n3-E3x=Eg
v 4=~ E4=90% E

Fig. 6—Beam forming structure and circuit for studying
crossover characteristics.

magnetic fields produce large displacements, the crossover was cen-
tered on the final aperture by adjusting the position of an external
magnet to give maximum current through the aperture.

The results of these studies are illustrated by the following repre-
sentative data. For purposes of analysis I is the current through the
final aperture, I, is the total cathode current, K is the potential applied
to the first crossover forming system, and r is the radius of the final
aperture.

The curves of Fig. 7 show log-log plots of the experimentally deter-
mined space current and current through the final aperture of the
structure shown in Fig. 6 with the indicated potential distribution. In
this structure, the 0.1-millimeter diameter final aperture is spaced ap-
proximately six millimeters away from a one-millimeter diameter
cathode. It will be observed that the total space current varies as

ol T
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somewhat less than the three-halves power of the voltage. Inasmuch as
the electrodes adjacent to the cathode are at relatively low potentials,
these electrodes substantially shield the cathode from the higher po-
tentials applied to the electrodes adjacent to the crossover. The equiv-
alent diode potential is therefore relatively low and it is not improbable
that the deviation of the total space current from the three-halves-
power law is due to the effects of initial velocity. This argument is
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Fig. 7—Typical curves of space current and current through final aperture as
2 function of voltage applied to first crossover forming system.

strengthened by the fact that the deviation from the three-halves
power becomes greater as the applied voltage is less.
Fig. 8 shows a plot of the ratio of 1/I, for the low voltage range of

. the data portrayed in Fig. 7. The value of the factor ar’® in (11) may

be evaluated from
a I
limit — — = ark (13)
E-0 OF I

- The straight line through the origin tangent to the experimental curve
has a slope which yields the value ar?=3.5X107* reciprocal volts.
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The solid line, Fig. 9, shows a log-log plot of the ratio of 1/1, for the
full range of the data portrayed in Fig. 7. The dashed line, Fig. 9
shows the calculated ratio of 1/, using ar2=3.5x10~* in (11).

For the case of an idealized focusing system in the absence of space
charge, the coefficient  involves only one unknown factor, the factor
F which deseribes the potential distribution. D. B. Langmuir!® has
described certain theoretical limitations in cathode-ray tubes. From
his work, this factor P, and likewise the coefficient a, may be evaluated
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Fig. 8—Evaluation of ar? from experimental data.

0.02

o

directly in terms of the spread of the emergent beam. However, be-
cause of complications introduced by space charge and imperfections
in the focusing system, the value of a so obtained does not agree with
the experimentally determined value here presented. The correlation

of these results requires a special study which is at present being under-

taken.
~ Fig. 10 shows a log-log plot of the factor ar? versus final aperture
size. Bach value of ar? in this plot is obtained from a particular tube

1 D. B. Langmuir, “Theoretical limitations of cathode-ray tubes,” Proc.
LR.E., this issue, pp. 977-991. ’
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in a series of similar tubes with different final aperture sizes. The solid
line drawn through the experimental points has a slope of two and
indicates the theoretical square-law variation of ar? with aperture size.
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Although these tests do not inquire into the validity of the complete
theory underlying (10), the agreement between the theoretical and
experimental curves of Figs. 9 and 10 shows that (11) gives a good
account of the variables E and 7. These two variables have particular
significance in electron gun design.

AprricaTioN oF FirsT CRossOVER THEORY
70 ELECTRON GUN DESIGN

The design of a complete electron gun requires a consideration of
certain other factors in'addition to the theory of first crossover forma-
tion. First, we must recall that the electrons issuing from the first
crossover are to be reimaged on the distant screen by a final focusing
lens. The usable aperture of the final focusing lens is limited by its
aberrations." As a consequence, the spread of the beam emerging from
the first crossover must be kept within the limits imposed by the avail-
able aperture of the final focusing lens. Second, the available voltage
may be apportioned to the two functions of first crossover formation
and final focusing in any desired manner. That is, we may use only a
part of the available voltage for first crossover formation, reserving the
remainder for final focusing; or, the entire available potential may be
used for first crossover formation and final focusing may be accom-
plished by a magnetic lens or an electrostaticlens of the retarding elec-
trode type.

The significance of these two considerations may be evaluated in
the following manner: The useful beam current in a crossover of radius
ris given by (11). For purposes of analysis we may suppose the cathode
current to be space-charge limited according to the conventional three-
halves-power law. In this event

(cathode diameter)?

Iy B2,
(cathode-to-crossover distance)?

' Inasmuch as the spread of the beam is directly proportional to the

ratio of the cathode diameter to the cathode-to-crossover distance,
this ratio is limited by the permissible beam spread for any particular
potential distribution; in practice, therefore, I, 2.

If we use full second anode voltage for first crossover formation,
the object and image spaces of the final focusing lens will have the
same index of refraction and the magnification- will depend simply
upon the ratio of object-to-image distance. On the other hand, if the
first crossover is formed at some voltage E; which is a fractional part of

1 D. W. Epstein, “Electron optical system of two cylinders as applied to
cathode-ray tubes,” Proc. L.R.E., vol. 24, pp. 1095-1139; August, (1936).

.
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the total voltage Fs, final imaging may give a demagnification due to
the differing indexes of refraction in the object and image spaces. Be-
cause of this demagnification, we should be willing to accept a larger
first crossover at low voltage. This characteristic may be readily
analyzed if we neglect the shift in position of the equivalent thin lens
and consider the magnification to be

image distance /K,

a object distance E

In this event, a first crossover formed at low voltage might be \/E,/E,
times as large and still give the same final spot size. To illustrate, sup-
pose that the object and image distances are equal, let the required
final spot size be one millimeter, and let the available voltage be ten
kilovolts. If all the voltage is used for first crossover formation,
E,=FE;=10 kilovolts and the magnification is unity. The first cross-
over defining aperture should then be one millimeter in diameter. If
on the other hand the first crossover were formed at some lower volt-
age, say E;=2 kilovolts, the magnification would be \ E,/E,= \/T/lﬁ
=0.45 and the first crossover defining aperture would be 1/0.45=2.22
millimeters in diameter for the same final spot size. The ratio of the cur-
rent through the final aperture to the total space current in the two
cases is, however, seen to be the same for both cases; that is, r?E =
(2.22)% (2) = (1)? (10) = constant, or, the ratio of beam current to total
space current is theoretically the same for either a high or a low voltage
first crossover. '
From the viewpoint of electron gun design, however, we are not so
much concerned with the ratio of beam current to total space current
as we are with the actual amount of beam current that can be concen-
trated into a spot of given size. If we assume the total cathode current
to be space-charge limited and to vary approximately as the three-
halves power of the voltage, we immediately see the benefit to be de-
rived from using high voltage for first crossover formation for any given
value of the coefficient a. Because the ratio of beam current to total
space current for a given final spot size is independent of voltage, the
total space current and likewise the beam current vary approximately
as the three-halves power of the voltage applied to the first crossover
forming system. To return to our preceding example where ten kilo-
volts are available, we would expect an increase in beam current of
(5)32 or approximately tenfold when we changed from a two-kilovolt
first crossover forming voltage to one of ten kilovolts. For a given po-
tential distribution in a particular electron beam forming structure
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which gives a beam of specified spread, it would therefore appear:

desirable to use all available voltage for first croossover formation
provided the permissible cathode emission density is not exceeded.

DzrraiLs or Erzcrron Gun DusieN

The detailed design of an electron gun based on these principles is
best illustrated by a specific example. Fig. 11 shows a projection Kine-
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Fig. 11—General assembly of a developmental projection Kinescope.
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Fig. 12—Details of the electron gun.

~

scope utilizing such an electron gun. Fig. 12 gives an enlarged view of
the first crossover forming system.

This electron gun uses full available voltage for first crossover
formation and has a first crossover defining aperture located at the
first crossover. This first crossover defining aperture serves to fix the
size of the electron object imaged on the screen by the final focusing
lens. The relative voltages applied to the intermediate electrodes Nos.

’a
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1, 2, and 3 determine the potential distribution in the first crossover
forming system. Modulation of beam current is accomplished by vary-
ing the potentials on electrodes Nos. 1 and 2.

Inasmuch as full second anode voltage is used for first crossover
formation, the final focusing lens object and image space have the same
index of refraction and the final spot size is given by

final spot size = (first crossover defining aperture size)

(image distance)
\object distance

The minimum image distance is fixed by the available deflecting power.
The maximum object distance is determined by the available aperture
of the final focusing lens and the spread of the beam. It is therefore
desirable to keep the spread of the beam low. We have already seen
that the spread of the beam emerging from the first crossover increases
with cathode diameter. Consequently, the cathode should be as small
as is consistent with the desired total space current at a practical emis-
sion density. For the pattictlar electron gun here described, it was

.desired that a total space current of about 4 milliamperes should bz

available. If we assume 0.5 ampere per square centimeter to be the
maximum permissible emission density, the minimum permissible cath-
ode diameter will be about one millimeter.

Because of the effects of space charge, the state of affairs in the
cathode region is not well understood. However, experience with
beam forming structures of the type illustrated in Fig. 6 shows that a
properly curved cathode surface improves the performance of the first
crossover forming system. Such a curved surface, limited area cathode
also possesses advantages in assembly in that a suitable spacer may be
interposed between the cathode and first control-grid electrode for
positioning accurately the cathode without contaminating the active
emitting surface. _

Although final focusing may be accomplished by either magnetic
or retarding type electrostatic lenses, the electron gun illustrated in
Fig. 11 uses a magnetic lens. This choice was based on an experimental
study which showed that larger aberration-free apertures could be
obtained with magnetic lenses than with conventional concentric
cylinder electrostatic lenses. The reason for this is simple. Although
the aberration-free aperture of conventional concentric cylinder elec-
trostatic lenses may be increased by enlarging the lens, this is only
accomplished by a sacrifice in magnetic deflection sensitivity which
depends upon the bulb-neck diameter. Magnetic lenses located outside
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the tube envelope are not restricted by bulb-neck diameter and may
therefore be made sufficiently large to give aberration-free apertures
several times greater than conventional concentric cylinder electro-
static lenses. The magnetic final focusing lens illustrated in Fig. 11 is
wound on a spool of special shape in an effort to obtai