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INSTITUTE NEWS AND RADIO NOTES

Institute Meetings

ATLANTA SECTION

The Atlanta Section met on April 16 at the Atlanta Athletic Club
with I. H. Gerks, chairman, presiding. There were eighteen members
and guests present and eight attended the informal dinner which pre-
ceded the meeting.

A paper on "A Discussion of High Fidelity Broadcast; Transmission
Equipment" was presented by D. A. Reesor, district manager of trans-
mitter sales, RCA Manufacturing Company. The development of
sound and transmitter equipment was outlined historically. Greater
fidelity in transmission, higher modulation capability, new tubes and
circuits, and mercury-vapor rectifier tubes were briefly discussed. Re-
cent trends in broadcast transmitters and possible future improve-
ments in tubes and microphones were outlined. The major mechanical
and electrical characteristics of various types of transmitters were il-
lustrated. The paper was concluded with a brief review of police and
aircraft transmitters.

BOSTON SECTION

The Boston Section met on April 24 at Thirvard University. E. L.
Bowles, chairman, presided and there were fifty members and guests
present. Twenty attended the dinner which preceded the meeting.

A paper on "Experiments with Directivity Steering for Fading
Reduction" was presented by Edmond Bruce of the Bell Telephone
Laboratories. In it he pointed out that short-wave fading is due largely
to phase interference between multiple path signals of varying path
length. Stable angular differences usually exist at the point of recep-
tion. Antenna directivity which is "steerable" and sufficiently sharp
to accept only one of the several paths may be used to reduce this fad-
ing. The use of such an antenna for the reception of transoceanic short-
wave signals was described. The paper was discussed by Dr. Barrow
and Professor Bowles.

The May meeting of the Boston Section was held on the 22nd at
Massachusetts Institute of Technology and was presided over by H. R.
Mimno, vice chairman. There were 100 present and fifteen at the din-
ner which preceded the meeting.

W. L. Barrow of the Electrical Engineering Department of Mas-
sachusetts Institute of Technology, presented a paper on "Transmis-
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sion of Electromagnetic Waves in Hollow Tubes of Metal." Dr. Barrow
pointed out that electromagnetic energy may be transmitted through
the inside of hollow tubes of metal provided the frequency is greater
than a critical value which is inversely proportional to the tube radius
and to the dielectric coefficient to the tube interior. Calculations and
measurements have been made to disclose the conditions for minimum
attenuation. Terminal devices for connecting a hollow pipe system
to a pipe conductor system and others in the form of horns for directly
radiating radio waves have been developed. These electromagnetic
horns may also be fed from ordinary coaxial lines. Certain types of
terminals act as sharply resonant hollow tube elements. Several inde-
pendent communication channels may be established within a single
pipe line by utilizing distinct types of waves for each channel in a
unique kind of multiplex operation. A section of hollow tube may be
used as a high-pass filter. Although presupposing adequate technique
for the generation and utilization of the shortest radio waves, this
system possesses several advantages among which are a minimum
dielectric loss, substantially perfect shielding, and a simplicity of struc-
ture. The paper was discussed by Messrs. Eastham, Frank, Hunt,
Karplus, and Mimno.

CINCINNATI SECTION

The May 19 meeting of the Cincinnati Section was held at Caproni's
Restaurant and was presided over by C. D. Barbulesco, chairman.
Forty-seven members and guests were present and there were forty-
one at the dinner which preceded the meeting.

A paper on "The Hammond Organ" was presented by Armand
Knoblaugh, engineer for the Baldwin Piano Company. Dr. Knoblaugh
described the Hammond organ and showed how the tempered scale,
although it reduced the number of organ keys, had a disturbing effect
on harmonic relations. The organ thus omitted the seventh harmonic
because it was too much in error to be harmonious. The combination of
fundamental tones with various harmonics to simulate other musical
instruments was demonstrated on the organ and two musical selections
played. The paper was discussed by Messrs. Rockwell and Silver.

The second paper on "A Novel Receiver for Phase or Frequency
Modulated Signals" was presented by C. F. Wolcott, engineer in charge
of radio, Noblitt-Sparks Industries. He described several systems of
reception of phone modulated signals. One of these made use of a local
oscillator with a large "flywheel" effect which locked in with the re-
ceived signal carrier thereby producing a species of demodulation.
The paper was discussed by Messrs. Felix, Platts and Tyzzer.
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DETROIT SECTION

The Detroit Section met on June 19 at the Detroit Edison Boat
Club. Forty attended the meeting which was presided over by R.. L.
Davis, vice chairman, and there were fourteen at the dinner which
preceded it.

"A Regenerative Timing -Axis Oscillator for Cathode -Ray Tubes"
was the subject of a paper by J. A. Morton of the University of Michi-
gan. He reviewed briefly the existent types of sweep circuits and out-
lined the fundamental requirements which must be met, by timing
oscillators. A relatively new method of obtaining a linear rise in voltage
across the condenser was described. By adjusting the feed -back at-
tenuation equal to the gain of the amplifier alone, in a direct coupled
regenerative amplifier, the voltage across the output resistor was shown
to be linear with respect to time. A demonstration was also presented
in which it was shown how the sweep wave shape could be controlled
by varying the ratio, the desirable linear wave being easily obtained
within the range of control. An outline of the performance and applica-
tions of the regenerative sweep circuit concluded the paper.

EMPORIUM SECTION

A special two-day meeting was held by the Emporium Section on
June 26 and 27. Among the twenty-five out-of-town guests were
L. C. F. Hoyle, nominee for president of the Institute for 1937, and
E. C. Woodruff, recently elected president of the American Radio
Relay League. Friday morning and evening were devoted to inspection
trips through the Hygrade Sylvania plant at Emporium and the Stack-
pole Carbon Company and Spear Carbon Company factories in St.
Marys. Those who were interested in sports were accommodated.

On Friday evening ninety members and guests attended a meeting
at Creighton Hall where two papers were presented. R. R. Hoffman,
chairman of the section, welcomed the guests to the meeting and then
introduced Mr. Hoyle who acted as honorary chairman for the techni-
cal papers.

The first paper on "Diode Coupling Transformers" was by F. H.
Scheer, an engineer for the F. W. Sickles Company. The gain in a diode
coupling network was expressed as a function of a product of five
quantities, mutual conductance, angular frequency, mutual inductance
in primary and secondary. windings of the coupling transformer, and
the Q values of the primary and secondary windings. Curves were
shown for gain and selectivity as functions of coupling and as functions
of the inductance of the transformer secondary. Tile amplification of
the diode network was discussed and curves of direct current through
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the diode load plotted against input voltage were shown. The paper
was discussed by Messrs. Horle, Jones, and West.

The second paper on "Applications of Cathode -Ray Oscillographs"
was presented by H. J. Schrader of the Victor Division of the RCA
Manufacturing Company. Construction and operation of cathode-ray
oscillograph tubes and associated circuits were first described. This was
followed by descriptions of such uses of the device as the aligning of
coupled electrical networks, determination of the charge on a con-
denser, identification of frequency ratios, determination of phase
relationships of two currents, and the testing of automobile receiver
vibrators. These electrical uses were followed by the adaptation of the
device for the study of mechanical vibration in machinery which per-
mits tortional and translatory vibrational studies. Its application to
the study of combustion chamber pressures was described. The paper
was discussed by Messrs. Bowie, Horle, Lazich, Place, Waltz, and
West.

The Saturday morning technical session was attended by seventy
members and guests. A paper by C. T. Wallis, engineer of the Delco
Appliance Division of the General Motors Corporation, was on "Vi-
brator Power Supplies." Plate power supplies for automobile receivers
were outlined and the vibrator type discussed in detail. The early use
of the nonrectifying vibrating reed required the use of a rectifier tube.
Later developments produced a self -rectifying vibrator. For automo-
bile use, these devices must operate over a range from five and a half
to nine volts. Noise suppression requires the enclosing of the unit which
limits heat dissipation and the temperature may frequently rise to two
hundred degrees Fahrenheit. Contact materials were then discussed
and effects of improper values of inductance, capacitance, and resist-
ance, as well as the timing of the vibrators with respect to the electrical
circuits were pointed out.

C. J. Franks of the Ferris Instrument Corporation presented a
paper on "Extending the Upper Frequency Limit of Receiver Sensitiv-
ity Measurements." He discussed first the essentials of a signal gener-
ator and then outlined the problems in the design of one to cover the
range from thirty megacycles to one hundred megacycles. The limita-
tions of the resistive type of attenuator were pointed out. Difficulties
in coupling the output of the generator to the input of the receiver were
discussed and the use of a properly terminated concentric transmission
line described.

The afternoon was devoted to final inspection trips and an outing
at a near -by camp where supper was served.
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PHILADELPHIA SECTION

At the June 4 meeting of the Philadelphia Section which was held
at the. Engineers Club, Knox McIlwain, the retiring chairman, and Irv-
ing Wolff, chairman -elect, presented short addresses.

A paper on "Operating Characteristics of Power Tubes" was pre-
sented by E. L. Chaffee of the Research Laboratory of Physics, Harvard
University. The method used for testing power tubes consists in im-
pressing on the tube plate and grid direct voltages derived from gener=
ators and alternating voltages obtained from two power transformers
operating from the sixty -cycle supply circuits. The transformer in the
plate circuit of the tube simulates the resonant circuit load. Low -fre-
quency watt meters and voltmeters can be used for direct Measure-
ments of input and output powers and grid and plate voltages. The
alternating and direct voltages can be varied independently and the
readings of the instruments give the power input or driving power,
power output, grid loss, and plate loss. From these can be obtained the
efficiency, plate load resistance, effective input resistance, and other
important quantities.

The results were presented in contour diagrams and showed the
most favorable conditions of operation either as class B or class C
amplifiers or as an oscillator. The method may be extended to obtain
the modulation characteristics of a power tube. A system of graphical
harmonic analysis which is considerably simpler than the usual meth-
ods was described. With very little labor, one may calculate the plate
operating characteristics of a power tube from its static characteristic
curve. Messrs. Barton, Murray, Peterson, and Wolff entered into the
discussion. The attendance was 220 and there were eighteen at the
informal dinner which preceded the meeting.

PITTSBURGH SECTION

The Pittsburgh Section met on April 21 at the Fort Pitt Hotel with
Lee Sutherlin, chairman, presiding and there were twenty-one in at -
ten dan ce.

A paper on "Frequency Stability of Radio -Frequency Oscillators
Using Multielectrode Tubes" was presented by R. T. Gabler of the
Electrical Engineering Department of the Carnegie Institute of
Technology. The speaker described a beat frequency oscillator em-
ploying a crystal oscillator for one frequency and a second vacuum tube
oscillator the frequency of which could be varied and maintained for an
indefinite period of time at any set frequency.

In this second oscillator, tubes such as the 6A7, 6D6, and 606 were
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successfully used. Compensation was obtained by proper selection of
inductances and capacitances as well as by a special compensating vari-
able condenser operating by the deflection of a bimetallic structure
caused by temperature variation. It was possible to obtain a frequency
constant to within a few cycles in 1780 kilocycles. The paper was dis-
cussed by Messrs. Mouromtseff, Stark, and Sutherlin.

The annual meeting of the section was held on June 16 at Villa
D'Este and Lee Sutherlin, chairman, presided. A report on the annual
meeting of the Sections Committee in Cleveland was presented and
discussed.

In the election of officers for next year, B. Lazich of the Union
Switch and Signal Company was named chairman; R. T. Gabler,
Carnegie Institute of Technology, vice chairman; and W. P. Place of
the Union Switch and Signal Company, secretary -treasurer.

SAN FRANCISCO SECTION

The June meeting of the San Francisco Section was held on the third
in the Auditorium Annex Room of the Telephone Building. It was pre-
sided over by V. J. Freiermuth, vice chairman, and attended by
twenty-five, eight of whom were present at the dinner which preceded
it.

The meeting was devoted to a discussion of three papers which had
been published in the Bell System Technical Journal. The first was on
"The Commander," by Mathes and Wright, and was reviewed by
H. L. Mertz of Stanford University. The second paper was on "Hyper -
frequency Wave Guides," by G. C. Southworth, and was reviewed
by Earl Schoenfeld of Heintz and Kaufman. The third paper, "The
Stabilized Feed -Back Amplifier," by H. S. Black, was reviewed by E.
F. Kulikowski of Stanford University.

SEATTLE SECTION

A meeting of the Seattle Section was held at the University of
Washington on June 19. E. D. Scott, chairman, presided and there
were forty present. This was the annual student meeting of the sec-
tion and three papers were presented by graduating students in elec-
trical engineering from the University of Washington.

The first paper was on "Portable Radio Research," by N. Frost.
He described a complete radiotelephone receiving set to be carried on
the person of a policeman. The three -tube receiver built into a small
aluminum can is fastened to the policeman's belt which supports also
a canvas battery case. A loop antenna is built into the belt. The entire

ii
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equipment including the belt weighs five pounds. In tests, an eight -
watt transmitter covered a. radius of about one-third mile except when
the receiver was located within a. reinforced concrete building. The
equipment was demonstrated.

The second paper by 3. C. Campbell was entitled "Vacuum 'Tube
Distortion Compensator." Distortion in an amplifier was defined as a
condition in which the output voltage is something other than a con-
stant times the input voltage. The compensator described a method
by which a voltage can be fed back from the output to the input of
the amplifier in such a way as to maintain closely the requirements for
no distortion. The application and performance of the system were
covered.

"A New Type of Mercury -Pool Rectifier" was the title of the third
paper which was presented by T. M. Libby. A special type of mercury -
pool rectifier tube designed to avoid the usual danger of flash back was
described. It, is built into a vertically mounted glass tube. An inner
boiler tube within the lower half of the rectifier contains the mercury
pool and a heating element. There is a deflector at the top of the boiler
and the anode is mounted in the upper end of the main tube. A single
stage Langmuir pump maintains a very low pressure in the upper part
of the tube. A water jacket surrounding the main tube acts as a cooling
agent and as a third electrode. In operation, the . rectifier has been
tested. at voltages as high as 40,000 volts and. extrapolation of its flash
back voltage versus temperature curve, indicates it would withstand

 over one hundred kilovolts. At fifteen kilovolts it can handle one hun-
dred and fifty kilowatts. By adjusting the phase of the voltage on the
third electrode, complete control of the tube current is obtained. The
tube was demonstrated at fifteen kilovolts with a lamp bank load. A
cathode-ray oscilloscope permitted its operating characteristics to be
observed.

A committee of judges awarded first prize to Mr. Campbell and
second prize to Mr. Libby.

WASHINGTON SECTION

On April 13 a meeting of the Washington Section was held at the
Potomac Electric Power Company Auditorium. C. L. Davis, chairman,
presided and the attendance was fifty, fourteen of whom were present
at the dinner which preceded the meeting.

A paper on "High Voltage Mercury -Pool Tube Rectifiers" was pre-
sented by C. B. Foos of the General Electric Company and appears in
the July, 1936, issue of the PROCEEDINGS.
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The April 30 meeting of the Washington Section was held jointly
with the American Physical Society at the National Museum Audi-
torium and presided over by J. H. Dellinger, past president of the
Institute. There were 550 present.

V. K. Zworykin of the RCA Manufacturing Company presented
a paper on "Applied Electron Optics." This was followed by a second
paper by G. C. Southworth cof the Bell Telephone Laboratories on
"Hyperfrequency Transmission through Wave Guides."

On May 1 a. joint meeting of the American Section of the Inter-
national Scientific Radio Union and the Washington Section of the
Institute was held at the National Academy of Sciences. There were
250 present and Dr. Dellinger presided. The papers presented at this
meeting are listed in the April, 1936, PROCEEDINGS.

The June meeting of the WTashington Section was held on the eighth
at the Potomac Electric Power Company Auditorium and was at-
tended by 120, of whom twenty-six were present at the dinner which
preceded the meeting.

E. H. Armstrong, Professor of Electrical Engineering at Columbia
University, presented his paper on "A Method of Reducing Disturb-
ances in Radio Signaling by a System of Frequency Modulation"
which appears in the May, 1936, issue of the PROCEEDINGS.

Personal Mention
Formerly with the U. S. Patent Office, R. W. Armstrong has joined

the staff of Naval Research Laboratory at Anacostia, D.C.
D. C. Beard, Lieutenant U.S.N., has been transferred from the

USS Detroit to the Naval Research Laboratories at Anacostia, D.C.
Previously with General -Household Utilities Company, L. D. Boji

has become factory superintendent for Fairbanks, Morse and Com-
pany of Indianapolis, Ind.

Michael Buckley, Jr., Captain U.S.A., has been transferred from
West Lafayette, Ind., to Fort Leavenworth, Kansas.

J. A. Chambers, formerly with Crosley Radio Corporation, has en-
tered a consulting engineering partnership under the name of McNary
and Chambers in WTashington, D.C.

L. R. Daspit, Lieutenant U.S.N., has been transferred from An-
napolis, Md., to the University of California, Berkeley, Calif.

R. G. DeWTardt, superintending engineer of the British Post Office
Engineering Department has been transferred from Croydon to Man-
chester, England.
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N. H. Edes, Captain, British Army, has been transferred from
London to Cairo, Egypt.

Formerly with Audiola Radio Company, Mortimer Frankel has
become assistant general manager of Fairbanks, Morse and Company
of Indianapolis, Ind.

J. H. Foley, Lieutenant U.S.N., has been transferred from Boston,
Mass., to the USS Humphreys, basing at New York City.

L. S. Hansen of the General Household Utilities Company has
been transferred from Marion, Ind., to Chicago, Ill. and placed in
charge of the automobile radio division.

J. C. Harrower has left the Fleet Air Base at Coco Solo, Canal Zone,
to become affiliated with Marconi's Wireless Telegraph Company at
Medellin, Colombia.

A. Herczeg has left Edge Radio, Ltd., to become a research en-
gineer for E. IC. Cole, Ltd., Southend-on-Sea, England.

C. F. Holden, Lieutenant Commander U.S.N., has been trans-
ferred from Hawaii to the USS Idaho, basing at San Francisco, Calif.

Previously with Turnbull and Jones, Ltd., F. J. Macedo is now
a radio engineer for the RCA (New Zealand) Ltd., at Wellington, N.Z.

J. C. McGinley is now with Aladdin Radio Industries,. Chicago,
Ill., having formerly been with Meissner Manufacturing Company.

G. B. Myers, Lieutenant U.S.N., has been transferred from the
USS California to the Navy Department, Washington, D.C.

L. E. Barton has joined the staff of Philco Radio and Television
Corporation, having formerly been with the RCA Victor Company.

W. J. Howell is now placement interviewer in the Buffalo Office of
the New York State Employment Service, having formerly been with
the Emergency Employment Service of the Institute.

H. C. Humphrey, previously with Electrical Research Products,
is now with the Western Electric Company, Ltd., of London,'England.

J. F. Inman, formerly with the Illinois Testing Laboratories, is
now with Associated Research, Inc., of Chicago, Ill.

Previously with the U.S. Department of Commerce, C. H. Jackson
has joined the Airway Radio Laboratory of Chicago, Ill.

IC. W. Jarvis is now with the Norwalk Engineering Corporation of
South Norwalk, Conn., having formerly been with Meissner Manu-
facturing Company.

L. H. Larime, formerly with WJBK, is now technical supervisor
for the West Coast for Jam Handy.Picture Service.

V. C. MacNabb, chief radio engineer for Fairbanks, Morse and
Company, has been transferred from Chicago, Ill., to Indianapolis,
Ind.
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P. D. Miles has become communication superintendent for Hearst
Radio, Inc., at Redwood City, Calif., having formerly been with
Mackay Radio and Telegraph Company.

C. F. Miller of Hygrade Sylvania Corporation has been transferred
from Emporium, Pa., to Salem, Mass.

H. G. Moran, Lieutenant U.S.N., has been transferred from Lake-
hurst, N.J. to the USS Ellis, basing at New York City.

H. B. Morris, assistant superintendent of R.C.A. Communcations,
Inc., has been transferred from New York City to Manilla, P.I.

J. H. Muller of R.C.A. Communcations, Inc., has been transferred
from Manila; to New York City.

W. J. O'Brien, formerly with RCA Radiotron Company, is now
with Modern Research Corporation of New York City.

J. V. Pareto of Cia Radio Internacional de Brasil at Rio de Janeiro,
has been made technical director.

A. W. Peterson, Lieutenant U.S.N., has been transferred from Bal-
boa to the USS Argonne basing at San Pedro, Calif.

J. J. Pierrepont, Lieutenant U.S.N., is now on the USS Charles-
ton, basing at New York City, having previously been at the Navy
Yard, Charleston, S.C.

J. R. Ruhsenberger, Lieutenant U.S.N., has been transferred from
San Diego, Calif., to the Naval Air Station at Norfolk, Va.

C. M. Ryan, Lieutenant U.S.N., ,has been transferred to the U.S.
Naval Academy, Annapolis, Md., from the USS Oklahoma.

B. A. Schwarz is now chief engineer of the radio division of General
Motors at Detroit, having formerly been with Zenith Radio Corpora-
tion.

G. H. Sparhawk, Captain U.S.A., has been transferred from Hawaii
to Maxwell Field, Montgomery, Ala.

H. E. Thomas has left United American Bosch Corporation to
joint the staff of Philco Radio and Television Corporation at Philadel-
phia, Pa.

R. R. Welsh has left RCA Victor Company at Camden, N.J., to
become chief engineer for RCA Victor Company, Ltd., of Canada at
Montreal.

L. J. Wolf, formerly with the Westinghouse X -Ray Company, has
joined the Engineering Department of the RCA Manufacturing Com-
pany at Camden, N.J.
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TECHNICAL PAPERS

DESIGN AND EQUIPMENT OF A FIFTY-KILOWATT
BROADCAST STATION FOR WOR*

By
.1. R. POPPELE,

(rho Itamberger Broadcasting Service, Newark, New Jersey)

F. W. CUNNINGHAM, AND A. W. KISIIPAUGH
(Bell Telephone Laboratories, Inc., New York City)

Summary-With its novel directional antenna, won produces a maximum
field strength toward both New York and Philadelphia while limiting radiation in
the direction of the ocean and sparsely populated areas. Radiation distribution meas-
urements are given.

The layout of the station and the unique arrangements for lighting, heating, and
ventilation of the building arc described.

A serious attempt has been made to design and operate the equipment for a per-
formance consistent with advanced ideas of high fidelity. Measurements from micro-
phone to antenna of distortion, noise, and frequency response are presented.

irHE widespread interest in the unusual features of the new WOR
fifty -kilowatt station has prompted the authors to describe its
design and performance in some detail with the thought that

their experience might prove of benefit to engineers planning the in-
stallation of transmitters of high power.

The Bomberger Broadcasting Service began the consideration of
plans for a high power transmitter several years ago. The selection of a
suitable site in the New York area is probably more difficult than in
almost any other section of the country. The peculiar distribution of
population to be served, combined with the unusual topographical
conditions including hills, rivers, and grouping of tall buildings, com-
plicates the problem. The site of WOR's five -kilowatt transmitter at
Kearny was one of the most effective in the area for a station of that
power. The use of this particular site was deemed inadvisable for the
location of a fifty -kilowatt station in view of the high population den-
sity within the first few miles from the site.

An extended study of the problem led to the tentative selection of
a site in the vicinity of Tremley, New Jersey, about sixteen miles south-
west of New York City. A field intensity survey indicated that this

* Decimal classification: 8612.1. Original manuscript received by the Institute,
October 4, 1935; revised manuscript received by the Institute, May 19, 1936.
Presented before Tenth Annual Convention, Detroit, Michigan, July 1, 1935.
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site was satisfactory, but it was found that an antenna structure would
affect the reception at a near -by receiving station of a high -frequency
radio service transmitted from South America. A site about a mile
distant from Tremley, near Carteret, on the banks of the Rahway
River, was finally selected and checked by a field intensity survey.
Fortunately, this site proved to be equally advantageous from prac-
tically every standpoint and was sufficiently removed to avoid inter-
ference with the South American service.

The Carteret site is on fairly level ground, part of which is marshy,
in a region of particularly low density of population. The path between
Carteret and New York City consists largely of water and swampy
ground with no high ground or structures in the direct line. The dis-
tance to Columbus Circle, which is regarded as the center of the popu-
lation of the New York area, is 16.6 miles. The Lincoln highway runs
close to the station property. Power facilities from two. separate dis-
tributing points in opposite directions from the station are available
at the highway. An objection to this site was its proximity to estab-
lished airways which imposed a restriction on the height of the antenna
structure.

The Carteret site is comparatively close to the Atlantic Ocean,
which is a few miles to the southeast. To the northwest is found the
sparsely populated mountainous terrain of northern New Jersey and
northeastern Pennsylvania. At right angles to these directions lie the
cities of New York, Philadelphia, Trenton, and Newark, approximately
in line. This fact, together with the limitation upon antenna height, at
once indicated the desirability of a directional antenna which would
provide maximum signal intensity in the northeast -southwest direc-
tion.

A distribution pattern resembling an hourglass in shape with major
axis along the line from New York to Philadelphia appeared most suit-
able. This pattern can be obtained from several different types of
antenna array. The one chosen, after considerations of flexibility, con-
trol of high angle radiation, and economy of structure, consisted of
three quarter -wave antennas approximately one -quarter of a wave
length apart, driven in phase with substantially equal currents. These
antennas are located on a line at right angles to the major axis of the
pattern.

.Fig. 1 is a general view of the station and the antenna structure.
The end antennas of the array are 350 -foot, self-supporting steel towers,
sixty feet square at the base, mounted on, and insulated from indi-
vidual structural steel bases thirty-five feet in height. This construction
reduces dielectric losses at the base and provides a more desirable dis-
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tribution of current along the tower. The center antenna of the array
is a copper cable suspended vertically from a steel messenger cable
supported by the towers. The electrical effect of the messenger cable
is minimized by the insertion of insulators at frequent intervals. The
towers are spaced 790 feet apart (approximately one-half wave length),
and each is designed for a horizontal working load of 4000 pounds at
the top. If it becomes desirable in the future to change the shape of the
radiation pattern of the array, this can be accomplished by changing
the distribution of the power to the individual elements, the relative

Fig. 1-Transmitter building and directional antenna.

phasing, or both. In the extreme case, the center antenna alone can be
fed, with an approximately circular pattern as a result. It can be seen
that except for the additional transmission lines, coupling units, and
ground system the cost of the array is no greater than that of a con-
ventional antenna.

The provisions for the promotion of safety of aviation are thorough
and up to date. The towers are painted for day visibility and furnished
with powerful fixed and flashing lights, according to the standards
prescribed by the Bureau of Aeronautics, Department of Commerce.
A red -beam rotating searchlight is mounted on the roof deck of the
building. The operation of the lights is controlled by photoelectric
means which are entirely automatic. When any warning light fails an
indication appears on a control panel in view of the operator.

A beacon transmitter is employed to warn aircraft directed by the
Newark Airport range beacon of the presence of the WOR antenna
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towers. This transmitter is of Western Electric manufacture with an
output of thirty watts. Its carrier frequency, 1200 cycles higher than
that of the Newark beacon, is maintained by crystal control. The oscil-
lator is followed by a buffer stage and a modulating amplifier where the
signal, consisting of five -dash, 120 -cycle tone, is supplied to the sup-
pressor grid. (In emergencies speech may be substituted for the motor -
coded tone.) The power amplifier which follows utilizes a fifty -watt
vacuum tube. The transmitter with its power supply rectifiers is
mounted as a unit on a wall panel. Meters and signal lamps indicate
the functioning of the equipment and warn the operator upon the
occurrence of any unsatisfactory condition, including failure of the
antenna.

PHILADELPHIA -
NEW YORK
DIRECTION

Fig. 2-Antenna and ground system.

The ground system, shown on Fig. 2, consists of a grid formed of
No. 10 copper wires, each 600 feet long, spaced at intervals of three
feet, centered on and laid at right angles to a line joining the towers.
The wires were buried at a depth of twelve to fourteen inches by means
of a special plow, which carries a heavy blade designed to lay in the
wire without turning a furrow. A copper strip one -thirty-second of a
inch by six inches was laid in a trench between the towers and brazed
to each wire. From the ends of this ground strip, wires of the same size
and buried in a similar manner with a six -degree spacing were extended
outward to a distance of 300 feet. About 169,000 feet of wire were re-
quired for the ground system.

Coaxial lines are used to connect the transmitter to the center of
the array and to supply power from that point to the end antennas.
The outer conductor of the line is a two and five -eighths -inch outside
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diameter copper water tubing with an eighty -mil wall. The inner con-
ductor is tubular with an outside diameter of 0.7 inch and a forty -two -
mil wall. Glazed ceramic insulators, having a long leakage path with a
minimum mass of dielectric, are spaced at intervals of thirty inches
throughout the line. The insulators are secured to the inner conductor
by means of spring clips.

The main transmission line from the transmitter building to the
coupling equipment at the center of the array is 660 feet long. This line
is buried at a minimum depth of four and one-half feet in order to
minimize temperature changes which would result in changes of the
over-all length of the line and probable mechanical creepage between
the inner and outer conductors. Calculations show the expected over-
all expansion of the buried line to be less than one inch. The ten -foot
vertical section at the center coupling house flexes to allow for this
expansion. From the coupling equipment at the center of the array,
branch lines of the same dimensions and construction run horizontally
to the bases of the towers and then vertically to coupling units mounted
on platforms at the top of the tower subbases. The latter lines could
not be buried due to the marshy condition of the soil, and consequently
are supported by brackets and cables from the railing of the elevated
catwalk between the towers. They were covered with magnesia steam -
pipe insulation protected from the weather by painted canvas jacket-
ing. This insulation minimizes the relative .ghange of length between
the inner rind outer conductors which would result, from sudden changes
in tempera lure. Over-all expansion, a maximum of four and one-fourth
inches for each branch line, is taken care of by flexure of its twenty -two -
foot, vertical portion.

In order to prevent the entrance of water or water vapor, the
lines are filled with dry nitrogen gas a lid equipped with a pressure
gauge for inspection purposes. The lines are so constructed 1,11:1.1, the
presence of gas in not required for insulntion; however, it does tend
to increlem the factor of safety. Specinl insulnting end Seals 1111(1 gaS-

11Plifig, boxes were developed for this inntnllution and tested
at 110 pounds pressure. Before the lines WPM nerded nnd given a final
te.t tit sixty pounds presure, they were blown out, with dry nitrogen
o rt!inovi. ;my niokture condenned in the Hoes during construction.

A r.eherrititic dingrion of the nrrny coupling circuit in given on Fig.
Each rodenna is provided with MI rtl Priam coupling unit. That, for

each of the end antennas innlellen the impedance of the brnneli trans-
IniP!.ion line to of the Palifl TliPae 11111H 111511 0111141in aperial
chae coils through which the tower lighting nyttivin is fed. '1'111, cou-
pling unit for the venter antenna tiintchen the hoped:ince of the hitter
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to that of a phase correcting network used to compensate for the phase
displacement at the end antennas due to the length of the branch
transmission lines. The branch transmission lines connect, as does
the phase correcting network, to a line -branching network located at
the center of the array. The line -branching network or transformer
provides for the adjustment of relative current amplitudes in each
antenna and matches the impedance of the three branch circuits to the
main transmission line from the transmitter.

ANTENNA COUPLING UNITS

1 TOWER

.. TO
-LIGHTS

..TO 60^,
--SUPPLY

LINE BRANCHING
IT° :TRANSMISSION TRANSFORMER

LINE L TRANSMITTER_-, IAND AMPLITUDE PHASE -SHIFTER ----COUPLING UNIT ADJUSTING UNIT UNIT Nr-

-J

,' I- T
H

XNI2NNA

a

TR A NISTI:ITTER

ITO;
TRANSMITTER

Fig. 3-Antenna array coupling circuits.

The design of the station building for WOR is unique in general
and in detail. The building houses the fifty -kilowatt transmitter, a
five -kilowatt transmitter (formerly operated at Kearny) for emergency
use as auxiliary, and the aircraft warning beacon transmitter. In addi-
tion, space is provided for a short-wave transmitter to be installed in
the future. All of these equipMents are arranged to face on a central
transmitter room as shown by the floor plan, Fig. 4. The structure of
the building is also centered on this room. The building is sixty by
sixty-six feet, exclusive of the five -car garage, and consists of a main
story having a ceiling height of fourteen feet and a basement twelve
feet in height, of which about ten feet are below grade. The construc-
tion is of reinforced concrete and brick with a steel -truss roof sup-
ported entirely by the walls. The transmitter floor is of reinforced con-

7TOWER

1

ro
--LIGHTS

--TO 60,0
-SUPPLY
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crete, supported by six columns having a special capping which pro-
vides a flat basement ceiling surface, free from the usual bulky column
shoulders. This type of construction facilitates the installation of
ceiling mounted ducts and conduits.

The architects have produced a modern design in which no purely
decorative features are necessary. The appearance of the interior has
been harmonized to that of the transmitters it contains. The transmit-
ter room is semioctagonal in shape with a control desk in the center

COUPLING
EQUIPMENT

50-KV/
TRANSMITTER

5 -KW
TRANSMITTER

TRANSMITTER
ROOM

BEACON
TRANSMITTER

TUBE V" --V --"KITCHENETTE
STORAGE LAVATORY

ENTRY

VESTIBULE

Fig, 4 ---Main floor plan of trantilnitter

FUTURE
SHORT-WAVE
TRANSMITTER

CONTROL
ROOM

STUDIO
OFFICE

directly underneath a. large indirect, lighting unit. The eight, panels of
the fifty -kilowatt 1,ra:11st-rater, shown on Fig. 5, form the lower part, of
the walls on three sides facing the operator, who thus has a clear view
of all the meters, indicating lamps, and most of the tubes. To the
operator's left, is the beacon transmitter, and to his right, are the panels
of the five -kilowatt transmitter. The panels of these transmitters also
are set in the walls. Certain of the more important controls and indi-
cating lamps are extended to the, two control units on the operator's desk
where they can be under his more immediate supervision, The control
room containing the speech input, equipment, and the control operator's
desk is immediately behind the transmitter operator. As rig. 6 shows,
the control operator earn view lime entire. 1,1.1111S11111,Ler 110111 111111112;11 ai

large plate glass window from his position al, the control desk.
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There are three associated features of this building which are es-
pecially noteworthy; namely, the arrangements for lighting, ventilat-
ing, and heating. So much of the wall space of the transmitter room is

Fig. 5-View of transmitter room.

taken up with equipment that some artificial lighting would be re-
quired during the brightest part of the day. A mixture of artificial light

Fig. 6-Control operator's position.

and sunlight is unsatisfactory for rapid and accurate observation of
meters. The building is almost windowless; only five outside windows
are used, and these are in the rooms adjacent to the glassed -in entry.
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The transmission of heat and the admission of dust through windows
is thus avoided. The ventilating system supplies a filtered mixture of
fresh and recirculated air to the rooms. When it is desirable to heat the
air it is passed through four multipled copper radiators in the main
supply duct of the ventilating system. The distilled water, which has
absorbed the waste heat in the power tubes of the fifty -kilowatt trans-
mitter, is passed through these radiators before it is further cooled in
the intercooler and returned to the pumps. This utilization of waste
heat has been found very satisfactory during the past winter. In the
early morning periods when the transmitter is shut down, two thirty-
five -kilowatt electric heaters in the duct, supplied at off-peak rates,
will provide any necessary heating. In the summer the duct radiators
are by-passed, and all of the heat from the transmitter is dissipated
through the intercooler by the spray pond located in the front of the
transmitter building.

The spray pond has been made one of the features of the landscap-
ing of the grounds. It has been constructed in two sections, either of
which will provide more than the necessary dissipation for the fifty -
kilowatt transmitter. The section not in use is available to facilitate
cleaning without shutting down the transmitter. A. novel feature of
this pond is an arrangement which makes unnecessary the use of the
sprays in cold weather, merely circulating the cooling water in con-
tact with the ice instead. Another feature is the extension of the five -
kilowatt distilled water system to include a single turn of copper water
tubing around the bottom of the pond thus avoiding the use of radia-
tors.

The history of the two most available power supply circuits, one
from Carteret and the other from Rahway, was examined and found
remarkably good. Over a long period, one circuit has never suffered
an interruption. The other has been out only once in several years, and
in that case only a few minutes were lost. On this basis, manual change-
over of the main circuit was decided upon with automatic change -over
for a low power emergency circuit which provides at least one light in
every room and supplies the crystal heater circuits and the indicating
lamp system of the transmitter.

The two 4150 -volt supplies enter the basement of the building
through several hundred feet of underground cable, which reduces
radio -frequency pickup. These circuits are switched and metered in
the switching vault and passed to the adjacent transformer vault
where the supply voltage is stepped down by means of separate banks
of transformers to 480 volts for the fifty -kilowatt transmitter, 220
volts for the five -kilowatt transmitter, and 220-110 volts for lighting
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and other power needs for the station. The high voltage plate trans-
formers for the fifty -kilowatt transmitter also are installed in this
vault.

The fifty -kilowatt transmitter is a Western Electric type 306A

modified for high fidelity operation. The circuit essentials of the trans-
mitter are given on Fig. 7. Modulation takes place at low level by the
Heising method in a fifty -watt amplifier where the modulating signal
is received from the output of a 250 -watt, tube. The latter is driven by

fifty-watt,a audio -frequency amplifier, and a fifty -watt radio-frequency
amplifier drives the modulating -amplifier tube. :1 quad z crystal con-
trolled oscillator and a buffer comprise the initial stages of the carrier -
frequency circuit., and two stages of intermediate power amplification
follow the modulating amplifier stage. The final stage of amplification
employs six thirty-five kilowatt, vacuum tubes.

This transmitter embodies the first. application to broadcasting of
the principle of stabilized feedback.' This type of feedback effects a
marked improvement in frequency response and at, the same time
greatly reduces the distortion and noise components which appear in
the output of conventional amplifiers. In its application at WOR, a
small part of the transmitted signal is rectified and reintroduced" with,
and approximately in phase opposition to, the program signal at the
audio input to the transmitter.

Two mercury-vapor tube rectifiers, one producing 1600 volts and
the other 17,000 volts direct current, furnish plate power to all tubes.
The auxiliaries include motor generator sets for grid -bias and filament
supplies, pumps for the water-cooling and circulating system, and the
necessary switch gear. The 17,000 -volt rectifier employs six twenty -
ampere tubes in a conventional circuit. Each tube is equipped with a
relay which removes power in case of an arcback and indicates its
operation by means of a signal light. A spare rectifier tube is kept in
readiness for connection into the circuit as a replacement for any of
the operating tubes.

Each water-cooled amplifier tube also is equipped with an individ-
ual overload relay and signal lamp. These, together with other lamps
which indicate various operating conditions, make up a total of thirty-
one signal lamps on the control panel, completely supervising operation
of the equipment. In addition to the protection afforded by the in-
dividual tube overload relays, the apparatus connected between the
final amplifier stage and the antenna. is protected against damage from

1 H. S. Black, "Stabilized feedback amplifiers," Elec. Eng., vol. 53, p. 114;
January, (1934).

2 J. C. Schelleng, U. S. Patent No. 1,534,2S7.



1074 Poppelc, Cunningham, and Kishpaugh: WOO

power arcs following a flashover of insulation due to lightning transients
or other causes.

This protection is provided by a device which functions to remove
the carrier for an instant succeeding a flashover in any part of the cir-
cuit. The device makes use of the fact that in the final power amplifier,
the grid and plate voltages are proportional and opposite in phase so
long as the output circuit is properly adjusted. Two high reactances,
L1 and L2 in Fig. 8, are connected to the grid and plate circuits, and
their common point is connected to ground through a detector. With

INPUT

TO
BUFFER

AMPLIFIER
CONTROL

OUPUT

Fig. 8-Circuit of the D-98505 transmission line protection equipment.

the reactances of these coils chosen to be in proportion to the radio -fre-
quency grid and plate voltages, zero output is obtained from the detec-
tor when the output circuit is normal. Since the impedance of the out-
put circuit will be changed in magnitude or phase angle, or both, in
the event of a flashover in any part of the antenna system, the normal
phase and amplitude balance obtained in the detector circuit is de-
stroyed, and the detector functions to operate a relay located in the
power amplifier unit. The operation of this relay causes immediate
removal of the carrier by removing plate voltage from the amplifier
tube immediately following the crystal oscillator. As soon as the carrier
is removed the protective system ceases to be energized, and this plate
voltage is restored after a delay of approximately a fourth of a second,
which permits the arc to clear in the antenna system with an almost
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Fig. 9-Rear view of transmitter showing rectifier, switching
unit, and high voltage filter.

Fig. 10-Basement view showing motor generators, cooling
water hose troughs, and wiring ducts.
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unnoticeable interruption of the program. At the same time the Opera-
tor is informed by a signal light that the protectiVe device has operated.

The apparatus comprising the radio transmitter is mounted on and
behind the eight panels, which face the transmitter room. The high
voltage rectifier tube unit, filter coil, condensers, and contactors are
located within an enclosure formed by these panels on the front and
glass partitions on the other three sides. As will be seen in Fig. 9, all
busses and transmission lines have been concealed so that no inter-
connections appear outside the transmitter units.
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Fig. 11-Diagram of equipment and circuits at New York studios.

Generators, pumps, and power transformers are located in conven-
ient rooms and vaults in the basement. Troughs and metal ducts are
suspended from the ceiling below the transmitter units, as shown in
Fig. 10, to carry the water hose and interunit wiring. The distilled
water flowing through the high power tubes is passed through an inter -
cooler in which the heat is transferred to a secondary flow of water and
subsequently dissipated in the cooling pond.

The New York studios of WOR, are located at 1440 Broadway.
Eight studios are provided to accommodate the several types of pro-
gram, and each is equipped with a control booth from which the
operator has a view of the studio through a plate glass window. Fig.
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11 is a block schematic diagram of the system installed here with one

typical control booth shown in detail. Each control booth with one

exception contains a control unit on which is mounted the microphone

mixing potentiometers, master gain control, switching keys, the volume

indicator and an amplifier bay which contains a low level and a high

level amplifier and associated power equipment, a meter for measur-
ing plate currents, a jack panel, and a line equalizer for incoming pro-
gram lines from remote pickup points. A monitoring loud speaker in-

corporating a low -frequency and a high -frequency dynamic unit is
part of each booth equipment.
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Fig. 12-Diagram of speech input equipment and circuits at
the WOR transmitter station, Carteret, New Jersey.

The output of the high level amplifier in each control booth is fed
into the master control room, where it is carried through a variable
attenuator to a relay which connects it either to the input of the line
amplifier or to a 500 -ohm resistor depending upon whether or not the
studio is supplying program. Eleven of these attenuators and relays
are provided in the master control room; eight are connected to local
studios, two are used for incoming chain programs or remote pickups,
and one is connected to the program line from the Newark studios,
programs of which are transmitted through the New. York control
room. The relay circuits are connected to the line amplifier which feeds
the direct line to Carteret. Another similar amplifier is bridged across
the output circuit and supplies programs over an emergency circuit
routed through Newark to Carteret.
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A block diagram of the station speech input equipment at Carteret
is shown on Fig. 12. This consists of two identical amplifier channels,
one connected to the regular program circuit and the other to the emer-
gency circuit. The program circuits, shunted by line equalizers, are
connected through impedance matching networks and gain controls
to the line amplifier. The output terminals of the amplifiers are con-
nected to two branches of a Y type resistance network, the third
branch of which feeds a second Y type network. The other two branches
of the latter supply audio input to the fifty -kilowatt transmitter and
to the five -kilowatt emergency transmitter. By means of switches either
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Fig. 13-Circuits used for measurements.
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program channel may be connected to either radio transmitter. Moni-
toring loud speakers similar to those in the studios are used both in
the control and in the transmitter room for aural monitoring. These
loud speakers may be used to monitor the program either at the input
or at the output of the radio transmitter. Provision has been made for
the use of local microphones at the station for programs which it may
be desirable to originate there and in case of emergency. A studio room
with full acoustic treatment has been provided for this purpose.

In order to insure that all parts of the system were properly co-
ordinated and adjusted, extensive measurements were made as soon
as the equipment, was completed.
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The method of making these measurements and the circuit for ob-

taining the over-all characteristics of the system is given on Fig. 13.

In measuring the program circuits a transmission measuring set was

used at each end of the circuit. This is a thermocouple type instrument

with self-contained calibrating circuit and a meter calibrated in dec-

ibels above and below one milliwatt. The range of the instrument is

extended by means of a pad, so that levels ten decibels above one milli -

watt may also be measured. In making the measurements the oscillator

output was adjusted to provide a one-milliwatt level into the line re-

peating coil at the various frequencies for which the characteristic

was required. At the receiving end an attenuator between the line

amplifier and the transmission measuring set was adjusted to give a
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nected to the output terminals of the modulation meter. The audio-

frequency input to the radio transmitter was adjusted to give 100 per
cent modulation, as indicated by a cathode-ray oscillograph. The per-
centage of modulation was determined by readings of a Western Elec-
tric 700-Avolume indicator for other levels at which distortion measure-
ments were made. The accuracy of this instrument is within two per
cent for comparative readings. The distortion produced by the trans-
mitter when modulated by various frequencies ranging from fifty to
7500 cycles is plotted in Fig. 15. The increase in distortion at low fre-
quencies is due in the main to characteristics of the power supply,
which can probably be modified to effect an improvement. The rise at
the high -frequency extreme is of little significance, because these fre-
quencies rarely, if ever, appear at levels which produce the high degrees
of modulation shown.
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Fig. 15-Audio distortion measurements.

10,000

Noise levels were measured with a program circuit noise meter
connected to the output terminals of the modulation meter. This in-
strument contains a weighting network which has been found upon
exhaustive program tests to simulate the interfering effect of noise
components upon the average listener.' The radio transmitter was
modulated at 100 per cent with a 1000 -cycle signal, and the audio -fre-
quency output level was measured. The modulation was then removed,
and the gain of the noise meter was increased until the same meter
reading was obtained. The level of the noise below complete modula-
tion was equal to the difference in settings of the attenuator of the in-
strument. Noise measurements were made by beginning with the
transmitter and adding an element of the system with each reading
until the entire system was included in the circuit under measurement.
The noise level of. the entire system from microphone to antenna was
found to be approximately sixty-two and five -tenths decibels down

3 E. L. Owens, "The relative importance of frequency components of noise
in radio broadcasting equipment," Pick -Ups, February, (1936).



Poppele, Cunningham, and Kishpaugh: WOR 1081

from the level required for complete modulation. In the transmitter
alone the noise level measured in a similar manner was seventy-six
decibels down.

The concluding test of system performance was a field intensity
survey conducted to determine the actual distribution of ground plane
radiation from the antenna array. A large number of readings were
taken about the antenna at distances ranging from one-half to one and
one-half miles. These observed values were corrected for distance to
correspond to the intensity at one mile from the antenna but not cor-
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Fig. 16-Observed distribution of radiation from the WOR directional array.

rected for attenuation. While it is generally necessary to correct also
for attenuation, preliminary tests showed that this factor was negligible
at the distances at which measurements were made. The distribution
pattern resulting from this test is shown on Fig. 16.

This station was placed in regular service March 4, 1935. An exten-
sive field survey covering a number of states was made during May
and June, 1935, which shows that the selection of station site and an-
tenna type fulfills all expectations. Listener response has been very
satisfactory, and an analysis of the statistics has shown excellent cor-
relation with the survey.
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ULTRA -HIGH -FREQUENCY TRANSMISSION BETWEEN
THE RCA BUILDING AND THE EMPIRE STATE

BUILDING IN NEW YORK CITY*

BY

P. S. CARTER AND G. S. WICKIZER
(R.C.A. Communications, Inc., Rocky Point and Riverhead, L.I., N.Y.)

Summary-Propagation between these two buildings at a frequency of 177
megacycles has been studied with the object of providing a radio circuit with flat

' response over three megacycles. It was found that the received signal arrived over
several paths, some of which were due to reflections from ground and from near -by
buildings. The effects on the indirect rays of horizontal and vertical directivity, and
change in angle of polarization were observed. The theoretical response curve for an
assumed combination of rays was compared with the curves obtained experimentally.

HE propagation studies discussed in this paper were undertaken
in connection with providing a radio circuit for the transmission
of television images from the studios in the RCA Building to the

transmitter in the Empire State Building. A relatively high carrier
frequency was required to transmit both side bands at modulation fre-
quencies up to 1.5 megacycles, and to minimize man-made noises
generated in electrical equipment. A frequency of 177 megacycles was
selected to avoid possible interference from the Empire State televi-
sion and sound transmitters which will operate in the neighborhood
of fifty megacycles.

The two buildings are approximately 4600 feet apart, and are con-
siderably higher than the buildings lying directly between them. Over
this relatively short path, between high buildings, the signal at the
receiver would be expected to consist of a direct and a number of re-
flected rays. The effect of this combination of rays on the radio circuit
response curve was investigated in an effort to provide a flat response
curve over a frequency band at least three megacycles in width.

During this investigation, the receiving antenna was located in a
small balcony outside of the eighty-fifth floor, on the north side of the
Empire State Building. The transmitting antenna and transmitter
were located first on top of an elevator shaft at the fourteenth floor
level of the RCA Building, and later moved to a large balcony at the
sixty-seventh floor.

The transmitter was a line controlled master oscillator, followed
by a power amplifier stage. Frequency variation was accomplished by

* Decimal classification: R113.7X R423.5. Original manuscript received by
the Institute, June 22, 1936.
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a micrometer adjustment on the oscillator line, and the power output

was held constant by adjusting the output coupling for constant
antenna meter reading.

The receiver was a double superheterodyne, equipped with hetero-
dyne oscillator, followed by an audio measuring unit. Both diode cur-
rent and heterodyne output were observed as a check on the receiver
output. The receiving antenna was located a fraction of a wave length
from the building wall. At this small distance the phase change between
direct and reflected waves is small for a frequency range of three or
our per cent.

S

Fig. 1-Direct and reflected ray paths.

Fig. 1 is a sketch showing the direct path and some of the possible
indirect paths when transmitting from the fourteenth floor of the
RCA Building to the eighty-fifth floor of the Empire State Building.
The actual conditions are very much more complex than shown here.
Fig. 2 is a photograph looking toward the RCA Building taken from the
eighty-fifth floor of the Empire State Building, while Fig. 3 is a photo-
graph taken from the fourteenth. floor of the RCA Building looking in
the opposite direction. From an inspection of these pictures it is ap-
parent that the signal at the receiver might be made up of a large
number of rays. This is possible because there exist surfaces on the
various buildings, which lie at almost every conceivable angle.. With
the transmitter located at a relatively low level, the length of the path
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Fie. 2-View from receiver toward transmitter.

Fig. 3-View from transmitter toward receiver.
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of the indirect ray lying in the vertical plane is not greatly different
from that of the direct ray. However, reflected rays from objects lying
off to the sides from the direct path may be of much greater length
than the direct ray.

Fig. 4 is a response curve when using simple half -wave dipoles at
both ends of the circuit. It was found necessary to install a copper
sheet reflector behind the transmitting antenna, to eliminate reflec-
tions from the building wall, which was several wave lengths behind
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Fig. 4-Response curve with half -wave dipoles at transmitter and receiver.
Horizontal polarization, transmitter at fourteenth floor.

the antenna. With such an antenna system, the transmitted pattern is
independent of reflecting surfaces behind the antenna. At first sight
this curve appears difficult to interpret, there being no definite regular-
ity to the maxima or minima. Let us for a moment, consider the process
of combination of the various rays making up the resulting received
signal. A disturbance leaving the transmitting antenna at the time
will arrive at the receiving antenna, at the time t-l-d/c where (1 is the
distance traveled and c the velocity of light. 11 we represent the
electric field of the wave at the transmitter by Pici'" then, at the re-
ceiver it will be represented by Eem" dio or, in other words, the phase
lag in traveling the distance d is co(d/(:). NOW, if We have two rays
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which travel distances differing by a distance X, the phase angle differ-
ence g6. then becomes

61X 277f
= -f-a=

where a is the phase change due to reflection from any surface. Then

27,-X 27-X df
dc/) = (if = radians.

X f
Expressed otherwise, the change in phase angle dcb, for a. change in

frequency df, is equal to the product of the path difference expressed

11

Fig. 5-Vector diagrams showing change in resultant voltage with frequency
variation when reflected rays are present.

in terms of angle, multiplied by the ratio of the change in frequency
to the frequency. For instance, if we have a path difference of ten wave
lengths or 3600 degrees between two rays, a one per cent change in
frequency will cause a phase change of approximately thirty-six de-
grees.

The signal strength resulting from the combination of a direct and
several indirect rays is equal to the vector sum of a fixed vector and
several other vectors rotating at angular velocities corresponding to
the rate of change of phase with frequency given by the above relation.

Fig. 5 shows four combinations of a fixed vector of unit amplitude
and three rotating vectors having amplitudes of 1/8, 1/12, and 1/20;
and angular velocities in the ratios of three, thirteen, and thirty-one.
Between successive diagrams, the angle of the slowest rotating vector
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has been advanced fifteen degrees which, for a 0.1 per cent change in

frequency corresponds to a path difference of 41.7 wave lengths. The

continuous curve of the resultant obtained from this process is shown

in Fig. 6. Comparing this curve with Fig. 4, certain similarities will be

noted which indicate that the experimental curve is the resultant of a
direct and several indirect rays having considerable difference in length

of path. With the particular conditions existing in these tests, such
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Fig. 6 Curve constructed from vector diagrams shown in Fig. f.

differences in path would be expected only between rays arriving at,
relatively wide angles.

From the frequency range between successive maxima of 0144 type

of curve, the limits of variation in angle at which the indirect, rays are
arriving. may be estimated. Theoretically, an indirect ray having a
given length of path might be reflected from any point on all ellipsoid
having tilt! Lraln-Ini[1,ing and receiving antennas as focuses, -.However,

when the antennas have reflectors behind them, the angles of the in-
direct rays with respect to the direct ray are limited to values less than
ninety degrees. In a plane containing the two antenna wires this angle
is further limited due to the fact that little radiartion or reception is ob-
tained at angles ill the vicinity of ninety degrees to the direct, ray.
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Since the curve of Fig. 4 indicates indirect rays arriving at wide
angles, the introduction of moderate directivity at either or both
transmitter and receiver should materially reduce the rapid variations
in the response characteristic. In order to study the effect of an increase
in directivity in the horizontal plane, a transmitting antenna having
a radiator one wave length long, fed at the center and located in front
of a copper reflector, was set up as shown in Fig. 7. The response curve

Fig. 7-Experimental directive transmitting antenna with reflector.

obtained with this antenna is shown in Fig. 8. It is apparent that the
rapid variations have been considerably reduced, but there are certain
frequency ranges where the variation in signal strength has been in-
creased. From a study of vector diagrams such as previously described,
it can be shown that although the removal of one or more indirect rays
will usually give a general improvement over a wide range of frequency,
such a removal may cause wider variation over certain small frequency
ranges.

To reduce further the strength of the indirect rays, a directive
antenna arrangement was placed at the receiver. This consisted of two
half -wave dipoles lying end to end and separated by a distance of one
and one-half wave lengths between centers. Using this antenna and the
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directive transmitting antenna previously described, the curve shown

in Fig. 9 was obtained. It will be noted that this curve shows consider-

ably less variation than the curve of Fig. S.
Since the reflections in these tests come from surfaces having all

sorts of shapes and positions, we should expect a difference in the re-
sults with a change in the polarization. To investigate such a change,

a half -wave dipole was arranged vertically in front of a copper reflec-
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Fig. S-Response curve with directive transmitting antenna and half -wave re-
ceiving dipole. Horizontal polarization, transmitter at fourteenth floor.

tor, for transmission. For reception, a vertical half -wave dipole was
placed a few feet from the building. The results are shown in Fig. 10.
This curve is of a different shape and has a much greater variation
than the curve of Fig. 4 taken with the same antennas oriented to give
horizontal polarization. This difference is probably due to a number of
factors, among which are some change in directivity, and changes in
both phase and amplitude upon reflection. In general, the phase of a
wave after reflection, when polarized in the plane of incidence is op-
posite to the phase when polarized at right angles to the plane of in-
cidence.

When the receiving and transmitting antennas are both at great
heights above the intervening buildings, the geometry of the ray paths
is considerably different than that where one antenna is at a relatively
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low altitude. The path lengths for indirect rays, lying in the vicinity of
the vertical plane passing through the transmitter and receiver, are
greatly increased and become a major factor in the determination of
the resulting signal strength. Also, there is an increase in the number
of surfaces having proper angles to reflect. energy to the receiver be-
cause of the fact that a large number of objects, which were formerly
obscured by near -by buildings, are now brought into view from the
transmitter location.
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Fig. 9-Response curve with directive transmitting and receiving antennas.

Horizontal polarization, transmitter at fourteenth floor.

14 16 18 20

These effects were investigated by locating the transmitter on a
balcony at the sixty-seventh floor of the RCA Building. When facing
the Empire State Building at this height, one gets an impression of
practically all other buildings being down rather than off to the sides.
This impression of height is conveyed by the photograph taken from
the Empire State Building.

With the same horizontally polarized directive antennas referred
to in connection with Fig. 7, the data shown in Fig. 11 were obtained.
The receiving antenna was a single half-wave dipole. It will be noted
that the slower variation is of considerable magnitude, and corresponds
to a path difference of approximately 59X or about 328 feet. With the
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transmitter at a height of 900 feet, the receiver at a height of 1000

feet, and a distance between buildings of 4600 feet, this path difference

might naturally he assumed to he due to reflection from a horizontal

surface at a height of about 100 feet and located in the vicinity of 2200

feet from the RCA Building. The angle of such a ray would be about

20.5 degrees to the horizon. If such an assumption is correct, a receiv-

ing antenna which has minimum pickup at this angle in the vertical

plane should eliminate this variation in signal strength.

100
tll090
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o 80
a_
co 10
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5o
>4°

- 3o
a)

a 20
10

0
0 2 0 8 to 12 14 10 18 2o 22 24 20 28 3o 3''.. 34 %

182Mc Transmitter Frequency Adjustment tin.

Fig. 10 --Response curve with half -wave dipoles at transmitter and receiver.
Vertical polarisation, transmitter at, fourteenth floor.

Accordingly, an antenna consisting Of two parallel horizontal di-
poles spaced 1.43 wave lengths to give zero reception at, an angle of
20.5 degrees to the horizon was erected. Fig. 12 shows the curve result-
ing from the use of this antenna in conjunction with the same transmit-
ting antenna used for Fig. 11. It is evident that the indirect ray which
was assumed to be coming from a building roof lying in a line between
the two buildings, has been entirely eliminated. However, the curve is
still quite irregular due to side reflections.

:Horizontal directivity at both ends was also tried for this height.
The rapid variations were fairly well smoothed out as can be seen from

Fig. 13. 11 the proper vertical directivity had been included with the
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horizontal, the slow variation still remaining in this curve would no
doubt have been eliminated.

It has already been mentioned that, in general, the phase of a wave
polarized perpendicularly to the plane of incidence is reversed upon
reflection, whereas the phase of a wave polarized in the plane of inci-
dence undergoes no change. (The exception to this rule is when the angle
of the ray to the reflecting surface is less than the critical or Brewster
angle for a wave polarized in the plane of incidence.) If a wave is

too

s 5o
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0
0 2 4 6 8 to i2 i4 10 18 2o 22 24 26 '28 30 32 34 30

182n Transmitter Frecluencj Adjustment aerie

Fig. 11-Response curve with directive transmitting antenna and half-wave
dipole at receiver. Horizontal polarization, transmitter at sixty-seventh floor.

polarized at an angle of forty-five degrees to a reflecting surface; i.e.,
having equal components of electric force perpendicular and parallel
to the plane of incidence, the direction of the electric vector after
reflection is perpendicular to the direction before reflection. Now, if a
receiving antenna is oriented the same as the transmitting antenna,
the electric vector of the indirect ray will be at right angles to the re-
ceiving antenna conductor and can produce no current. The signal is
then due to the direct ray only and consequently will not vary with
frequency. A flat response characteristic would be expected if the trans-
mitting and receiving antennas were half -wave dipoles lying in a plane
at forty-five degrees to the horizon and all reflections took place from
ideal horizontal or vertical plane surfaces.
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Fig. 12-Response curve with directive transmitting antenna and vertical direc-
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Fig. 13-Response curve with directive transmitting antenna and horizontal
directivity at receiver. Horizontal polarization, transmitter at sixty-seventh
floor.
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The conditions encountered in this investigation fall far short of
such ideal assumptions, as is evident from the curve of Fig. 14, which
was taken with both transmitting and receiving antennas oriented at
an angle of forty-five degrees to the horizon.

The investigation which has been discussed, shows that, where the
frequency band is a substantial percentage of the carrier frequency,
variation in signal strength within the band may occur unless special
precautions are taken to eliminate the effects of indirect rays. A few

ioo
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TrAnsrnitter Trecluency Adjustment

Fig. 14-Response curve with directive transmitting antenna and half -wave
dipole at the receiver. Polarization forty-five degrees to the horizon, trans-
mitter at sixty-seventh floor.

MIL

indirect rays having amplitudes of the order of ten per cent or less of
the amplitude of the direct ray, may cause considerable variation in
the received signal.
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ELECTRON OPTICAL SYSTEM OF TWO CYLINDERS AS
APPLIED TO CATHODE-RAY TUBES*
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Summary-The electron beam of a cathode-ray tube is usually focused by

means of an electron optical system of two coaxial cylinders. This paper presents a

detailed treatment of such a focusing system and is divided into two parts.
Geometric electron optics of axially symmetric electrostatic fields is presented in

Part I: This part deals with (1) the analogy between light and electron optics, (2)
motion of electrons in axially symmetric electrostatic fields, (3) definition and
determination of positions of cardinal points due to axially symmetric electrostatic

fields, and (4) thick and thin lenses.
' The lenses equivalent to the electrostatic fields of two coaxial cylinders are dis-

cussed in, Part II. This part deals with (1) positions of cardinal points due to two
coaxial cylinders of various diameters and at various voltages, (2) use of suchcardinal

points, (3) experimental determination, of positions of cardinal points, and(4) spheri-
cal aberration of electrostatic field due to two cylinders.

The results are applied to the cathode-ray tube, throughout the discussion.

INTRODUCTION

THE exacting demands on cathode-ray tubes used for present-
day purposes require that the tube designer have a clear and de-
tailed understanding of the operation of the tube. It is very

convenient to treat the operation of a catliode-ray tube in terms of
geometric electron optics. In geometric electrOn optics use is made of
the well-known fact that the trajectory of an electron in electrostatic
fields is similar to the trajectory of a ray of light in refractive media.
Because of this similarity the concepts of geometric optics such as
lens, focal length, etc., may be transferred to electrostatic fields. From
this point of view a cathode-ray tube is nothing else but. an axially
symmetric optical system.

Fig. 1 gives the cross section through the axis of a cathode-ray tube.
The whole electrostatic focusing system associated with the various
electrodes may be considered as two axially symmetric electrostatic
lenses, one existing close to the cathode and caused by the potentials
on the cathode grid and first anode, and the other existing near the
end of the first anode and caused by the difference in potential between
the first and second anodes.

* Decimal classification: R388. Original manuscript received by the Institute,
June 22, 1936.

Presented to the Faculty of the Moore School of Electrical Engineering
of the University of Pennsylvania in partial fulfillment of the requirements for
the degree of Doctor of Philosophy.
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The discussion in this paper will be limited to the second lens. For
the purposes of this paper the first lens' may be considered as concen-
trating the electrons emitted by the cathode into a small new source
which serves as the object for the second lens. The second lens then
images this object on the fluorescent screen producing the visible spot.

"/"St .4nocte
Cati"-ill:

A,-

_

gnoce- Aquadav on aiccs

az

Fig. 1-Cathode-ray tube.

I. ELECTRON OPTICS OF AXIALLY SYMMETRIC ELECTROSTATIC
FIELDS2

In the early part of the nineteenth century, William Hamilton
showed that a strict analogy exists between the path of a ray of light
passing through refracting media and the path of a particle passing
through conservative fields of force. The track of an electron moving
through electiostatic and magnetostatic fields is, therefore, similar to
the track of a ray of light passing through refracting media. Geometri-
cal electron optics is the name given to the subject dealing with .the
paths of electrons in electrostatic and magnetostatic fields when con-
sidered from the point of view of geometrical optics.

Analogy of Electron and Light Optics
The principle of least time may be taken as the basis of geometrical

optics. This principle states that the path of a ray of light from point
A to point B is always such as to make the integral an extremal (usually
a minimum) with respect to all neighboring paths for rays of the same
frequency. The principle is usually stated as,

1 For an analysis of the first lens see I. G. Maloff and D. W. Epstein,
"Theory of electron gun," PROC. I.R.E., vol. 22, pp. 1386-1411; December,
(1934).

2 The theory of geometriCal electron optics has been developed by H. Bush,
Ann. der Phys., vol. 81, p. 976, (1926); Archiv. fur Elekt., vol. XVIII, p. 583,
(1927).

J. Picht, Ann. der Phys.,vol. 15, p. 926, (1932).
W. Glaser, Zeits. Phys., vol. 80, p. 451, (1933); Zeits. fur Phys., vol. 81,

p. 647, (1933); Zeits. fur Phys., vol. 83, p. 104, (1933).
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,u(p, x, y, z)ds = 0 (v = constant) . (1)
A

The principle of least action for electron velocities less than one
tenth the velocity of light states that an electron of total energy E,
kinetic energy T, and mass m moves through an electrostatic field with
potential energy TT (x, y, z) in such a way as to make the action integral,

SB=f2T di = [2m(E -
A A

over the actual path between the two points A and B an extremal as
compared with its value for all adjacent paths for the same value of
E. As the integrand [2m(E- V)]12 is identical With the absolute value
of the momentum p which the electron would assume at (x, y, z),
the principle may be stated as ! E'

E
6 p(E, x, y, z)ds = 0fA

(E = constant) . (2)

A comparison of (1) and (2) shows that the paths of an electron in
an electrostatic field may be identified with the rays of light in geo-
metrical optics if the index of refraction is chosen to be

.= k"[E - V]1P' = kip.= kv (3)

where k is a constant of proportionality an.d v is the speed of the elec-
tron. So the index of refraction at any point of an electrostatic field is
proportional to the speed of the electron at the point. If, as is custom-
arily done, the index of refraction is taken as a pure numeric then le
must have the dimensions of 1/v. The value assigned to k is of no im-
portance since only the ratio of /.4 at two different places is used, so that
if Ai and ,u2 are the indexes of refraction at two different places, the
relative index of refraction is,

112 kv2 V2= =
it1 kvi vl

(4)

Since the potential function V(x, y, z) is a continuous scalar func-
tion of position it follows from (3) that the index of refraction of an
electrostatic field is also a continuous function of position. Optically
speaking, this means that an electrostatic field constitutes an isotropic,,
nonhomogeneous medium for electrons (corresponding to a medium of
uniformly variable density for light rays.)
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is3

If a magnetostatic field be also present then the index of refraction

=
k[v (1-) 71)1

vI m
(5)

where (v  A) stands for the scalar product of the vectors 2-) and A,
where A is vector potential defined by the relation

H =curl A.

Equation (5) shows that /2 is a function not only of position but also of
direction. This shows that a magnetostatic field constitutes an aniso-
tropic medium for electrons (corresponding to a crystalline medium
for light.)

Here, the interest lies in electrostatic fields only and, therefore, no
more will be said of magnetostatic fields.

Axially Symmetric Focusing Systems
Therefore, certain forms of electrostatic fields will act as focusing

systems or "lenses" for electron beams, just as certain forms of refract-
ing media act as focusing systems for light beams. The forms of fields
required will depend upon the type of focusing.

For many purposes, as in the cathode-ray tube, the interest lies
in an electron focusing system having axial symmetry. Most optical
systems for light consist of a series of spherical refracting surfaces hav-
ing a common axis of symmetry called the optical axis. In the case of
light, however, the optical systems are usually such that the index of
refraction changes abruptly as light passes from one medium to the
other. In the case of electron optics, the index of refraction is a con-
tinuous function of position.

Fig. 2 represents a cross section through the axis of an electron
focusing system; the heavy lines represent two cylindrical, metallic
electrodes at the potentials T71 and V2, the light lines represent the
equipotential surfaces in the space (vacuum) between the electrodes.
From (3) it follows that each equipotential surface repres6nts a surface
of constant index of refraction. In Fig. 2 there are shown only a few

The Lagrangian function for an electron moving with the velocity
v( <0.1C) through electrostatic and magnetostatic fields is

L = znav2 -V - e(f,  A).
From which it follows that

aL
fpds = f-ds = f - -(v  A) Ids

av
and hence eauation (5).
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of the equipotential surfaces, actually there are, of course, an infinite

series of equipotential surfaces having a common axis. The electron
focusing system of Fig. 2 may, therefore, be considered as a very large

number of coaxial refracting surfaces.

First
Anode

V2 Seccrid /anode

v,

Fig. 2-Equipotential line plot of two cylinders.

To illustrate the focusing action of the electrostatic field consider
the artificial case of a spherical surface separating two media of differ-
ent indexes of refraction. Let S of Fig. 3 be such a surface, and let 1?

v,

Fig. Nlectron and reflection of, spherictil surface.

be its radius further let the electrostatic potential to the left of 8 be V,
and to the right, "2. Now consider an electron moving in the direction
PO wil,1, the velocity u,. As it, arrives at the surface a force normal to
the surface in the direction of R will aei, on it, and when it has passed
through the tiurface its velocity will have changed to, say, V2. The
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force being normal to the surface, only the component of initial velocity
viz normal to the surface will change; the tangential component of
velocity VT will be the same on both sides of the surface. From Fig. 2
it thus follows that

VT = v1 sin i = v2 sin r

where i and r are the angles of incidence and refraction, respectively.
Hence,

sin i v2 =
sin r vl

(a constant) . (6)

So, if v2/v1 be the index of refraction then (6) is the well-known law of
refraction.

It is instructive to express (6) in a different form. The work done
by the field on the electron when it goes from the first to the second
medium is e(V2 - VD. Then from the law of conservation of energy it
follows that

SO,

imv22 = imvi2 e(V2 -

V2 e(172= -= 1 +
ylMVI 2

(7)

If, further, the initial velocity of the electron v1 is that corresponding
to the voltage V1, then 1-m2)12=07i and

V2 ( V2 - VI)=-_ /1/1 +
2,1

V2- (8)

If V2 < V1, then V2 - V1 is negative and if in absolute magnitude
it is larger than lm(vi cos 02-the part of the kinetic energy of the elec-
tron corresponding to the normal component of its velocity-then the
electron will be shot back from the surface with its normal velocity
component reversed. The direction of the reflected electron makes
with the normal to the surface the same angle i as that of the incident
ray.

Potential of Axially Symmetric Electrostatic Fields

To determine the potential distribution in space due to assigned
potentials on axial symmetric electrodes it is necessary to solve the
reduced Laplace equation
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a2v 1 aTT a2v
4_ 0

(97.2 7. ar az2

1101

(9)

subject to the boundary conditions that V assume the given values of
potential on the electrodes. In general, it has not been found possible
to obtain a simple analytical solution of (9) subject to the actually
existing boundary conditions. However, the required solution of (9)
subject to the existing boundary conditions is easily obtained experi-
mentally. The equipotential line plot shown in Fig. 2 was thus ob-
tained.'

Of great significance is the fact that the potential distribution in
space is uniquely determined if the distribution of potential along the
axis together with its even derivatives are known. This is shown as
follows: Let V(r, z) be the required solution of (3), then due to the axial
symmetry one can expand V(r, z) into an infinite series containing
only even powers of r; i.e.,

V(r, z) = Vo(z) r2V2(z) r4TT4(z)  + r2"V2n(z) -I- . (10)

Substituting (10) into (9) and equating the coefficients of equal powers
of r to zero there results that

7.2 7.4

V(r, z) = Vo(z) - - Vo"(z) - Vo(4)(z) + 
22 2242

1) nr2n

2" 4' (2702
1702n(Z) - (11)

By setting r =0 in (11) note that V(0, z) Vo(z); i.e., Vo(z) repre-
sents the distribution of potential along the axis. So if the function
Vo(z) together with all its even derivatives are known, then the po-
tential distribution off the axis can be found by means of (11).

Equations of Motion of Electron
The equations of motion of an electron moving in a meridian plane

are
d2z av
dt2 az

(12)
der aTT

m = e -
dt2 ar

In terms of the axial distribution of potential these equations become
from (11)

4 E. D. McArthur, "A method of experimentally determining potential dis-
tribution," Electronics, p. 192, June, (1932).
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d'z
na =

in
der

dt2
= e

'(z)
r2

2

170 (")(Z) + 

(- 1)r2"
22 42 (2n) 2

170 ( 271-1-1) (z)

17o''(z) + T70 )(Z) + 
2 22.4

1)nl.2.71-1

V0(2") + 
22.42 (2n - 1)2  2n

Energy Equation

Adding the two equations (12) we have

(13)

ni[dz dz dr ( dr \i av- d - dz + -dr) = edV. (14)
di dt dt dt ) az ar

Equation (14) is exact and its solution is

1 1 ( dz 2+ / \ 2

2 2 L ) c-dt) 1= eV ± C

If the velocity 'of the electron is zero when V=0 then C = 0 and

1 2

-2niv2 = 2m[ -d
dtz

( -dr) = eV (15)

and,

v = 2 -e
in

(16)V = 5.95 X 107-VIT volts cm/sec.

If v = vo when V=0 then c=linvo2 and

2m(v2 - vo2) = eV .

If further the velocity vo be given in equivalent volts then ---invo2
-e(V0/300) and

e (V + VO)
vo = /1/2 = 5.95 X 10Y(V Vo) volts cm/sec. (17)

VVV in 300



Epstein: Cathode -Ray Tvbcs 1103

Differential Equation of Trajectory of Electron

It will now be shown that the trajectory of an electron traversing
an axially symmetric electrostatic field described by the potential func-

tion TT(r, z) satisfies the following differential equation:

d 'r + z.)21 ay dr + (1)21 = 0. (18)
2V az dz 2T' or

To show this note that

d'r d ( dr \dz d dr dz

(112 = dt dt) di dz dz dt

2 d21. dr dz d (
(9)

(It ) dz dt dz v dt )

d'z d ( dz dz d= - - (20)
dt2 dt di di dz (11

and that (15) may be written as

(dzdt)
2

rclr
2

2

[1 ±
dz)

1= eV .

From (19), (20), and (21) it follows that

(21)

e
2-T%

d'r der dr d2z
= (22)

d12 2 dz

Inserting into (22) the values of d2r/dt2 and d2z/dt2 as given by (12),
there results (18).

It is of interest to note that c/rn does not appear in (18), signifying
that the trajectory is the same for any charged particle. Further, it
is to be noted that (18) is homogeneous in V so that if the voltages on
the electrodes are all increased by a constant factor the trajectory of
the electron will remain unaltered. Equation (18) is also homogeneous
in r, z so that if all dimensions are increased by a constant factor then
the trajectory is also increased by the same factor.
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Paraxial Electrons

An optical system is usually described in terms of paraxial or first
order imagery. Actual imagery departs from paraxial imagery. Such
departures are described as aberrations.

The focusing action of an electrostatic field is similarly described
to a first approximation by considering only paraxial electrons. Par-
axial electrons are characterized by the fact that in calculating their
paths it is assumed that their distances from the axis, r, and their
inclination toward the axis, dr/dz, are so small that the second and
higher powers of r and dr/dz are negligible.

For the case of paraxial electrons (11), (13), and (15) become

T (r, z) = T7 o(z) (lip)
der

r12

dt2
= - e -

2
TTo"(z)

d2z
m = eT 70' (z)

dt 2

1 1 dz

2
-inv2 =

2
-
dt

= e170(z)

(13p)

(15p)

and the differential equation for the trajectory traversed by a paraxial
electron becomes from (18)

d2r Vo' dr T70"
r = O. (18p)

dz2 2 Vo dz 4V0

The letter p after the equation number is to indicate that the equations
so lettered are valid for paraxial electrons only.

. Equation (18p) (or equations (13p) ) may be taken as the funda-
mental equation of the electron optics of axially symmetric electro-
static fields.

The Two Fundamental Trajectories
Multiplying (18p) by \/V there results the self-adjoint5 equation6

dr V"
"(r) -E 2v/T7 dz+ 4-07 r

d/ dr\ T7"

= cl;.\/77-dz 4-07 r =
O.

See E. L. Ince, Ordinary Differential Equations, p. 215.
6 For the remainder of this paper V stands for the axial distribution of

potential.

(23p)
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Let ri(z) and r2(z) be two independent solutions of (18p) representing
the trajectories of two electrons then,

dr2
r2L(ri) - riL(r2) =

dz
r2

dz
- ri = 0. (24p)

Integrating this equation between the limit a and b there results that'

b dri dr2)ib
r2L(ri) riL(r2) } dz = [07 r2 ri - = 0

a dz dz a

substituting the limits,

-\/ V (b) r2(b)ri/(b) - (h)r2' (b)

1/17(a) r2(a)ri'(a) - ri(a)r2V) 1 (25p)

In particular let ri(z), r2(z), r'(z), and r2i(z) assume the following
values at a and b:

ri(a) = 111

ri'(a) = 0
7.2(a) 0

r2'(a) = tan (31

ri(b) = 0
ri' (b) = tan a2
r2(b) h2

r 21 (b) = 0

(26p)

then (25p) reduces to

4./V(b)h2 tan 132 .= NiF)1/1 tan )31. (27p)

The two trajectories ri(z) and r2(z) satisfying (26p) will be called
the two fundamental trajectories. Fig. 4 shows two fundamental tra-
jectories. Any two independent trajectories may be taken as the
fundamental pair; this particular pair is chosen because by means
of this pair the usual optical relations are easily obtained. Thus,
(27p) corresponds to Lagrange's law

/12/12 tan (32 .= Allo. tan )31.

Let fi and f2 be the focal lengths of the focusing system then (see
Fig. 4)

112fi - and
tan [A

hi

f2 -
tan fl2

(28p)

7 This discussion is limited to electrostatic fields having finite extension;
i.e., V =V(z) for a and V= constant for a Z z Z 13 and further a 5 a and
b



1106 Epstein: Cathode -Ray Tubes

by definition. Inserting (28p) into (27p) there results that

12 /17(b)
= A/

t V (a)

Equation (29p) corresponds to the well-known optical relation that the
ratio of the focal lengths of a system is equal to the ratio of the indexes
of refraction on the two sides of the system.

V (,) = C.ONSTANT

(1)

.Numenommmismia-

Further let

V@)

a

V(b). CONSTANT

V(b)

(2)

(29p)

12

Fig. 4-Two fundamental trajectories.

h1 h2
= and X2 =

tan 01 tan 132

then from (30p) and (28p) it follows that

Xi X2 = /1/2

(30p)

(31p)

X1 is the distance between an object and the first focal point and X2
is the distance between the image and the second focal point, if hi is
the height of the object and h2 is the height of the image. The magnifi-
cation is from (28p) and (30p)

h2= -= fl x2

12
(32p)

The points F1, F2, H1, and H2 shown in Fig. 5 constitute the set of
cardinal points of the focusing system. F1 and F2 are the first and
second focal points and Hi and H2 are known as the first and second
principal points, respectively.
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Equivalent Lens of Axially Symmetric Field

By determining the two fundamental trajectories ri(z) and r2(z)

one is enabled to determine the location of the cardinal points of the

focusing system; i.e., the location of the focal and principal points. A

knowledge of the location of these cardinal points is sufficient for the
determination of the paraxial focusing action of the field. It is therefore
permissible to replace the electrostatic field by the set of cardinal
points. This set of cardinal points constitutes a lens which may be
called the equivalent lens of the field.

(I)

v,

ir, vu

52

2

v,

x,

A

(2)

52 .1. xz
Fig. 5-Location of cardinal points.

It is thus seen that an electrostatic field having axial symmetry
will bring a paraxial electron beam to a focus. Fields possessing axial
symmetry may be produced by applying various voltages to electrodes
having geometric axial symmetry, such as coaxial cylinders, cones,
disks with apertures, etc. Fig. 6 gives the axial cross sections of several
focusing electrode combinations, together with the distribution of

potential along the axis.

Determination of Cardinal Points

It is now appropriate to consider in some detail how to evaluate the
focusing action of an axially symmetric electrostatic field; i.e., how to
find the cardinal points of the equivalent lens. Referring to Fig. 5 let
Si and 82 be two equipotential surfaces such that the space to the left
of Si is equipotential and is at potential Vi and the space to the right
of 82 is equipotential and at the potential V2. The potential in the
region between Si and 22 varies continuously, in some such manner
as indicated in Fig. 2. Then the paraxial electron (1) moving parallel
to the axis in the equipotential space to the left of Si will, after passing
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V2

v, V2

0V, V2

(a)

(b)

(c)

(d)

V2

V

VVI

V2

v;

Vi

V

0

Fig. 6-Types of electrostatic lenses.
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through the focusing system move in a. direction inclined at an angle
to the axis and will pass through the axial point F2. All paraxial elec-
trons moving parallel to the axis in the object space8 will pass through
F2. The point F2 is known as the second focal point. The plane passing
through the second focal point and perpendicular to the axis of sym-
metry is known as the second focal plane.

The plane perpendicular to the axis and passing through the point
of intersection of the original and final directions of motion of the
electron (1) is known as the second principal plane. The point of inter-
section 112 between the second principal plane and the axis is known as
the second principal point. The distance /12F2 denoted by f2 is known
as the second focal length.

Similarly, the paraxial electron (2) moving parallel to the axis
in the image space will after passing through the focusing system move
in a direction inclined to the axis, and will pass through the point Pi
in the object space. F1 is known as the first focal point. PI may also be
considered as that axial point in the object space from which all elec-
trons, after passing through the focusing system, are parallel to the
axis in the image space.

The plane perpendicular to the axis of symmetry and passing
through the first focal point is known as the first focal plane. The
plane perpendicular to the axis and passing through the point of inter-
section of the original and final directions of motion of the electron
(2), is known as the first principal plane. The point of intersection,
Hi, of the first principal plane and the axis is known as the first prin-
cipal point.

It is to be noted that in Fig. 5 the principal planes are crossed, that
is, the object and image spaces overlap. This is a. characteristic of lenses
having indexes of refraction different on the two sides. As any two elec-
trode electrostatic lenses will have the indexes of refraction (i.e., the
speeds of the electrons) different on the two sides of the lens, it follows
that any two electrode electrostatic lens will have its principal planes
crossed.

Use of Cardinal Points

Having the cardinal points of the lens one may now obtain either
graphically or by means of (31p) and (32p) the position and magnifi-
cation of a given object. Thus, in Fig. 5 let AB be an object from which
electrons issue (to make it more concrete let the object AB be an
aperture through which electrons are passing). Then a paraxial elec-

8 The region to the left of the plane HI is the object space and the region to
the right of H2 is the image space.
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tron coming from B and moving parallel to the axis will after pass-
ing through the lens go in the direction F2/3'. A paraxial electron issu-
ing from B in the direction BF, will after passing through the lens go
in the direction B"B'. Similarly, for every point of the object AB,
and so the inverted image A'B' is obtained. The ratio A'B'/AB gives
the magnification. The electron image of AB becomes visible if a
fluorescent screen be placed in the plane of A'B'.

Instead of obtaining the position and magnification of the object
graphically one can more simply obtain them with the aid of (31p)
and (32p). Thus, since the values of X,, f,, and f2 are known,
X2 the distance between the second principal plane and the image is
calculated fiorn (31p) as X2=f1f2/Xi and the magnification m is by
(32p)

fi X2
nt - - --

X .12 .

Similarly, if the position and size of the image are known, then (31p)
and (32p) determine the position and size of the object.

Types of Electrostatic Lenses

For purposes of identification several different types of electrostatic
lenses may be distinguished. By a unipotential lens shall be meant
one for which the potential (or the index of refraction) on the two sides
of the lens is the same. Whereas, if the potential on the two sides of the
lens is different, the lens will be called a bipotential lens. It is to be
noted that all two electrode lenses are bipotential. (See Fig. 6(a) and
(b).)

There is a third type of lens which is of importance in the field
of cathode-ray tubes; this is the immersion lens. This lens is character-
ized by the fact that the object is immersed in the lens. This is the
lens existing at the cathode of most cathode-ray tubes.' (See Fig.
6 (c) .)

A fourth type of lens which is mentioned but which is of little inter-
est here is the so-called aperture lens-see Fig. 6d. The only reason it is
here mentioned is that it is the only electrostatic lens of those men-
tioned that can be made convergent or divergent. The unipotential,
bipotential and immersion lenses are always convergent.

Thin Lens

In general, all lenses are "thick lenses." A knowledge of the posi-
tions of the focal and principal points is sufficient for the determination

Loc. cit., Fig. 11.
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of the focusing action of a "thick lens." To compute the positions of
the cardinal points it is necessary to determine the fundamental trajec-
tories. The calculation of the -fundamental trajectories is accomplished
by the integration of (187)).

A considerable simplification is effected by considering a lens as
"thin." A thin lens is one having negligible thickness along the axis
of symmetry and is characterized by the fact that the two principal
planes are assumed to coincide with (say, center of) the lens. The
paraxial focusing action of a thin lens may, therefore, be completely
determined as soon as the location of the lens and one of the focal
lengths, say f,, is known, for by (29p), f2 also becomes known.

Since for only a. lens of zero thickness will the two principal planes
coincide with the lens, a practical thin lens will only approximately
have the characteristics of the ideal thin lens.

For a thin lens the electrostatic field is confined to such a narrow
range of z that the electron is in the field for such a short time that r
remains sensibly unchanged during the time the electron is in the field.
Thus, let r =ro be the value of r when the electron is in the field, so
(18p) becomes

d'r 17' dr 1-',
ro = 0 .

dz2 2V dz 4 V
Let.,

\/17 dr I'
dz

then (18'p) becomes

( 1 8'7))

dP 17" -
dz 407 0.

Let the electrostatic field be confined within the narrow range
a <z 5 b then integrating between these limits

rb
Pb P. f dz = O.

a 407
Now consider an electron in the object space z <a moving parallel to
the axis at the distance ro from the axis then at a drldz =0 and so
P.= 0. At b the electron issues from the lens still at the distance ro
but with the slope dr/dz= -r'(b) so that

Ob VV(b)
b =

r.
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since,

1 r' (b)
by definition

f2 ro

SO,

1 1 rb v"_._ _dz.
f2 4-07 (b) J a -07.

From (33p) and (29p) it follows that

1 1 i b V"
dz.

A 4-VV(a) a \/T

By By partial integration it may be deduced that

dz = b ("2 dz .

VV- 2 a \1V3

So (33p) and (34p) become

1 1 (r)2
=

807(b) y-v3
dz

1 1 c (T ')2
______ dz.

fi 8-VV(a) a A/V3

(33p)

34p)

(35p)

(36p)

II. OPTICS OF Two OVERLAPPING COAXIAL CYLINDERS

The electron beam of a cathode-ray tube used for present-day pur-
poses is usually focused by means of two slightly overlapping coaxial
cylinders. Such a focusing system is shown in Fig. 2. As was shown in
Part I, one may, for paraxial purposes, replace this focusing system by
its four cardinal points constituting the equivalent thick lens.

In order to determine the fundamental trajectories, it is necessary
to solve (18p) or (9p). An exact solution of these equations is obtain-
able only for simple expressions for V(z). The distribution of potential
along the axis due to two coaxial cylinders of various diameters is
not represented by these simple expressions. If an analytical expres-
sion for V is available, then (18p) may be integrated in the form of an
infinite series.

There is no analytical expression for V(z) available in the case of
two long coaxial cylinders of different diameters. However, V(z) may
be obtained experimentally. But before (18p) is ready for solution,
it is necessary to know T"(z)( dV/dz) and V"(z)( = d2V/dz2). These
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may be obtained by graphical or numerical differentiation of V(:).
With 1-(:), I'', and V" known (18p) or (9 p) may he integrated by
:my step-by-step method of approximation.

If 1.(r, z), such as shown in Fig. 2, is determined experimentally
then one may measure the radii of curvature of the equipotential sur-
faces along the axis and obtain a relation between V' and V'' which
one may use as a check on the graphical or numerical differentiation.
The relation between the radii of curvature p along the axis and I"
and V" isl

2 l''(:)

P "

T.;lectroslotie Field of Two Cylinders

Consider the bipotential lens (Fig. 2) due to two long metallic
cylinders of diameters d1 and d2, and charged to potentials V1 and 1-2.9

If one of the diameters, say di, is chosen as the unit of length (in
both the r and directions) then a given ratio of cylinder diameters,
do/di always represents the same configuration of electrodes; i.e., two
cylinders, one having a diameter of unit length and the other having a
diameter of d2/d1 units of length. This unit we shall designate as the
gun diameter.

A given ratio of diameters, (12/d1, will for -given voltages V. and VI
always produce the same distribution of potential. Thus:, Fig. 2 repre-
sents the potential distribution for any d1 and d2 for which di is taken
as the unit of length and d_/d1 is that given in Fig. 2. The use of the
gun diameter as the unit of length greatly simplifies the presentation of
information. Thus the two fundamental trajectories and the accom-
panying cardinal points determined for given cylinder diameters d2 and
(11 are also the fundamental trajectories for all cylinder diameters (12'
and di' for which (12'/di' = (12/d1.

The differential equation (IS) for the trajectory of an electron re-
mains unchanged if one replaces V by kV. where is a constant. Hence,
the trajectory of an electron will remain unaltered if the voltages on
the electrodes are all multiplied by the same factor. The two funda-
mental trajectories and the accompanying cardinal points depend,
therefore, not on V1 or V2 but on 172/171. So that if the cardinal points
are determined for given potentials Vi and V2 they remain the same for
any "VI' or Vo' so long as Iro'/Vi'= V2/Vi. Hence, a given voltage ratio
and a given diameter ratio uniquely determine the positions of the

1 Loc. cit., Appendix IT.
9 The potential of the cathode is here taken as the reference of potential.
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cardinal points of the electrostatic field if the gun diameter be used as
a unit of length.

From the fact that the potential function is relative, it follows that
a given equipotential plot such as that shown in Fig. 2 is independent
of T71 or T72 but depends solely upon 171 - 172. So that a given equipo-
tential plot may be used for the determination of the fundamental
trajectories for any voltage ratio 172/171.

Hence, the important result that a given axial distribution of po-
tential (such as shown in Fig. 2) determined for two cylinders of

f2

p

F'

POSITION OF CARDINAL POI\ rs

A

Fig. 7-Position of cardinal points.

diameters d1 and c/2 and charged to potentials .171 and 172 enables one to
determine the positions of the cardinal points of an electrostatic lens
made up of two cylinders of diameters d2' and di' if (12'/d1' = d2/d1 and
with any voltages on the electrodes.

Cardinal Points of Electrostatic Field of Two Cylinders
From the equipotential line plots such as shown in Fig. 2, the

fundamental trajectories are calculated and the positions of the car-
dinal points are determined for a series of values of voltage ratios and
diameter ratios.

Fig. 7 shows the position" of the cardinal points for a given voltage
ratio and diameter ratio.

10 It is convenient to locate the focal points, Fi and F2, by their distances
from the end of the gun. Starting with Fig. 7, F1 and F2 are therefore indicated
as lengths.
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It is to be noted from Fig. 7 that (1) the principal planes are crossed,
that is, the object and image space overlap, (2) the focal length of the
image space f2 is greater than the focal length of the object space fi ;
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Fig. 8-Variation of optical constants with voltage ratio.

(3) the principal planes are located inside the first anode (for VI< V2).
These properties are inherent in a bipotential lens.

Fig. 8 shows how the cardinal points vary with the voltage ratio
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for a diameter ratio 3.60. It is seen that the focal lengths decrease, i.e.,
the power of the lens increases, as the voltage ratio is increased. Figs.
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Fig. 9-Variation of optical constants with voltage ratio.

9, 10, and 11 show the variation of positions of the cardinal points
with voltage ratio for different diameter ratios. Fig. 12 shows how the
cardinal points vary with the diameter ratio for a given voltage ratio.



Epstein: Cathode -Ray Tubes 1117

It should be clear that to a given voltage ratio and diameter ratio
there corresponds but one set of cardinal points if the gun diameter
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rig. 10-Variation of optical constants with voltage ratio.

be chosen as the unit of length. It is worth noting that a given ratio of
diameters determines the shape (curvature) and the distance between
the refractive (equipotential) surfaces (sec Fig. 2), while the voltage



1118 Epstein: Cathode -Ray Tubes

ratio determines the indexes of refraction between the various sur-
faces

The curves of Figs. 8, 9, 10, and 11 show how the cardinal points
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Fig. 11-Variation of optical constants with voltage ratio.

vary when 172/171 and d2/d1 are varied. From these curves one can
determine how the cardinal points vary by varying only one of the
variables Vl, V2, d1, and d2 and keeping the other three constant. Thus



Epstein: Calhork-llay Tubcs 1119

by increasing V., keeping 171, d1, and d2 constant, 172/171 increases

and the focal lengths decrease, by increasing V1 the focal lengths are

increased. By increasing d2, d2/d1 increases and so the focal lengths
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Fig. 12-LYariation of optical constants with diameter ratio.

are increased, and by increasing di, c12/d1 decreases and so decrease

the focal lengths. It must be carefully noted, however, that by in-

creasing d1 the unit of length is increased.
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Use of Curves of Cardinal Points

As an example to illustrate the use of the curves of Figs. 9 to 12
consider the cathode-ray tube shown in cross section in Fig. 1. Suppose
it were found that in order to obtain the minimum spot on the screen
with 1000 volts on the first anode it is necessary to have 5000 volts
on the second anode. Further let d2=3.5 cm and d1=1.5 cm. Then
from Fig. 9 note that for d2/d1 = 2.3 and 172/171= 5.

fi = - 2.5 gun diameters = - 3.7 gun diameters

f2 = + 5 . 6 gun diameters F2 = + 3.5 gun diameters

(It must be remembered that these cardinal points hold only for par-
axial electrons; in order to use these cardinal points it is, therefore,
necessary to have the aperture Al sufficiently small so as to permit
only paraxial electrons to enter the lens.)

Let q, the distance between the screen and end of gun, be 15 gun
diameters, then,

!X2 = q - F2 = 15 - 3.5 = 11.5 gun diameters.

So by (31p)

fife - 2.5 X (+ 5.6
=

x2 -1- 11.5
1 . 2 gun diameters.

and p, the distance between object and end of gun is

p = F1 = - 1.2 - 3.7 = - 4.9 gun diameters.

By means of (32p) the magnification of the object is determined.
Thus,

2 . 5
7/2, -= = -2.1

° 1.2

and if the size of the spot on the screen is measured to be 0.5 mm then
the size of the object being imaged on the screen is 0.5/2.1 = .24 mm. So
by knowing 172/171, d2/ di, q and the size of the spot one can by means
of the curves of Figs. 8 to. 11 and equations (31p) and (32p) deter-
mine the position and the size of the object that is imaged on the
screen.

A knowledge of the positions of the cardinal points permits one to
give quantitative answers to the following questions: What will be
the effect on the spot size of a given tube if
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(1) the length of the first anode is varied
(2) the diameter of the first anode is varied
(3) the diameter of second anode is varied
(4) the ratio of voltages on the two anodes is varied
(5) the distance between the screen and gun end is varied.

It is to be noted, however, that in order to keep the object focused on
the screen (minimum spot on the screen) it is necessary to change at
least two of these variables. Thus, if in the above example, the length

2
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rig. 13-Magnification and voltage ratio vs. object distance.

of the first anode is changed, it will be necessary to change V2/171 or
gun screen distance in order to keep the minimum spot on the screen.

The calculation of the effect of the various variables is, therefore,
not straightforward but ,requires several trials. Thus, in order to use,
the curves of Figs. 8 to 11 to calculate the effect on the spot size if the
length of the first anode is changed, while the remaining dimensions
in the tube remain unaltered, it is first necessary to know the voltage
ratio for the new object distance at which the spot is focused. To get
around this difficulty note that with a given ratio d2/di and given q
V 2 /1 I can be calculated as a function of 'p and to each p (and the cor-
responding 172/171) a magnification. can be calculated so that the curves
shown in Fig. 13 may be plotted. Fig. 13 then gives the change in spot
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size and voltage ratio caused by a given change in object distance. The
curves of Fig. 13 hold for a given image distance; similar curves can
be calculated for other image distances.

Thin Lens
If the object and image are at large distances from the end of the

gun then to a fair approximation the two principal planes may be
assumed to coincide and to be located at the end of the gun. Under
these circumstances, the following simple formulas apply:

-VVa Vb N/Va Nrrib= = (37p)
p q f2

and,

q /Va
m = (38p)

p Vb

where p and q are the object and image distances measured from the
end of the gun and fi is the first focal length which may be calculated
from the formula for the focal length of a thin lens given by (33p).
For this case it is not necessary to determine the fundamental trajec-
tories.

A much better approximation
to assume that the two principal planes coincide, but to assume the
thin lens to be situated between the two principal planes of the thick
lens. Here the above formulas still apply if p and q are measured from
the assumed position of the thin lens instead of from the end of the pin.
For this case it is necessary to determine one fundamental trajectory.
It is seen from Figs. 8 to 12 that this thin lens is situated about 1.5
gun diameters inside the first anode.

Experimental Determination of Cardinal Points
The position of the cardinal points may be determined experimen-

tally if the magnification is known for two given positions of object
and image. Thus, in Fig. 7 let AB, representing a fine wire mesh of
known dimensions, be the object. The object is "illuminated" with elec-
trons originating at a cathode to the left of AB, and is imaged on a
fluorescent screen. Let the distance between the mesh AB and end of
gun be p, the distance between end of gun and fluorescent screen be q,
and the magnification with which the mesh is imaged on the screen be
m. Then from Fig. 7 and the relation for magnification

X2= - - (32p)
/2
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p = -1-- = /71
m

q = X2 + F2 = -mf2 ± F2 

(39P)

(40p)

Then if PI, g1j and mi correspond to one position of the object and
p2, q2, and m2, correspond to another position of the object (for the
same lens; i.e., the voltage ratio and diameter ratio being fixed), then
it follows that

pi - p21
11 =mime

M1 - m2

- q
12 -

2

=

F2 =

M2 -

mlpl - m2p2

ml - M2

m2qi - M1q2

M2 - M1

(41p)

(42p)

(43p)

(44p)

Equations (41p) to (44p) allow one to determine the positions of all
the cardinal points provided the sets of conjugate quantities piqimi
and p2q2m2 are known. An obvious method for determining these quan-
tities is to use a tube having two independently moving parts; the ob-
ject mesh and the fiuoresceni screen on which to image the mesh.
It is very difficult to build a tube with two independently moving
parts which move over considerable distances.

1OBIECT MESH

Fig. 14 --Gun with sliding mesh.

IL is relatively simple, however, to build a tube with one moving
part and especially so if the moving part is the object mesh. Fig. PI
shows the cross section of a gun having a moving mesh. The mesh is
welded onto an aperture cup which slides inside the gun by merely tilt-
ing the tube. The position of the mesh inside the gun is indicated by an
index Oil the outside of the gun which is calibrated.
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To determine the two sets of quantities poor, and p2q2m.2hy 111(':111s
of a tube having only a moving object, one nut proceed as follows:
The gun is inserted inside a glass blank with the screen at a known
distance, say q,, from the end of the gun. The voltage ratios required
to focus the mesh on the screen and the magnifications of the mesh
are then noted for various known positions of the mesh. The results
are then plotted as shown by the curves pi and nil of Fig. 15. The same
gun is then inserted into a blank with the screen at a different distance,
say q2, from the end of the gun. The measurements are repeated with
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Fig. 15-Magnification and object. distance vs. voltage ratio.

this blank and the results plotted as given by the curves in2 and p2
of Fig. 15.

The positions of the cardinal points may then be calculated by
means of (41.p) to (44p) and the four curves (pi)(mi)(p2)(7n2) of Fig.
15. To do this it is necessary to choose the quantities ill and p along
a vertical line corresponding to a given voltage ratio.

The curves of Fig. 15 were determined, by the method just de-
scribed, for a lens corresponding to a diameter ratio of 1.5.

The accuracy of determining the positions of the cardinal points
by means of (41p) to (44p) depends greatly upon the accuracy with
which the quantities p2- q2-q1, and 7112-m, may be determined
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from the curves of Fig. 15. A glance at the curves will show that
the accuracy of the quantity p2 P1 is rather poor, since it is the differ-
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ence of two nearly equal quantities. The quantities q2-gi and m2 -m1
are quite accurate; however.
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To avoid the use of the quantity p2-pl one may, instead of using
(41p) to (4:4p) proceed as follows: Determine f2 by means of

- q2
12 =

ni2 - 9)21

fi is then determined by the relation

-fi = 1
fz

/172
-171

(4 2p)

(20p)
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Fig. 17-Magnification vs. object distance.

and the quantities F1 and F2 are determined by

fi fi
= pi -= P2 -

1112

F2 = mif2 = q2 + 111212

(457))

(46p)

wherein f2 and fi are the values obtained by means of (42p) and (29p).
The focal lengths and the positions of the focal points determined

as described above are shown plotted in Fig. 16. In Table I, the values
of f1,12, F1, and F2 determined from the experimental data are com-
pared with the theoretical values taken from the curves of Fig. 10. The
agreement is within experimental error.
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The data as plotted in Fig. 15 are useful only for the determination
of the positions of the cardinal points. The data have been replotted
in Figs. 17 and 18 showing how the magnification and the focusing
voltage ratio vary with the position of the object (or gun lengths) for
three positions of the screen (or gun -screen distances). These curves
are very useful as gun design information.

The method described above determines the positions of all the
cardinal points and, therefore, determines the thick lens equivalent
to the focusing field. If the object and image are sufficiently distant

7'7

I G 0

0.0
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18-VolLag; r, Li° vs. of ject distance.

from the lens we may to a fair approximation consider the lens as thin
and situated between the two principal planes of the thick lens. The
position and the focal lengths of the thin lens may he determined
experimentally by simply -noting the distance between object and
image, magnification, and voltage ratio at, which the object is focused
On the sC1'0011.

iii
valen thin and let and

he the ()Idea find image distances mensured from the thin lens. The
following thin lens relations then npply

/
/1/ - =-= -

(17p)
171
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v V2
= nt /V-

u V1

Besides these the following two relations also hold:

u v = d

f2 /V2
T71

where d is the distance between object and image.

(48p)

(49p)

(50p)

f2

V

B'

'A

PO5177014 OF THIN LEN5E

Fig. 19 -Position of thin lens.

It follows from (48p) and (49p) that

d

T72
1 ±

T71

TABLE I

(51p)

V.ITi, A
Experimental Theoretical

Si
Exp. Theo.

F2
Exp. Theo.

F1
Exp. Theo.

4.5 4.9 5.1 -2.3 -2.4 2.9 3.2 -4.1. -3.85.0 4.4 4.7 -2.0 -2.1 3.0 2.9 -3.7 -3.45.5 4.2 4.3 -1.8 -1.9 2.3 2.7 -3.3 -3.16.0 4.0 4.1 -1.7 -1.7 2.0 2.4 -3.0 -2.86.5 3.8 3.9 -1.5 -1.5 1.8 2.1 -2.7 -2.6
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As u is the distance between object and lens, (51p) permits one to
determine the position of the lens. Substituting (51p) and (49p) into
(4'7p) there results that

= =- u (52p)

m4
/72 + 1 + 1

Equation (52p) determines the first focal length; it is seen from (52p)

that for large magnifications

u. (53p)

The second focal length is determined by (50p).
It is thus seen that to obtain the position of the thin lens and

the two focal lengths fl and 12 it is merely necessary to know (1) d, the
distance between the object (mesh) and the image (screen), (2) m,
the magnification of the object, and (3) V2/V1 the voltage ratio re-
quired to focus the mesh on the screen.

Using the data of Fig. 15, the position and focal lengths of the thin
lens were calculated by means of the above relations. Fig. 20 gives the
position and the focal lengths as functions of the voltage ratio. Compar-
ing Figs. 10 and 20, it is seen that the thin lens is situated between the
two principal planes of the thick lens.

Defects of Electron Focusing System

The defects may be roughly classified as:
(1) Those associated with construction.
(2) Those associated with aberrations.
(3) Those associated with space charge or mutual repulsion be-

tween the electrons in the beam.
The defects of the first class may be caused by:
(a) The two focusing cylinders not being coaxial.
(b) Cylinders being out of round.
(c) Cylinders and apertures not being coaxial, etc.

These defects may all be overcome by a more careful construction of
the tube. In what follows it will be assumed that the tube is well con-
structed.

The defects due to space charge will not be discussed in this pk)er.

Aberration

In optics it is customary to speak of first, third, fifth, etc., order of
imagery; paraxial imagery being synonymous with first order imagery.
Third order imagery is usually considered as first order imagery upon
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which are superimposed third order monochromatic aberrations.
Similarly, with the fifth and higher orders of imagery. The number and
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complexity increase rather rapidly with the order: of imagery, so that
the usual treatment of the aberrations limits itself to the aberrations
of the third order,
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There are five monochromatic aberrations due to third order im-
agery. These are:

(1) Spherical aberration
(2) Coma
(3) Astigmatism
(4) Curvature of the field
(5) Distortion.

Besides these monochromatic there are two chromatic aberrations.
For these it is usual to assume paraxial imagery and to deduce the aber-
rations from the variation of the indexes of refraction with the wave
length of light.

Similarly, one may speak of first and higher orders imagery in
electron optics. Thus, one may speak of the various orders of imagery
according to the number of terms that one uses in the expansion for the
potential (equation (11) ). For first order imagery (paraxial) only the
first term was used, assuming that the radial force on an electron
(equation (13p)) is proportional to its distance from the axis. For third
order imagery the second term would be included, etc.

A first order or paraxial discussion of a focusing system is an ap-
proximate description of the imagery which is very useful for most
purposes, but is not sufficiently complete to serve as a basis for the
final design of a cathode-ray tube. The assumptions underlying
paraxial imagery are true only if the aperture of the lens and the size
of the object are very small. To obtain the necessary current in the
beam it is necessary to have quite a large aperture. Therefore, the
imagery actually existing in cathode-ray tubes departs from paraxial.
For a final design it is, therefore, necessary to know the aberrations of

the focusing field.
The task of theoretically determining any of the monochromatic

aberrations for a particular case is extremely difficult and of little
use. The only practical method available for determining the aberra-
tions in any particular case is the experimental. The chromatic aber-
rations are negligible in cathode-ray tubes.

Of the five monochromatic aberrations enumerated above, it is
only the first three that affect the definition of the image points. The
last two affect Only the position of the image point. The size of the
object of the final focusing field of a well -designed cathode-ray tube is
about 0.1 millimeter. If the gun is well lined up one may consider the
small object to lie wholly on the axis. In this case, the electrostatic
lens focusing the very small object will display spherical aberratkm
only. If the gun is not well lined up, .then the small object will lie off
the axis and the lens will also display coma and astigmatism. Coma
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and astigmatism may be present even though no spherical aberration
is present.

Spherical Aberration
In the case of a well -designed and well -constructed cathode-ray

tube, the only aberration (neglecting space charge) damaging the spot
size is spherical aberration. It is, therefore, essential to determine
the amount of spherical aberration present in various lenses, used in
various manners. Third order imagery limits itself to small apertures.
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Fig. 21-Imaging in the presence of spherical aberration.

z:

In the experimental determination of the spherical aberration, it is
not necessary to limit oneself to the third order imagery.

In the presence of spherical aberration, all electrons coming from an
object point on the axis do not recombine at one point on the axis, as
paraxial theory predicts, but rather intersect the axis at various dis-
tances as shown in Fig. 21. In Fig. 21, I represents the paraxial image of
0, and /Li, /L2 are defined as the longitudinal spherical aberrations
and /Ti, /T2 are defined as the transverse spherical aberration for the
various apertures. The longitudinal spherical aberration is said to be
positive if as in Fig. 22 Li and L2 are to the left of I and negative if
to the right of I. The transverse spherical aberration is said to be
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positive for electrons T1 and T2 and negative for T1' and T21. The
heavy vertical lines in the image space represent the disks of least con-

fusion.
Let r be the distance between any electron and the axis at the end

of the gun (see Fig. 21) and let L be. the longitudinal spherical aber-
ration for the electron of height r, then,

L = (127-2 + acrG + .

That L is a function of only the even powers of r follows from the fact
that L is the same for plus or minus r; i.e., L is the same for an electron
above or below the axis. Similarly if T represents the transverse spheri-
cal aberration then

T = air -1- 03r3 abr' + . .

since a change in the sign of r changes the sign of T only.
It is to be noted that the effect of spherical aberration is perfectly

symmetrical, that is, the disks of least confusion, which represent the
minima spots possible with the given amount of aberration, are per-
fectly symmetrical about the axis.

Experimental Determination. of Transverse Spherical Aberration

The type of gun used in the determination of the transverse spheri-
cal aberration is shown in Fig. 22. Fig. 23(a) represents the appearance
of the spots on the screen when 12 = VI. If there were no spherical
aberration all the spots would, on focusing, unite to form the small
paraxial image spot. Fig. 23(b) shows the appearance of the screen
when the electrons issuing from the central 0.040 -inch aperture are
focused. In Fig. 23(b) it is seen that due to the spherical aberration
the nonparaxial electrons are already overfocused when the axial elec-
trons (those passing through the central 0.040 -inch aperture) are just
focused. The transverse spherical aberration is thus directly obtained
from Fig. 23(b).

Fig. 24 shows how the transverse spherical aberration for the vari-
ous image distances and diameter ratios varies with the width of the
beam at the end of the gun. The curves of Fig. 24 may be fairly well
represented by the first two terms of (2). The width of the beam at
the end of the gun is obtained from Fig. 23(a) and from the given posi-
tions of aperture and screen.

As shown in Fig. 21 the plane containing the disk of least confusion
occurs nearer the lens than that predicted by paraxial theory. If the
focusing voltage ratio is set for the paraxial image, then the disk of
least confusion will occur between the end of the gun and the screen.
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Fig. 22-Gun used for determination of spherical aberration.
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In other words, the spot on the screen is overfocused. To focus the disk
of least confusion on the screen, it will be necessary to lower the voltage
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Fig. 24-Spherical aberration vs. beam width.

ratio. Fig. 25 shows the variation of the voltage ratio required to focus
the disk of least confusion for various beam widths. The voltage ratio
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required to focus the disk of least confusion and the size of the disk
were determined by simultaneously focusing to a minimum spot the
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Fig. 25-Voltage ratio vs. beam width.

beams passing through the central 0.040 -inch aperture and two or more
of the other apertures, considering the center of the central spot (spot
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formed by beam through 0.040 -inch aperture) as the center of the
disk of least confusion.
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The size of the disk of least confusion represents the minimum
spot obtainable. Fig. 26 shows the variation of the size of the disk of
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least confusion with the ratio of the beam diameter at the end of the
gun to the gun diameter.
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Fig. 27 shows the same curves given in Fig. 26 plotted in terms of
the paraxial image size. Fig. 27 shows the very interesting results that
the disk of least confusion, measured in terms of the paraxial size of the
image, is independent of the image distance; i.e., of the type of tube.
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MAGNETRON OSCILLATORS FOR THE GENERATION OF
FREQUENCIES BETWEEN 300 AND 600 MEGACYCLES'

BY

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

Summary-The need for vacuum tube generators capable of delivering appre-
ciable power at frequencies from SOO to 600 megacycles is pointed out and the negative
resistance magnetron is suggested as one of the more promising generators for this
purpose.

An explanation of the negative resistance characteristic in a split -anode mag-
netron is given by means of a special tube which makes possible the visual study of
electron paths. In this manner it is demonstrated how most of the electrons starting
toward the higher potential plate reach the lower potential plate.

From the static characteristics it is shown how the output, efficiency, and load
resistance can be calculated, and from this analysis it is concluded that the negative
resistance magnetron is essentially a high efficiency device at low frequencies.

Measurements of efficiency at ultra -high frequencies are given for several
magnetrons under various operating conditions. It is concluded from these measure-
ments that the decrease of efficiency at very high frequencies is mainly due to electron -
transit -time effects. A general curve is given showing efficiency as a function of the
"transit -time ratio." This curve indicates that for a transit time of one -fifteenth of a
period, approximately fifty per cent efficiency is possible; for one -tenth of a period,
thirty per cent; and for one -fifth of a period, the efficiency is essentially zero.

Two methods are described for increasing the plate -dissipation limit. One method
is that of increasing the effective heat -dissipating area by the use of an internal cir-
cuit of heavy conductors. The other method is that of a special water-cooling arrange-
ment which also makes use of the internal circuit construction.

Examples of laboratory tubes are illustrated, including a radiation -cooled tube
which will deliver fifty watts at 550 megacycles and a water-cooled tube which will
deliver 100 watts at 600 megacycles.

I. INTRODITCTION

ripHE demand for more ultra -high -frequency channels has necessi-
tated the development of generators for frequencies of higher
and higher order. This development has progressed in two direc-

tions; the extention of the upper frequency limit of conventional oscil-
lators and amplifiers, and the investigation of other types of generators
especially adapted to ultra -high frequencies, such as Barkhausen-
Kurz oscillators,' and magnetron oscillators.

* Decimal classification: R355.9. Original manuscript received by the Insti-
tute, March 10, 1936. Presented before Tenth Annual Convention, Detroit, Mich-
igan, July 1, 1935.

1 H. Barkhausen and K. Kurz, "Shortest waves obtainable with valve
generators," Phys. Zeit., vol. 21, pp. 1-6; January, (1920).
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A review of the work done shows a tendency to concentrate on the
second line of development with an emphasis on obtaining the very
highest frequencies rather than on obtaining appreciable power at fre-
quencies just above the limit, of conventional tubes. As a result, little
work has been done until very recently towards the generation of
power at frequencies between 300 and 600 megacycles.

At the same time the advancement of the receiving tube art with
the introduction of the "acorn" type tube=' has made it, possible to
build practical receivers for frequencies somewhat. above 300 mega-
cycles. This fact brings nearer the practical utilization of these fre-
quencies and makes it more important to obtain satisfactory gener-

a

ators.
While considerable progress has been made in extending the useful-

ness of the feed -back oscillator above 300 megacycles, the possibilities
of other means of generation cannot be disregarded. One of the less
conventional means which shows promise from the standpoint of out-
put and efficiency is the magnetron oscillator.

Magnetron oscillators for generation of ultra -high frequencies can
be classed as "electronic oscillators".6.7.s.9 and "negative resistance"
oscillators,10 the former being of little importance in the frequency
range under consideration. However, for the sake of clearness both
types will be defined.

An electronic magnetron oscillator can be defined as one which oper-
ates by reason of electron -transit -time phetiomena and in which the
frequency is essentially determined by the electron -transit time. Al-

though this type of oscillator is capable of generating the very highest
frequencies obtainable with vacuum tubes, it has an inherently low

' B. ,T. Thompson and G. M. Rose, Jr., "Vacuum tubes of small dimensions
for use at extremely high frequencies," PROC. I.R.E., vol. 21, pp. 1707-1721;
December, (1933).

' B. Salzberg and D. G. Burnside, "Recent developments in minature
tubes," PRoc. I.R.E., vol. 23, pp. 1142-1157; October, (1935).

This type of magnetron oscillator was first described in the literature by
Zacek' in 1924, and was later discussed in papers by Okabe,6 Yagi," Kilgore .8
Megaw,' and others. It is sometimes referred to as a "Magnetostatic oscillator."'

6 A. Zacek, "A method of generating short electromagnetic waves," Casopis
pro Peslouani Mathematiky a Fysiky (Prague), vol. 53, p. 378; June, (1924);
(summary in Zeit. fair Hochfreguenz., vol. 32, p. 172, (192S).

6 K. Okabe, "Ultra -short waves from magnetrons,'.' Jour. I.E.E. (Japan),
p. 575, June, (1927).

H. Yagi, "Beam transmission of ultra -short waves," PROC. I.R.E., vol.
16, pp. 715-740; June, (1928).

8 G. R. Kilgore, "Magnetostatic oscillators for generation of ultra -short
waves," PROC. I.R.E., vol. 20, pp. 1741-1751; November, (1932).

9 E. C. S. Megaw, "An investigation of the magnetron short-wave oscil-
lator," Jour. I.E.E. (London), vol. 72, pp. 326-343; April, (1933).

10 Otherwise referred to as a "dynatron magnetron"' and as a "Habann
generator."
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efficiency (approximately ten per cent) and a very limited output. At
frequencies between 300 and 600 megacycles, the possible output is
much smaller than that obtainable from the negative resistance
magnetron.

A negative resistance magnetron oscillator is defined as one which
operates by reason of a static negative resistance between its electrodes
and in which the frequency is equal to the natural period of the circuit.
In its usual form it consists of a cylindrical plate and coaxial filament,
the plate being split.into two or more segments. Both the two-segnient
and the four-segment11,12,13,14 form are being used with success, but in
this paper the discussion will be limited to the two -segment type.

The basic idea, of the negative resistance magnetron was disclosed
by Habann15 in 1924. Since that time a number of papers on the sub-
ject have appeared; notably those of Spitzer and McArthur,16 Megaw,°
and Slutzkin" and his associates. Although the present paper neces-
sarily covers some of the same ground as the previous papers, it repre-
sents an independent investigation of the subject by the writer in the
past few years:

It Is the object of this paper to discuss the two -segment negative
resistance magnetron with regard to mechanism of oscillation, limita-
tions in efficiency and power output at ultra -high frequencies, and its
application to generation of large power output at frequencies from
300 to 600 megacycles.

II. THEORY OF NEGATIVE RESISTANCE MAGNETRON OSCILLATORS

Before considering the negative resistance magnetron at ultra -high
frequency it is well to study the fundamental principles underlying its
operation.

The usual circuit of a split -anode magnetron oscillator is shown in

11 The four -segment construction appears to have been first mentioned in the
literature by Yagi7 and later discussed by Posthumous,12 Runge,'' and others.
Recently there has been considerable discussion as to whether the four -segment
tube can be classed as a negative resistance oscillator.14 The present writer feels
that there is enough difference between the two -segment and four-segment tubes
at ultra -high frequencies to warrant a separate treatment of the two types.

12 K. Posthumous, "Oscillations in a split -anode magnetron," Wireless
Engineer, vol. 12, pp. 126-132; March, (1935).

13 W. Runge, "Four -segment magnetron," Telefunken Zeitung, vol. 15, p. 69;
December, (1934).

14 E. C. S. Megaw and K. Posthumous, "Magnetron oscillators," Nature,
vol. 135, p. 914; June 1, (1935).
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Fig. 1. Oscillations can be started by applying a magnetic field of

proper magnitude parallel to the filament. The value of magnetic field

required is somewhat beyond the "critical" value, which is defined as
the field required to cause all of the electrons to miss the plate when

both plate halves are at the same potential. The expression for the
"critical field"" is

6.72
III = [-GO

Ra

where,

(1)

R a = anode radius in centimeters
//c= critical field in gausses
Eo =average plate potential in volts.

During the oscillation cycle, the instantaneous potentials on the
plate halves can be represented as shown in Fig. 2.

Fig. 1 Fig. 2
Fig. 1-Two-segment magnetron oscillator circuit.

Fig. 2-Instantaneous potentials on thp plate halves 'of a
two -segment magnetron oscillator.

It is possible to demonstrate the reason for oscillation by referring
to the volt-ampere characteristics, which can be shown in a number
of ways. Probably the best method of representing these character-
istics is illustrated in Fig. 3. For this example, a tube having a 0.5 -
centimeter diameter plate was used and the curves were taken for the
condition of 500 volts average plate potential and a magnetic field
equal to approximately 1.5 times the "critical field."

The method of taking these characteristics was to increase the
potential of plate A by increments and, at the same time, decrease the
potential of plate B by the same increments, so as to simulate condi-
tions during oscillation. When the currents to the plate segments are
measured, it is found that more current flows to plate B than to plate
A even though plate B is at the lower potential. Furthermore, as the
potential difference (EA -RB). is increased, up to a certain point, the
excess of current to plate B increases. The current (IA -1B) plotted

18 A. W. Hull, "Effect of a uniform magnetic field on the motion of electrons
between coaxial cylinders," Phys. Rev., vol. 18, pp. 31-57; September, (1921).
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against the potential (EA - EB) gives the curve OPB of Fig. 3, the
portion OP of which represents a negative resistance across the circuit.
This negative resistance is sufficient to account for ;elf -sustained oscil-
lations.

To understand why such a characteristic should exist, it is neces-
sary to study the electron paths under various potential conditions.
With equal potentials on the plate halves, and with magnetic field
beyond the "critical value," the electron paths are symmetrical curves
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Fig. 3-Static characteristics of a two -segment magnetron.

of the type shown in Fig. 4. However, when the plate halves are at
different potentials, say EA= +150 and EB = +50, the paths are more
complicated. An approximate idea of what an electron will do in this
case can be had by studying an electrostatic -flux plot as shown in Fig.
5. Consider first the case of an electron starting toward the high po-
tential plate. The electron after passing the slot plane will enter a low
potential region which decreases the radius of curvature and causes the
electron to curve back somewhat short of the filament. This results
in the electron describing one or more loops, finally landing on the
lower potential plate in most cases as shown in Fig. 5.

On the other hand, the electrons which start toward the lower
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potential plate will pass the slot plane into a higher potential region
with a resulting increase in radius of curvature, and a consequent en -

+100 ELECTRON
+150 ELECTRON

PATH PATH

A 140

130

120

110

100

90
8700

+100
+50

Fig. 4 Fig. 5
Fig. 4-Electron path in a two -segment magnetron when the plate halves are

at the same potential and the magnetic field is 1.5 times the critical value.
(In Figs. 4, 5, and 6 the lightweight lines represent equipotential surfaces.)

Fig. 5-Electron path in a two -segment magnetron when the plate halves are at
different potentials and the electron starts toward the higher potential
plate. Magnetic field 1.5 times critical value.

+150

140--

130

12 i
110

+50

ELECTRON
PATH

Fig. 6 Fig. 7
Fig. 6-Path of an electron starting toward the lower potential plate.

Magnetic field 1.5 times critical value.
Fig. 7-Photograph of ionized path of an electron stream starting toward the .

higher potential plate. Magnetic field 1.25 times critical. EA = +300 volts,
EB =, +250 volts.

circling of the filament as shown in Fig. 6. In this case, it is more diffi-
cult to say what the ultimate destination of the electrons will be, but
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it appears probable that these electrons will also eventually reach the
lower potential plate.

For an experimental check of these predictions, a special magnetron
was built which made possible a visual study of electron paths by gas
ionization. The cathode was constructed with a small emitting spot
and made rotatable so that the electrons starting in any direction
could be studied. Argon gas of a few microns pressure was used, which
made the electron beam just visible without essentially changing the
shape of the beam trace. The terminal spot of the beam was also made
visible by coating the plate halves with willemite.

this tube it was possible to illustrate beautifully the predicted
paths of the type shown in Figs. 5 and 6. In some cases of high mag-
netic field, as many as ten or more loops were observed. A typical
photograph of an electron -beam trace is shown. in Fig. 7 for the condi-
tion of EA = +300, EB= +250, and magnetic field equal to about 1.25
times the critical value. A systematic study was made of the electron
paths by varying the direction of emission, the ratio of plate potentials,
and the strength of magnetic field. The conclusion drawn from these
observations is that, for sufficiently high magnetic field (one and one-
half to two times critical) and with the ratio of EA to EB not too high
(less than four to one), most of the electrons arrive at the lower po-
tential plate no matter in what direction they started.

However, this fact in itself is not sufficient to explain fully the
negative resistance characteristic. In addition, the space -charge effects
must be considered. A complete analysis of the space -charge conditions
in a magnetron is too involved to be attempted here, but a qualitative
picture can be given as follows: With the magnetic field beyond the
critical value and the plate halves at the same potential, no electrons
will reach either plate; but as soon as EA is increased by an increment
and EB decreased by the same increment, some electrons will flow to
plate B as illustrated above. Because of the space -charge limitation,
however, the number of these electrons will be only a small fraction
of the total number. emitted from the filament. It is clear that the
space charge for a given current will be much higher than without
magnetic field because the electrons describe several orbits before
reaching the plate, thus contributing more to the space charge. Now a
study of the electron paths shows that an increase in (EA 13) causes
the electrons to describe fewer orbits. Therefore, an increase in (BA-BB)
will result in a smaller space charge and a, consequently, greater cur-
rent to B.

This analysis is sufficient to explain the negatiye resistance char-
acteristic such as is represented by the portion OP of the (IA-IB)
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curve in Fig. 3. The other part. of the curve, i"BI), can be explained

by the fact that, as the ratio of E,1 to En is increased, electrons even-
tually begin to arrive at plate A until, ultimately, more electrons are
arriving at A than at. B.

111. CALCULATION OF PERFORMANCE FROM THE VOLT-AMPERE

CHARACTERISTICS

Having PX111:1111(sd the Ils:I5011 for the typical volt-ampere character-
istics in a split -x1111(1(' magnetron it is interesting, next to use these
characteristics to ealculate the oscillator performance. In this analysis,
it is assumed that the transit. time is very small compared to a period.
Referring to the notation of Figs. I and 2 and let t ing =1;,,-}-L/2 sin u..1

and C n= En- E/2 sin cot, it is easy to derive the following expressions:

T  T
Plate loss CA1,011 -i-J cnindt

7' 0 0

E0 rT T

= 0(11 + (1..! - Sin ,,t(11. (2)
0 27' . 0

E T

Power Input = (1..1 in)ilt. (3)
T 0

E T

Power Output. (Po) = - - (i- i '--- in) sin wi dl. (4)
orr

E -1- T (Ili - i 8) sin 6.,:t dl
Efficiency = (5)

2E0 f ,,T. (1.1 - i 1)dt

E'
Load Resistance = (6)

2P0

It is clear that curves OPB and OC of Fig. 3 give all the information
necessary to calculate the above quantities. If an amplitude E is as-
sumed, the instantaneous values of (IA -in) and (i.4-FiB) can be read
from Fig. 3 and then, by numerical integration, power input and
power output can be evaluated from (3) and (4).

The conditions for maximum output and maximum efficiency can
be determined by taking several values of amplitude. This analysis
was carried out for the example of Fig. 3; the results are shown in
Fig. S. As could be expected, the peak output occurs at an amplitude
nearly equal to OP, and the maximum efficiency occurs at somewhat
lower amplitude.
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In general, it is found that as the magnetic field is increased the
crossing point B, of curve OPB, moves further out. The result is an
increase in maximum output and efficiency.

In the above example, the maximum efficiency is about thirty-four
per cent which by no means represents the best efficiency obtainable
in a tube of this type. Unfortunately in the example given, the static
curves could not be taken with higher magnetic fields because of
problems of oscillation and electron bombardment of the leads. With
higher magnetic fields, higher efficiencies may be expected. Megaw,°
in a similar analysis, has calculated efficiencies as high as forty-five
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Fig. 8-Performance curves of a two -segment magnetron, calculated
from the static characteristics.

per cent for a tube operating under somewhat more favorable condi-
tions than the above example.

IV. LIMITATIONS OF EFFICIENCY AT ULTRA -HIGH FREQUENCIES

Measured efficiencies of magnetrons at low and medium frequencies
agree well with those predicted from the volt-ampere characteristics,
but at very high frequencies it is found that the efficiency is con-
siderably reduced. An experimental study of the efficiency of several
magnetrons at very high frequencies was made to deteriniffe the main
causes of decreased efficiency.

The problem of measuring efficiency at frequencies above 300 mega-
cycles is very difficult because of the lack of a means of measuring
power output, which is accurate and at the same time flexible enough
to be used under a wide variety of conditions. The method finally
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adopted was that of absorbing power in a lamp previously calibrated

photometrically on direct current. The obvious error in this method is

the nonuniform heating of the lamp filament at high frequencies.

However, it is estimated that, by the use of specially designed lamps,

the error in the measurements was held to within plus or minus twenty

per cent.
Fig. 9 shows the measured efficiency as a function of frequency for

plate diameters of 0.5 and 1.0 centimeter. When these curves were

taken, the plate potential was held at 500 volts and the magnetic field
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Fig. 9-Efficiency versus frequency for two sizes of magnetrons operating
at the same plate potential.

was adjusted to give maximum efficiency at each point. The general

shape of the curves for the two tubes is approximately the same; but,

at a given efficiency, the frequency for the smaller plate diameter is
roughly twice that for the larger. This seems to indicate that the higher
efficiency for the smaller diameter tube is due to the shorter electron -

transit time, and suggests that the decrease in efficiency at higher fre-

quencies is because of the appreciable transit time.
If the efficiency is mainly a function of the ratio of transit time to

period, then it might be expected that, at a given frequency, the effi-
ciency will increase with plate voltage. This is borne out by the curve
shown in Fig. 10 where efficiency is plotted as a function of plate
voltage for a tube operating at 440 megacycles. The tube used in this
test had a plate diameter of 0.5 centimeter and was of the internal
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circuit construction described in Part V. The magnetic field for each
reading was adjusted for the best efficiency.
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To illustrate further the relation between efficiency and transit
time, the efficiency data of Figs. 9 and 10 with some additional data
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are plotted as a function of the ratio of transit time to period as shown

in Fig. 11. The value of transit, time used is an effective direct. current

transit time" given by the expression,

where,

R.
7'0 = 2.65 X 10-3 ____

%/E0
(7)

./? = radius of the plate in centimeters,
P.:0= direct -current. plate potential in volts,

To = effective transit. time in seconds.

The fact that all points from the several sources lie fairly close to a

smooth curve is good evidence that. the decrease in efficiency is, for

the most. part, due to transit,--time effects. Examination of the curve

shows that., if the transit -time ratio is below one -fifteenth of a period,

efficiencies as high as fifty per cent can be expected, and that., even at

one -tenth of a period, thirty per cent, efficiency is possible, but that.,

at one -fifth of a period, the tube will almost. fail to oscillate.2°

As a practical example, an efficiency of thirty per cent. can be ob-

tained at 600 megacycles with a tube having a plate diameter of 0.5

centimeter and a plate potential of 1500 volts.
Another factor to be considered in connection with attaining high

at ultra -high frequencies is the value of magnetic field re-

quired. It is possible to demonstrate that, for a given efficiency and

frequency, the value of the magnetic field.. is definitely determined,
regardless of what plate voltage or plate diameter is used. This can be

shown by expressing the transit. time. as a function of the magnetic

field alone. This is possible, since Eo and R. are connected through the

relation
6.72II= -\CIT0 (8)

where k in practice lies between 1.5 and 2.0. Substituting (S) and (7)

gives,
To kf
-= 17S0 X 10-'s

where,

(9)

19 The calculation of this transit time assumes a uniform velocity (vo = 5.95
X107 N7E0) and a semicircular path of a diameter equal to R.. This transit time
is equal to one half the orbital time of an electron traveling with a velocity vo
in a magnetic field 11,=6.72/R.

20 When this general relation is compared with the data given by Alegaw9
a fairly good agreement is found. A similar comparison with the work of Slutzkin
shows much poorer agreement, the efficiencies given by Slutzkin being generally
higher.
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f = frequency in cycles per second

= magnetic field in gausses
T
-= ratio of transit time to period.
T

This expression for transit -time ratio can now be combined with
the efficiency curve of Fig. 11 to give the magnetic field for any fre-
quency and efficiency. This relation can best be illustrated by a chart
of the type shown in Fig. 12. The values of magnetic field obtained from
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Fig. 12-Constant efficiency curves of a negative resistance magnetron showing
the magnetic field strength required for any given efficiency and frequency.

this diagram are only approximate because the value of k may vary
considerably in practice and because the efficiency measurements are
subject to a fairly large error.

It is interesting to compare the magnetic field required by a nega-
tive resistance oscillator to that required by an electronic oscillator
operating at the same frequency. If the comparison is made on the
basis of ten per cent efficiency (limit of electronic oscillator) it is found
that the negative resistance magnetron requires approximIttely four
times the field strength."

In the discussion so far it has been assumed that circuit loss plays
an unimportant role. This is contrary to the statement often made that

21 This follows from the approximate relation for electronic oscillators that
H = 12,000/X cm.
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circuit loss is the limiting factor in magnetron oscillators at ultra -high

frequencies. However, it has been the experience of the author that,

with proper care in design, circuits can be built which have negligible

loss even at 600 megacycles. This is accomplished by using close -

spaced leads to reduce radiation and by making the surface area of

the leads sufficient to give small high -frequency resistance. A very low

loss circuit has been obtained by the use of an internal copper circuit

which will be described in Part V. The conclusion can be drawn that

magnetron circuits can be designed so that the real limiting factor is

the electron transit time.

V. LIMITATIONS IN PLATE DISSIPATION

The preceding analysis has shown that, for high efficiency in the

300- to 600 -megacycle range, a small anode diameter is required (about

0.5 centimeter for 1500 volts). It has also shown that a high magnetic

field is required, a fact which limits the length of plate to a few centi-

meters for a magnet of reasonable dimensions. Both of these facts

definitely limit the plate size and, consequently, impose a serious limi-

tation on the possible plate dissipation. At first thought, it appears that

the maximum dissipation of such a tube would be of the order of ten

watts, but further study shows that this value can be increased by a

large factor.

INTERNAL CIRCUIT

RADIATION -COOLED

INSULATOR

Fig. 13-Sectional view of an internal circuit radiation -cooled magnetron for
obtaining high power at ultra.-high frequenciem.

Although the riiinensions of the plate cylinder are small, the radi-

ating surface can be increased ernisiderably by using a heavy walled

plate to increase the outside area. The surface can be still further in-

creased 1)y placing the oscillating circuit within the bull), as illustrated

in Fig. 1:i. conductors Of large cross section and good thermal

conductivity are used the whole circuit is essentially at the same tem-

perature, alirl its entire surface, is effective in radiating heat, In this

manner the radiating surface can be increased by n factor of the order

of twenty I.o one.22 Vig. iilostnitos n Lolae of this construction which

Silartiv prior to the. Lime iiiithor ennal.rur.trrl 1,lic tube of

[Ida type, Mr. I'. I). %ol,tu of Clint laltoriattry tIttaiyitul an int.nrnal circuit, mug-
intfron embodying the. principal Iciaurcti tloacrilual here.
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has a safe plate dissipation of 200 watts and will deliver an output of
about fifty watts at a frequency of 550 megacycles with an efficiency
of about thirty per cent. In this instance, the circuit was made of
copper, which not only gives good thermal conductivity but also re-
sults in a very low loss circuit. To increase the emissivity the outer
surface was carbonized. Incidentally; the carbonization may be ex-
pected to cause but little increase in the high -frequency resistance

Fig. 14-Photograph of an internal circuit radiation -cooled magnetron
oscillator for 550 megacycles.

because most of the current in such a structure flows on the inner sur-
face. The method of coupling this tube to the load was to use a parallel -
wire transmission line, the closed end of which was inductively coupled
to the internal circuit of the tube.

It is obvious that the internal circuit construction limits a given
tube to operation over a relatively narrow frequency band. However,
such a limitation may not be so serious in an ultra -high -frequency
tube as it would be in a tube intended for lower frequency applica-
tions. Moreover, it may be pointed out that, aside from the advantage
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of high dissipation, the internal circuit construction becomes a neces-

sity at frequencies around 400 megacycles, because of the impossibility

of building external circuit tubes which will tune to such high fre-

quencies.
To obtain still greater plate dissipation, it is necessary to resort to

the use of some cooling liquid such as water. The problem of water-

cooling in a split -anode magnetron for very high frequencies is not so

simple as in the conventional three -electrode tube. In a magnetron, the

power is dissipated over a comparatively small area. This makes it

necessary to conduct the heat away to a larger surface which can be

effectively water-cooled. There are a number of ways in which this

can be accomplished; one example is illustrated by Fig. 15. Here,

WATER JACKET INTERNAL CIRCUIT INSULATOR

LOAD LEADS

rommisritsmoswink___i
_, iiaiiiiiiiiiid/i1i7111

WATER-COOLED
GLASS

Fig. 15-Sectional view of one type of water-cooled magnetron for high
power at ultra -high frequencies.

also, an internal circuit of heavy copper conductors is used, but in this

case the circuit is conductively coupled -to the load by two leads
brought out in a plane at right angles to the plane of the filament

leads. Fig. 16 shows a photograph of a laboratory tube of this construc-

tion with an internal circuit and plate of approximately the same

dimensions as the radiation -cooled tube of Fig. 14. This particular

tube will dissipate more than 500 watts and will deliver an output of

approximately 100 watts at a frequency of 600 megacycles with an

efficiency of about twenty-five per cent.

VI. MISCELLANEOUS LIMITATIONS

Besides the factors discussed in the previous sections, there are
two other factors that limit to some degree the output obtainable from

a magnetron oscillator. One of these, existing in radiation -cooled tubes,

is the electron bombardment of the glass walls opposite the ends of the

plate due to the focusing effect of the magnetic field. A solution to this

problem has been found by adding shielding electrodes at the plate
ends. Shielding electrodes of this type can be seen in the illustration of

Fig. 14.
The other factor which is 91:11P'WhPit more Serious is a phenomenon
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termed "filament -bombardment effect." This effect, observed by the
author several years ago, has been mentioned by a number of writers
on magnetrons.23 The effect manifests itself as an increase of filament
temperature under certain conditions of high magnetic field and high

Fig. 16-Photograph of a water-cooled magnetron oscillator for 600 megacycles.
23 Megaw," Slutzkin22,22 and others have described this effect and Langmuirand Found27 have observed a related phenomenon in connection with electron

scattering.
24 E. C. S. Megaw, "A new effect in thermionic valves at very short wave

lengths," Nature, vol. 132, p. 854; December 2, (1933).
26 A. A. Slutzkin, S. J. Brande, and I. M. Wigdortschik, "Generation of

ion currents in high vacuum by the help of magnetic fields," Phys. Zeit. der
Sowietunion, vol. 6, pp. 268-279, (1934).

26 A. A. Slutzkin, et al., "Production of electromagnetic waves below fifty
centimeters," Phys. Zeit. der Sowietunion, vol. 6, pp. 150-158, (1934).

27 I. Langmuir, "Scattering of electrons in ionized gases," Phys. Rev., vol. 26,pp. 585-613, (1925).
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plate voltage, and sometimes results in unstable operation of the tube)
In extreme cases, the filament can receive sufficient energy from thel
plate circuit to permit operation of the tube with The usual filament
supply disconnected: The cause of this phendmenon hai riofbeen full
explained, but it appears to be due to a bombardinent ,of the filament
by electrons.

Although the filament-bombardMent effect is sometimes trouble-,
some, it can .generally be. avoided by using heavy. filaments and by -

operating the tube at somewhat reduced plate voltage and magnetic
field strength.

VII. CONCLUSION

- It has been demonstrated by theory and :experiment- that the -

negative resistance magnetron is essentially a high efficiency device
at low frequencies, and that the decreaSe of efficiency at high fre-
quencies is mainly due to transit -time effects.' As applied to frequencies
between 300 and 600 megacycles, it is showri that this type of oscillator '
can be expected to give efficiencies of the order of fifty to thirty per
cent. -

Methods are described by which the inherently- Small plate-dis- '
sipation limit can be extended by twenty to fifty times, and by which
it is possible to realize power ouputs of the' order of fifty :to. AO watts
in the 300- to 600 -megacycle range. The output and.. efficiencies ob-
tained compare favorably with. hose of conventional tubes .at much
lower frequencies,. but it is not' to be inferred that magnetrons will '

-necessarily supplant other types of generators. Problems of 'Modulation
and frequency stability. are still to 1 -,,,met and ;in some applications ,
the supplying -of a high .magnetic field may. b.e inconvenient.

In conclusion, the author wishes to point out- that the specific tubes
described are 'not to be regarded as commercial designs. They are,
rather, laboratory tubes built to demonstrate certain principles which,
it is hoped, will prove useful in future designs of ultra -high -frequency
generators.
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Pa., has issued Catalog V-50 covering various types of resistor units available
from that organization.
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Bulletin 60A and 60B of the Ward Leonard Electric Company of Mt. Ver-
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THIS is vacation time.
Millions of people are

away. Other millions are getting
ready for trips-to mountains and
seashore and lakes-to the country
or to foreign lands.

Distance doesn't matter any
more. Your family may be scattered
temporarily to the four winds-
children at camp, mother visiting
back home, father at the office-
but all may be reunited, instantly,
by the simple calling of a number.

The telephone helps in many ways
to make your vacation happy and

carefree. Say the word and it will
run down to the store and do your
last-minute shopping. Stop off at
the railroad, bus or steamship office
for information. Enable you to re-
serve hotel accommodations. Say
good-bye to friends or carry a re-
assuring word of your safe arrival.

Day or night you can be many
places-quickly, inexpensively-
by telephone.
OVERSEAS telephone
rates to most countries
are now reduced.

BELL TELEPHONE SYSTEM
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Leadership is Always on the Lookout
for

New and Better Products

Recognizing the need for better insulation for the grid cap on all
metal tubes, ISOLANTITE, INC., has produced an assembly to
meet this need. These manufacturers have already found that
ISOLANTITE grid cap assemblies improve their tubes.

ISOLANTITE bases for special tubes where low losses are of
paramount importance will be available soon
ISOLANTITE for both ends of the metal type tubes will assure
the best possible performance.

ISOLANTITE, INC., 233 BROADWAY, N. Y. C.
FACTORY AT BELLEVILLE, N. J.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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tr.Cbt 31nfAitutt of abio Cngineerfi
Incorporated

330 West 42nd Street, New York, N.Y.

APPLICATION FOR ASSOCIATE MEMBERSHIP
(Application forms for other grades of membership are obtainable from the

Institute)
To the Board of Directors
Gentlemen :

I hereby make application for Associate membership in the Institute of Radio
Engineers on the basis of my training and professional experience given herewith,
and refer to the members named below who are personally familiar with my work.

I certify that the statements made in the record of my training and profes-
sional experience are correct, and agree if elected, that I will be governed by the
constitution of the Institute as long as I continue a member. Furthermore I agree
to promote the objects of the Institute so far as shall be in my power, and if my
membership shall be discontinued will return my membership badge.

(Sign with pen)

(Address for mail)

(Date) (City and State)

Sponsors:
(Signature of references not required here)

Mr. Mr.

Address Address

City and State City and State

Mr.

Address

City and State

The following extracts from the Constitution govern applications for admission to the
Institute in the Associate grade:

ARTICLE II-MEMBERSHIP
Sec. 1: The membership of the Institute shall consist of:    (c) Associates, who shall be

entitled to all the rights and privileges of the Institute except the right to hold any elective
office specified in Article V.  * 

Sec. 4: An Associate shall be not less than twenty-one years of age and shall be a person who
is interested in and connected with the study or application of radio science or the radio arts.

ARTICLE III-ADMISSION AND EXPULSIONS
Sec. 2: "   Applicants shall give references to members of the Institute as follows:    for

the grade of Associate, to three Fellows, Members, or Associates;  *  Each application for
admission   * shall embody a full record of the general technical education of the appli-
cant and of his professional career.

ARTICLE IV-ENTRANCE FEE AND DUES
Sec. 1:    Entrance fee for the Associate grade of membership is $3.00 and annual dues

are $6.00.

ENTRANCE FEE SHOULD ACCOMPANY APPLICATION
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(Typewriting preferred in filling in this form) No.

RECORD OF TRAINING AND PROFESSIONAL
EXPERIENCE

Name
(Give full name, last name first)

Present Occupation
(Title and name of concern)

Business Address

Permanent Home Address

Place of Birth Date of Birth Age

Education

Degree
(college) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record may be continued on other sheets of this size if space is insufficient.

Receipt Acknowledged Elected Deferred

Grade Advised of Election This Record Filed
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NOTICE
To RCA Review

Subscribers
A notable new illustrated 460 -page book on television, con-

taining collected papers by RCA engineers on recent technical

developments, and statements by David Sarnoff on the future

of the new art, will be sent without extra charge to all subscrib-

ers to the RCA REVIEW.

TELEVISION, just off the press, will be invaluable to radio

enciineers as a reference work.

The first issue of RCA REVIEW, out in July, includes

original articles on electronics subjects by Dr. V. K. Zworykin,

H. H. Beverage, L. M. Clement and E. W. Engstrom, R. M.

Morris and others. The yearly (4 issues) subscription price is

$1.50 (outside of U.S., $1.85), including a copy of TELE-

VISION.

C A Institutes Technical Press
A Department of RCA Institutes, Inc.

75 Varick Street New York
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XIII



High Quality -Low Price

w
Extremely compact. Measures only
51/8" high and 2" in dia. for
smaller units. Larger units are
21/2" in dia. Neat. Add to trim
appearance of any assembly.

yOU named your own low price on
this popular oil -filled transmitting

condenser. How? Simply by declaring it
standard equipment, and ordering large
quantities. The current very low prices
simply reflect our mass production
economies.

But despite those very low prices,
AEROVOX round -can oil condensers
are a quality product. For instance:
Pure linen paper and foil section. In-
geniously reinforced winding to relieve
strain and eliminate troublesome plate
flutter.  Oil impregnated and oil filled.
Hermetically sealed aluminum can.
Seepage proof.  High-tension pillar
terminals. Mounting Rings.  Conserva-
tive ratings.

Available in 1000, 1500 and 2000 volt
ratings. In 1 and 2 mfd. for all voltage
ratings, and also 4 mfd. in the 1000 volt
rating.

Write for general cata-
log describing these

popular oil -filled condensers and all
other types of condensers, as well as
resistors. Meanwhile, do not hesitate to
submit any problems for engineering
aid and quotations.

DATA

AEROVOX CORPORATION
71 WASHINGTON STREET, BROOKLYN, N. Y.

Saks Offices in All Principal Cities

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Mechanical beauty
and accessibility are
features immediately ap-
parent at a glance in-
side the cabinet. The
exterior finish In con-
trasting black and gray
is conservatively modern
in appearance and sug-
gests technical efficiency
which Is more than skin
deep.

The Mixing Console
provides finger tip con-
trol of the six Input cir-
cuits and the three
main amplifiers. Oper-
ation of the system Is
clearly indicated by an
Ingenious system of pi-
lot lights and an ar-
rangement Is made so
that amplifier channels
can be instan-
taneously inter-
changed without
interruption of
program.

CAREFUL PLANNING OF FACILITIES in the

I2F Speech Equipment is of interest, but

more importance is the technical excellence

every amplifier and component part, each

of

of

of

which contributes toward unsurpassed per-

formance.

The I2F Speech Input Assembly is specifically

designed for broadcast stations desiring to trans-

mit, monitor and rehearse programs with one set

of equipment.

More elaborate arrangements of equip-
ment are available for large stations.

Specifications can be submitted after
study of individual requirements.

cons
RADIO COMPANY
CEDAR RAPIDS IOWA
NEW YORK CITY, II West Foriy-Ssaond Strut

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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THERE CAN BE BUT ONE LEADER!
Although more than 51 nations are
participating in the coming Olympics
with over 6,000 representative athletic
champions, there can be only one
leader in each event. In the condenser
industry . . . Cornell-Dubilier has
been the leader for more than twenty-
six years.

A leading representative of Cornell-
Dubilier's complete line of capacitors
this year is the Dykanol "A" series of
high voltage transmitting capacitors.
Nothing short of championship engi-
neering-nothing less than depend-

ability unmatched in the whole indus-
try-could place Dykanol "A" so far
out in the lead.

C -D Dykanol "A" condensers are
available in a complete capacity range
at voltages up to 100,000 volts, D.C.
These sturdy capacitor units are im-
pregnated with a special non -inflam-
mable liquid diphenyl and hermetical-
ly sealed in non -corrosive well insu-
lated metal containers. Complete tech-
nical information and listing will be
found in Catalog No. 127-yours for
the asking, of course.

CORNELL-DUBILIER CORPORATION
4319 BRONX BLVD., NEW YORK

CONEILL
When writing to advertisers mention of the Pkil.0 LELA NUS will be mutually helpful.
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Address Transmitter Section, RCA MANU-
FACTURING CO., Camden, N. J., or any
of these district offices: New York, 1270 Sixth

Ave.; Dallas, 2211 Commerce St.; Chicago,
111 No. Canal St.; San Francisco, 170
Ninth St.; Atlanta, 492 Peachtree St., N. E.
A Service of Radio Corporation of America

When writing to advertisers mention of the PaocEmnuGs will be mutlially helpful.
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SMALL PANEL

ELECTRICAL INSTRUMENTS

OF QUALITY

ACCURACY 2%

PRECISION
WITHOUT EXTRAVAGANCE

V;; LIE

Pizeciikm
ELECTRICAL INSTRUMENTS

IN 2", 3", 4" and 5" cases.
Voltmeters A.C. or D.C.; Milli -
voltmeters; Ammeters A.C.,
D.C. and R.F.; Milliammeters
and Microammeters A.C. and
D.C. Stocks maintained in all
popular ranges and models.
Quick deliveries on special
ranges or dials.

Triplett instruments are the last
word in quality. Incorporate the
latest improvements in ma-
terials and design, and manu-
factured in newly completed
dust controlled and tempera-
ture regulated factory.

Triplett can manufacture your
electrical instrument better at
lower cost. Our engineers will
gladly co-operate on any prob-
lem of design.

WRITE FOR INFORMATION

MAIL THIS COUPON
Triplett Electric Instrument Co:
218 Harmon Dr., Bluffton, Ohio
Without obligation please send me
New 1936 Catalogue.

Name

Address

LCity State

XVIII
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ENGINEERING DIRECTORY

QUARTZ CRYSTALS
for Standard or Special

Radio Frequency Applications

Write for Catalog

BLILEY ELECTRIC CO.
230 Union Station Bldg.

ERIE, PENNA.

Cathode Ray Tubes
and Associated

Equipment For All
Purposes

Write for Complete
Technical Data

ALLEN B. DUMONT
LABORATORIES

UPPER MONTCLAIR, N.J.

COIL APPLICATIONS
Our coil specialists will engineer and
design to your specific requirements
coils for original installation or re-
placement purposes. Write for cata-
log or send specifications for quota-
tions.

EDWIN I. GUTHMAN and
CO., INC.

400 S. Peoria St.
Chicago, Ill.

PRACTICAL RADIO
ENGINEERING

One year Residence Course
Advanced Home Study Course
Combined Home Study -Residence

Course
Write for details

Capitol Radio Engineering
Institute

Washington, D.C.

MICROPHONE
APPLICATIONS

Our engineering department will
operate, without obligation, in
selection of suitable microphones
standard or special applications.

co -
the
for

SHURE BROTHERS
"Microphone headquarters"

215 WEST HURON ST. CHICAGO, U.S.A.

FOR MANY YEARS
the Professional Engineering Directory
has helped consulting engineers, design-
ers, and laboratory men make the right
contacts in the radio industry. Perhaps we
can help you with your problems too. For
further information write to

Advertising Department
INSTITUTE OF RADIO

ENGINEERS
330 West 42nd Street

NEW YORK CITY, N.Y.

For the Engineering Consultant
who can handle a little extra business this year

For the Designer
who can manage some additional work

we suggest the Professional Engineering Directory of the I.R.E. PRO-
CEEDINGS. Manufacturers who need services such as yours and
organizations with special problems came to our Professional Engi-
neering Directory for information. Your name and special service
announced here will put you in line for their business. For further
information and special rates for I.R.E. members write to the Institute
of Radio Engineers.
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VOLUME 23 (1935) of the Proceedings is now
available in bound form to members of the Insti-
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for $9.50 and $12.00 respectively. Foreign postage is
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Specially mixed colors are
applied on the pure white
ceramic case of Erie Insu-
lated Resistors. Because
the painting surface is pure
white, the color does not
change in tone after appli-
cation.

Notice the absence of
ragged edges on the resis-
tance and tolerance color
bands. They stand out
clean and sharp-the col-
ors do not blend where two
bands touch.

CARBON RESISTORS

CORPORATIONAND SUPPRESSORS

The color code paint on an insu-
lated resistor has nothing to do with
the operation of the unit, yet it may
have an important bearing in your
own production line.

Longer time in recognizing and
selecting proper values . . . eyestrain
. . . headaches-all exact their toll
in assembly efficiency.

That's why a seemingly inconse-
quential thing like paint receives
major consideration at Erie. The re-
sult is obvious when you examine
an Erie Insulated Resistor.

NOTE the
rough surface
of an unpainied
case

Any amount of handling
will not cause the paint
to flake off Erie Insulated
Resistors. The surface of
the Erie ceramic case is
rough-the paint actually
clings to it.

TORONTO

ERIE RESISTOR

ERIE., PENNSYLVANIA

AUTOMATIC INJECTION
MOLDING

LON DON
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Cen
Radiohms

A. Resistor strip on
inner circum-
ference

B. Non -rotating
metal band

C. Oilless wood
bearing

tiCseABC2
they are the basic and
fundamental reasons for
the overwhelming popu-

larity of CENTRALAB

parts for original equip-

ment with the majority
of the outstanding set

manufacturers of this

country.

A. Center core of
resistance ma-
terial

B. Core & jacket
fired together

C. Pure copper end
contact

CENTR %LAB Division:of Globe-Union Mfg. (6.

MILWAUKEE, WISCONSIN
Radiohms Suppressors Fixed Resistors Wave change Switches
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EMPLOYMENT PAGE
**ow-

SUPERVISOR -ENGINEER: Ohio State Uni-
versity, University of Cincinnati. Five and one hal f

years, responsible engineering and supervisory po-
sition ; one year, field intensity surveys ; thorough-
ly experienced with cathode ray tubes and applica-

tions. Licensed radio telephone operator first class.

Desires position with organization (preferably
new) contemplating television manufacturing and
broadcasting. Will consider offer as engineer or
technical executive in any factory or broadcasting
station. Box No. 159, care of The Institute of
Radio Engineers.

WANTED: Development engineer, educated and

experienced in wide band amplifiers, sweep cir-
cuits, and familiar with all pri.nciples of high
definition television. College degree desirable and
several years of practical experience essential.
Only applicants with above qualifications will be
considered. Location New York City. Applications
stating full particulars required immediately. Box

No. 160, care of The Institute of Radio Engineers.

ENGINEERING POSITIONS
Advertisements on this page are accepted from
Institute members who desire new positions and
organizations which are interested in employing
Institute members. A nominal charge of $2.00 is
made for each insertion. Information on the
preparation of material and closing dates for its
acceptance will be mailed on request.



HIGH STABILITY
AND OUTPUT

THE General Radio Type 713-A Beat -Frequency Oscillator em-
ploys highly stable new oscillator circuits, buffer stage, balanced

push-pull detector and balanced power amplifier. These circuit fea-
tures plus unique mechanical design result in an improved beat -
frequency oscillator featuring:

High Output: 2 watts-adequate for all laboratory needs without amplification

Wide Frequency Range: 10 cycles to 20,000 cycles-uniform output over entire range

Low Distortion: total harmonic content less than I% above 100 cycles

Single Control: Calibration direct reading for every cycle throughout entire range

High Stability: frequency drift negligible-l5-volt variation in supply voltage changes
output by less than I cycle

Type 713-A Beat -Frequency Oscillator: $485.00

Write for Bulletin 33-R for detailed description

GENERAL RADIO COMPANY
CAMBRIDGE MASSACHUSETTS

GEORGE BANTA PUBLISHINO COMPANY, MENASHA, WISCONSIN




