
RCA REVIEW 
a tee nival jourñä 

RADIO AND ELECTRONICS 

RESEARCH ENGINEERING 

VOLUME XIII JUNE 1952 NO. 2 

www.americanradiohistory.com

www.americanradiohistory.com


RADIO CORPORATION OF AMERICA 
DAVID SARNOPF, Chairman of the Board 

FRANK M. FOLSOM, President 
CHARLES B. JOLLIPPE, Vice President and Technical Director 

LEWIS MACCONNACH, Secretary ERNEST B. GORIN, Treasurer 

RCA LABORATORIES DIVISION 
E. W. ENGSTROM, Vice President in Charge 

RCA REVIEW 
CHAS. C. FOSTER, JR., Manager 

THOMAS R. ROGERS, Business Manager 

Copyright, 1952, by RCA Laboratories Division, Radio Corporation of America 

PRINTED IN U.S.A. 

RCA REVIEW, published quarterly in March, June, September and December by RCA 
Laboratories Division, Radio Corporation of America, Princeton, New Jersey. Entered as 
second class matter July 3, 1950 at the Post Office at Princeton, New Jersey, under the 
act of March 3, 1879. Subscription price in the United States, Canada and Postal Union; 
one year $2.00, two years $3.50, three years $4.50: in other countries; one year $2.40, 
two years $4.30, three years $5.70. Single copies in the United States, $.75; in other 
countries, $.85. 

www.americanradiohistory.com

www.americanradiohistory.com


RCA REVIEW 
a technical journal 

RADIO AND ELECTRONICS 
RESEARCH ENGINEERING 

Published quarterly by 
RCA LABORATORIES DIVISION 

RADIO CORPORATION OF AMERICA 

in cooperation with 
RCA VICTOR DIVISION 
RADIOMARINE CORPORATION OF AMERICA 

RCA INTERNATIONAL DIVISION 

RCA COMMUNICATIONS, INC. 
NATIONAL BROADCASTING COMPANY, INC. 
RCA INSTITUTES, INC. 

VOLUME XIII JUNE, 1952 NUMBER 2 

CONTENTS 
PACF 

EDITORIAL: I.R.E. -The First Forty Years 135 

Some Types of Omnidirectional High -Gain Antennas for Use at Ultra - 
High Frequencies 137 

J. EPSTEIN, D. W. PETERSON, AND O. M. WOODWARD, JR. 

Studies of Externally Heated Hot Cathode Arcs, Part II -The Anode - 
Glow Mode 163 

W. M. WEBSTER, E. O. JOHNSON, AND L. MALTER 

Static Magnetic Matrix Memory and Switching Circuits 183 
J. A. RAJCHMAN 

A 7000 -Megacycle Developmental Magnetron for Frequency Modulation . 202 
H. K. JENNY 

Some New Ultra- High- Frequency Power Tubes 224 
P. T. SMITH 

An Analysis of the Injection Lccking of Magnetrons Used in Amplitude - 
Modulated Transmitters 239 

J. S. DONAL, JR. AND K. K. N. CHANG 

RCA TECHNICAL PAPERS 258 

AUTHORS 260 

RCA REVIEW is regularly abstracted and indexed by Industrial Arts Index, 
Science Abstracts (I.E.E.- Brit.), Electronic Engineering Master Index, Chemical 
Abstracts, Proc. I.R.E., and Wireless Engineer. 

www.americanradiohistory.com

www.americanradiohistory.com


RCA REVIEW 
BOARD OF EDITORS 

Chairman 
D. H. EWING 

RCA Laboratories Division 

G. M. K. BAKER M. E. KARNS 
RCA Laboratories Division Radio Corporation of America 

M. C. BATSEL 

RCA Victor Division 

G. L. BEERS 

RCA Victor Division 

E. A. LAPORT 

RCA International Division 

C. W. LATIMER 
RCA Communications, Inc. 

H. H. BEVERAGE H. B. MARTIN 
RCA Laboratories Division ''7diomarine Corporation of America 

G. H. BROWN H. F. OLSON 
RCA Laboratories Division RCA Laboratories Division 

I. F. BYRNES D. S. RAU 
!u aiomarine Corporation of America 

D. D. COLE 

RCA Communications, Inc. 

D. F. SCHMIT 
RCA Victor Division RCA Victor Division 

O. E. DUNLAP, JR. 
Radio Corporation of America. 

S. W. SEELEY 
RCA Laboratories Division 

E. W. ENGSTROM G. R. SHAW 
RCA Laboratories Division RCA Victor Division 

A. N. GOLDSMITH R. E. SHELBY 
Consulting Engineer, RCA National Broadcasting Company, Inc. 

O. B. HANSON G. L. VAN DEUSEN 
National Broadcasting Company, Inc. RCA Institutes, Inc. 

E. W. HEROLD A. F. VAN DYCK 
RCA Laboratories Division Radio Corporation of America 

R. S. HOLMES 
RCA Laboratories Division 

I. WOLFF 
RCA Laboratories Division 

C. B. JOLLIFFE V. K. ZWORYKIN 
Radio Corporation of America RCA Laboratories Division 

Secretary 
C. C. FOSTER, JR. 

RCA Laboratories Division 

REPUBLICATION AND TRANSLATION 

Original papers published herein may be referenced or abstracted with- 
out further authorization provided proper notation concerning authors and 
source is included. All rights of republication, including translation into 
foreign languages, are reserved by RCA Review. Requests for republication 
and translation privileges should be addressed to The Manager. 

www.americanradiohistory.com

www.americanradiohistory.com


I. R. E. -The First Forty Years 

On the night of May 13th, 1912, a group of 46 pioneers, 
devoted to the new, rapidly growing science of wireless 
communication, gathered together to found the Institute of 
Radio Engineers. Forty years later the membership of the 
Institute is 30,000, a remarkable growth which has kept 
pace with the great advances of electronics itself. The 
Institute has, in fact, had an outstanding part in the pat- 
tern of events which has brought the field of electronics to 
its present high state of development. 

Through the Institute of Radio Engineers, scientists and 
engineers have been able to give their work wide publication. 
They have formed Technical Committees, Standardization 
Committees, Professional Groups devoted to specialized 
fields, and have fostered a number of other cooperative 
activities which have made contributions to engineering, to 
industry, and to the public at large. . 

On the occasion of the 40th Anniversary of the founding 
of the Institute of Radio Engineers, the Editors of RCA 
Review wish to join its readers in extending congratulations 
to the Institute on its accomplishments and in predicting a 
future of ever -increasing usefulness. 
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SOME TYPES OF OMNIDIRECTIONAL HIGH -GAIN 

ANTENNAS FOR USE AT ULTRA -HIGH 
FREQUENCIES'` 

BY 

J. EPSTEIN, D. W. PETERSON, AND O. M. WOODWARD, JR. 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary -The construction and operation of three types of UHF 
transmitting antennas are described, two of which utilize a quadrature 
feed system and the third an in -phase drive. All of these constructions 
provide simple means of integrating the design of the supporting structure 
and radiating elements. In addition, considerable simplification of the feed 
system is obtained by energizing each vertical row at one end. The two 
primary drawbacks of all of the models are their frequency sensitivity and 
the multiplicity of feed points. Both of these defects can be overcome by 
the development of a unit antenna having a large radiating aperture for a 
single feed point. 

The advantages of using a quadrature feed are quite significant in that 
it provides a simple method of matching the input transmission lines, main- 
taining equal power division in the radiating elements, and diplexing two 
signals into the common antenna. 

URING 1946 it became evident that the most likely frequency 
range for the extension of television broadcasting services lay 
between 500 and 900 megacycles. Consequently, a program was 

initiated with the object of developing transmitting antennas for this 
band of frequencies. 

The following tentative specifications for antenna characteristics 
were drawn up at that time: (1) a circular azimuth pattern; (2) a 
power gain of twenty; (3) a power handling capacity of 50 kilowatts; 
(4) a flat impedance characteristics for at least six megacycles. 

Requirement (1) was based on the assumption that the transmit- 
ting antenna would be centered in its service area. A circular azimuth 
pattern can be obtained by two methods. One uses the required number 
of in -phase radiating elements disposed symmetrically around a circle. 
The other uses four elements, equally spaced on the circumference and 

* Decimal Classification : R326.7. 
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fed in quadrature. The power gain is, of course, determined by the 
number of layers of the basic units. The power gain and power han- 
dling capacity requirements were a recognition of the fact that propa- 
gation characteristics in this range stress the need for all the radiated 
power that can be obtained. 

It is assumed that both picture and sound signals will be diplexed 
into the same antenna. In view of the fact that the transmitting an- 
tenna will generally be located quite a distance from the transmitter, 
it would appear to be highly desirable to use a single line between the 
transmitters and the antenna because of economical and operational 
considerations. However, the advantages thus gained are somewhat 
offset by the fact that such an arrangement will require the use of a 
frequency selective circuit in order to diplex both picture and sound 
transmitters into the single line. This becomes rather serious in the 
transmission of color television signals with the attendant necessity of 
maintaining adequate high- frequency response. The alternative is to 
use a turnstile type of antenna which requires two transmission lines 
but which permits the diplexing to be done with a bridge network' 
which has a broader frequency response. The details of such a circuit 
will be discussed. 

It was decided to concentrate the development work on radiating 
structures which utilize quadrature feed; however, the use of structures 
utilizing in -phase drive were not eliminated from consideration and a 
novel design along these lines is described. Basically this decision was 
made because a quadrature -fed antenna permits the use of a network 
which has the property of providing a perfect termination for the input 
transmission line and of insuring a circular azimuth radiation pattern. 

First, consider a single layer of the slot antenna as shown in Figure 
1. It consists of a metal cylinder with four equally spaced axial slots. 
Diametrically opposite slots are fed out of phase with one another and 
in quadrature with the other set. Each slot is energized at its center 
by means of a coaxial transmission line. The electric field component 
of the radiated field is parallel to the width of the slot. Each set of 
diametrically opposite slots is located in a zero potential plane with 
respect to the other set and, as a consequence, there is no coupling 
between them. The relative azimuth pattern produced by each set of 
diametrically opposite slots is given by the expression2 

' R. W. Masters, "A Power -Equalizing Network for Antennas," Proc. 
I.R.E., Vol. 37, p. 735, July, 1949. 

2 G. Sinclair, "The Patterns of Slotted- Cylinder Antennas," Proc. I.R.E., 
Vol. 36, p. 1487, December, 1948. 
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n = sin (na) 
in 

n =1,3.5 

cos(nclo) 

na (7rd) (rd) J' N' n n 
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where a = 1/2 of the angle subtended by width of slot, in radians, 

d/À = diameter of pole, in wave lengths, 

= azimuth angle. 
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Fig. 1- Single layer of cylindrical slot antenna. 
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2 
Bessel function 
of second kind. 

small values of d /À, Em can be represented by the first term of the 
expansion, since N'n (rd) /X becomes very large for n > 1. Hence, the 
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Q2 0.4 0.6 0.6 1.0 

Fig. 2- Azimuth patterns of a cylindrical slot antenna as a function 
of diameter to wave length ratio. 

field produced by one set of diametrically opposite slots is proportional 
to cos 4, while the other set radiates a field proportional to sin sb. Since 
the two fields are fed in quadrature, the total field is proportional to 
[cos ¢ + j sin 4] which is, of course, constant for all values of 4. A 
series of azimuth patterns as a function of d /À, has been calculated 
and is shown in Figure 2. The ratio of minimum to maximum fields 
for the various azimuth patterns has been plotted against d/À in Figure 
3. The variation of E as a function of the elevation angle B, as deter- 

I.0 

06 

0.2 

0 

NMI II 

MIN 
1 

0 QI 02 03 Q4 05 0.6 

d/, 

Fig. 3 -Ratio of minimum to maximum fields of azimuth patterns of 
cylindrical slot antenna as a function of d /X. 
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mined experimentally, very closely approximates the radiation pattern 
of a dipole having the same electrical length as the slot. 

Although several workers, notably C. H. Holt,3 have made contribu- 
tions to the theoretical formulation of the input impedance of a slotted 
cylinder, no satisfactory solution has been given for the range of d/A 
which is of interest here. Consequently, considerable time was devoted 
to an experimental determination of the impedance characteristic of 
slots. A typical impedance curve as a function of the length of the 
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Fig. 4- Typical impedance curve of a cylindrical slot antenna. 

slot in wave lengths for d/A = .304 is shown in Figure 4. s/A is chosen 
so that the slot is operating around the second resonance point since 
this is the region of flattest impedance -frequency response. 

In the spring of 1948,' a field test was initiated involving transmis- 
sions on frequencies in the vicinity of 500 megacycles. In anticipation 
of these field tests, a slot antenna with a nominal power gain of 10 was 
developed. The antenna structure was made from a seamless steel tube 

3 C. H. Holt, "Input Impedance of Slotted -Cylinder Antenna," University 
of Illinois Bulletin, Vol. 47, No. 51, March, 1950. 

4 G. H. Brown, "Field Test of Ultra- High- Frequency Television in the 
Washington Area," RCA Review, Vol. IX, p. 585, December, 1948. 
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six inches in diameter and over twenty feet in length. For tests in 
Washington, D. C., it seemed logical to place the antenna on top of the 
channel 4 antenna used by television station WNBW. A study of the 
mechanical problem revealed that it would be desirable to design and 
construct a 500 -megacycle antenna of smaller dimensions in order that 
the existing supporting pole not be stressed unduly. Hence, an antenna 
having a power gain of 5 was specially constructed. A picture of this 
antenna, which is also constructed of 6 -inch seamless steel tubing, is 
shown in Figure 5. The over -all height of the structure shown, which 

Fig. 5 -500- megacycle slot antenna. 

comprises the antenna and housing for a power equalizing circuit, is 
approximately 10 feet. The required power gain is obtained with four 
layers of slot radiators with a separation of one wave length between 
layers. Each vertical row is energized by a solid dielectric coaxial 
line which is secured to the inside wall of the steel tubing. The input 
voltages to the lines are obtained from a bridge circuit called a power 
equalizing network. The reason for this name and a detailed explana- 
tion of its operation is given in Appendix A. A view of the equalizer 
with the housing removed is shown in Figure 6. The phasing and 
matching network is shown in Figure 7a which view would be obtained 
by making an axial cut along the tube and then unrolling it. 

The indicated input voltages are derived from the equalizer net- 
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work. The slots in a given row are in phase and the rows are phased 
relative to each other as indicated in Figure 1. Some details of the 
electrical circuitry are of interest. The outer conductor of the coaxial ' 

line feeding each row is bonded to the inner surface of the wall. The 
drive voltage for each slot is obtained by removing the outer conductor 
at the midpoint of each slot. Since the electrical length of the coaxial 
line between adjacent slots is 3/2 wave lengths, this effectively puts 
the impedances of the radiators in series. In order to facilitate match- 
ing the antenna to the feed lines, a series stub wh!ch can be used to 

Fig. 6 -Power equalizer used with 500 -megacycle slot antenna. 

resonate the antenna reactance is inserted as indicated. Since the 
radiation impedance of each slot is approximately 25 ohms, the total 
input impedance is 100 ohms and consequently a 1/4- wave -length trans- 
former is used to match to the 52.5 -ohm coaxial feed lines. The quad - 

rature phasing is obtained by simply extending the length of two of 

the feed lines by 1/4 wave length. 
A simple bridge network, as described in Appendix A, may be used 

to feed the picture and sound signals into the same antenna. It was 

intended that the diplexer used for this purpose be mounted in the 

www.americanradiohistory.com

www.americanradiohistory.com


144 RCA REVIEW June 1952 

base of the antenna with separate transmission lines from the sound 
and picture transmitters. However, because of the short time available 
to construct the special transmission line needed at these frequencies, 
as well as the installation problem on the tower, it was decided to use 
only one line from the transmitter room to the antenna and to couple 
the two transmitters to this line through an isolating filter. The bridge 
diplexer was, nevertheless, mounted at the base of the antenna and one 
of its inputs terminated in 52 ohms in order to obtain the advantages 

N E s W 
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2 A SLOT 
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DIELECTRIC UNE 

4 MATCHING 

TRANSFORMER 
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TO N AND S LINES 
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TO E. AND W. LINES 

POWER EQUALIZING NETWORK 

DECOUPLING FILTER 

SOUND 
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a 

b 

Fig. 7- Schematic of 500 -megacycle antenna and equalizing network. 

indicated by this procedure in Appendix A. A schematic diagram of 
the equalizer circuit is shown in Figure 7b. 

The input impedance to the power equalizer is flat for the channel 
used (504 -510 megacycles). The antenna proper is adjusted to provide 
perfect matching of its four feed lines at picture carrier of 505.25 
megacycles. At the sound frequency of 509.75 megacycles, the reflection 
coefficient k of the individual feed lines is 0.18 and consequently the 
power equalizer absorbs k2 or 3.2 per cent of the input power. 

The azimuth field pattern had a deviation of ± 5 per cent from 
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circularity. The elevation beam width at 1/2 field was equal to 18 de- 
grees. The measured power gain compared to a 1 /2- wave -length dipole 
was 4.8 at picture frequency and 3.85 at sound frequency. 

After the Washington tests were concluded, work was resumed 
on the general project of developing a high -power -gain antenna. The 
first problem was that associated with the design of a feeder system 
required to energize the radiators. Normally, each vertical row would 
be energized from its center point; i.e., a single coaxial line, similar 
to that described for the four -layer slot antenna, would be used to 
connect the radiators in a given vertical row and this line would be 
energized from its center point. This condition insures that the phase 
and amplitude characteristics of both halves of the antenna will be 
symmetrical about its center and consequently that the main lobe will 
be perpendicular to the axis of the pole. However, this method of feed 
is very difficult to attain simply because of lack of sufficient internal 
pole space to house the necessary transmission lines. It was realized 
that considerable simplification would result if a given vertical row 
could be end -fed. The principal drawback in end -feeding a large number 
of loads spaced a wave length apart at center frequency is the large 
deviation in amplitude and phase of the load currents with frequency. 
This results in tilting in elevation of the main lobe for antennas of 
large vertical aperture. A theoretical investigation showed that this 
variation could be greatly reduced if a large ratio of load to transmis- 
sion line impedance were used (Appendix B) . 

Three basic radiating structures were evolved to utilize this type 
of feed and designed to operate at 850 megacycles. The first was a 

slot radiator and was an extension of previous principles with a novel 
configuration used in the construction of the transmission lines which 
energize the individual slots. The second is an array of inverted turn- 
stile dipoles arranged so that the supporting structure, which also 
doubles as coaxial lines for feeding power to the radiators, is external 
to the dipoles. The third is a novel configuration of three symmetrically 
oriented in -phase dipoles. 

SLOT ANTENNA 

A close -up of the bottom of a developmental slot antenna is shown 
in Figure 8. The pole has an outside diameter of 41/8 inches, giving a 

d/À of 0.3 and, according to Figure 3, would have an azimuth pattern 
which varied -i- 5 per cent from its average value. Each vertical row, 

containing sixteen 1 /2- wave -length slots spaced a wave length apart 
between centers, is fed in quadrature with respect to adjacent rows. 
Theoretically this aperture will have a power gain of 20 with respect 

www.americanradiohistory.com

www.americanradiohistory.com


146 RCA REVIEW June 1952 

to a 1/2- wave -length dipole. The radiation impedance of each slot is 
high (Figure 4), thus fulfilling the condition required to minimize 
phase and amplitude variations for an end -fed antenna. The vertical 
feed lines with one of the inner conductors removed may be seen in 
Figure 8. Observe in particular the structure of this transmission line. 
There are two basic advantages in using this type of construction. 
First, the internal space occupied by the line is less than for a conven- 
tional coaxial line of equal power handling capacity. Second, a line 

Fig. 8- Close -up of the bottom of the slot antenna. 

of low characteristic impedance of 25 ohms is obtained which is desir- 
able since a high ratio of antenna to transmission line impedance is a 
condition required for end -feeding. The 15/8 -inch coaxial lines, which 
are used to tie the power equalizing network to the antenna, are at- 
tached at the openings shown near the bottom of the antenna. The 
section of flat transmission line which extends past this point is short - 
circuited 1/4 wave length away and consequently acts as a high im- 
pedance paralleling the antenna impedance. The picture shown in 
Figure 9 is another close -up of the bottom of the antenna and indicates 
how the phasing lines are attached between the antenna and power 
equalizer balun. 
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Since the velocity of propagation along a transmission line is in 

practice less than the free -space velocity, some estimate of the velocity 

must be made in order to insure that all the feed points are in phase 
at the required frequency. A check of the accuracy of this estimate 
can be made by determining the amount of beam tilt of the main pattern 
as a function of frequency. A measurement of this sort is shown in 

Figure 10 and indicates that zero tilt occurs at 843 megacycles. Since 

the actual spacing between slot feed points was 13.85 inches, this would 

indicate that the ratio of v /vo (v is actual and vo is free -space velocity) 

is .975. 

Fig. 9- Close -up of bottom of slot antenna showing how the phasing lines 
are attached between antenna and power equalizer. 

The elevation beam widths at 1/2 field strength are also shown in 

Figure 10 and are slightly larger than those predicted theoretically. 
The power gain as computed from radiation patterns is equal to 15 at 
both picture and sound frequencies. The azimuth patterns for both fre- 
quencies are shown in Figure 11 and the elevation pattern in Figure 12. 

Matching of the four 1% -inch lines connecting the antenna to the power 

equalizer was done simply by adjusting the length of the individual 

slots by means of movable shorting bars until the reflected voltage 

measured across the equalizing resistance was zero. The ratio of the 
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Fig. 10- Variation of beam width and tilt of the slot antenna 
as a function of frequency. 
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Fig. 12- Elevation pattern of slot antenna. 

input power to the power equalizer to that delivered to the antenna is 

shown in Figure 13. This curve permits the computation of the relative 
field strength for constant power input to the equalizer also shown in 
Figure 13. Although these curves indicate that the antenna impedance 
is relatively frequency sensitive, the input impedance to the balun is 

equalized as indicated in Appendix A by means of the absorbing 
resistance. 
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Fig. 13- Operational characteristics of slot antenna. 
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Fig. 14 -Basic radiating element of the inverted turnstile antenna. 

INVERTED TURNSTILE 

The basic radiating element of this design is shown in Figure 14 
and, as seen, is essentially a top -loaded center -fed dipole. A picture of 
a single element which was used in obtaining impedance and radiation 
characteristics is shown in Figure 15. A 1/4- wave -length sleeve is 
inserted on the exterior of the feed line to isolate the dipole from the 
transmission line. The azimuth pattern has an essentially cosine 

Fig. 15- Picture of experimental inverted turnstile antenna element. 
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variation which insures that an omnidirectional pattern will be ob- 

tained when the antennas are used in a turnstile arrangement. 
A high impedance will be desired at point "A" when these elements 

are used in an end -fed array. An arrangement by which this impedance 
can be controlled is shown in Figure 16. The center point of the dipole 
is connected to point "A" of the transmission line by two cascaded 
1/4- wave -length transformers. The impedance at "A" is then equal to 

Z.,2 
ZA = Zd 

Z12 

where Zd is equal to the radiation impedance of the dipole, and Z2 and 
Z1 are the characteristic impedances of the two 1/4- wave -length trans- 

Fig. 16- Details of the construction of a single inverted turnstile element. 

formers. The equation indicates that for a given Zd, ZA is determined 
Z22 

by the ratio of . A typical curve obtained under these conditions 
Z12 

is shown in Figure 17. 

The procedure for constructing a turnstile array with these ele- 

ments is shown in Figure 18. The dipoles in the north -south structure 
are spaced 1/2 wave length apart and are in phase, since alternate dipoles 

are fed from the same transmission line. The metal sheet has the dual 

function of providing mechanical strength for the structure and for 
isolating electrically the active array as shown in the drawing from 

the remaining external configuration. The number of such groups 

would, of course, be determined by the power gain required. A similar 

arrangement is used for the east -west array, except that all elements 

are displaced mechanically 1/4 wave length. A model of a turnstile bay 

is shown in Figure 19. 
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An antenna embodying the above principles was built to operate 
at 850 megacycles and is shown in Figure 20. Just one half of the 
antenna was constructed to demonstrate and evaluate the feasibility 
of its application to an array design. The antenna is 201/2 wave lengths 
long and has four bays with eight radiators per bay. The beam width 
of the elevation pattern at 1/2 field strength is equal to 31/2 degrees 
and the power gain of a turnstile of this aperture is 25. 
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Fig. 17- Typical impedance curve of inverted turnstile element. 

DISK LOOP ANTENNA 

This design utilizes novel unit radiators spaced vertically a wave 
length apart to obtain the required power gain. Mechanical support 
for the layers is provided by three equally- spaced vertical tubes. Three 
end -fed, balanced transmission lines supply power to the radiators. A 
truncated section of the array is pictured in Figure 21 showing a 
single layer with support tubes and feed lines attached. 

A plan view of the layer construction is given in Figure 22. Three 
equally spaced holes (a) and notches (b) cut out of a circular metal 
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disk provide a loop of three half -wave dipoles (c) joined at their mid- 
points by the sections (d) forming a symmetrical Y webbing. Three 
sets of vertical, balanced transmission lines (f) with polarities as 
indicated join to the dipole ends to drive the elements as a circular 
loop radiator. 

The vertical support tubes pass through holes (e) which are zero 

potential points with this type of excitation, thus preventing vertical 

METAL SHEET 

ACTIVE 
ARRAY 

TO SIMILAR BAY BAY 

N -S E -W 
ARRAY ARRAY 

1 

L+4 

.1.. ( 

S 

1 / 

E 

Fig. 18- Diagram showing the elemental details in the construction 
of an inverted turnstile antenna. 

currents on the tubes. Likewise, current flow in the dipole support 
legs (d) is reduced to a minimum since a symmetrical radial Y is 

decoupled from a circular loop. 

As the layers are spaced one wave length apart, all elements are 
fed in phase at the mid -band frequency. The three transmission lines 
are connected in parallel at the base of the array. A balun transforms 
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Fig. 19- -Model of a single bay of inverted turnstile antenna. 

this parallel junction to the main coaxial feed line leading to the 
transmitter. 

As each dipole is fed at its ends with the mid -point at ground 
potential, the impedance at the transmission line terminals will be 
quite high in value. In the present antenna, using a nine -inch -diameter 
disk, the individual radiator impedances are in the order of 1200 ohms. 
The transmission line characteristic impedance is approximately 70 
ohms, thus maintaining a high ratio of radiator to line impedance. 

Fig. 20- Experimental four -bay inverted turnstile. 
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Fig. 21- Truncated section of single layer of disk -loop antenna. 

(b) 

(a) / (d3/47, (d) 

(C) 
DIPOLE 

+ (f) 
BALANCEO TF 
MISSION LINE 

SUPPORT TUBE 

Fig. 22 -Plan view of element of disk -loop antenna. 
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Previous work has shown the desirabilty of this high ratio in improving 
the band width of the antenna. 

The voltage -standing- wave -ratio characteristic of the array as meas- 
ured on the 52 -ohm coaxial input line is given in Figure 23. Consider- 
able improvement in band width could be expected by a somewhat more 
complicated feed system. For example, the three vertical support tubes 
could be used as coaxial transmission lines to feed the array at its 
mid -point. Several other variations are possible, none of which have 
yet been tried. 

The horizontal field pattern of the array is shown in Figure 24. 
For comparison, the equivalent root -mean -square circular pattern is 

o 

1 

842 843 844 845 146 847 848 
FREQUENCY -MC 

Fig. 23 -Input voltage -standing -wave ratio of 16 -layer disk -loop antenna. 

shown. The measured pattern is seen to be somewhat triangular in 
shape. Experiments have indicated that this noncircularity is caused 
by the irregular shape and size of the individual dipole elements and 
also by the presence of the 11A- inch -diameter support tubes. Maximum, 
root -mean -square, and minimum relative field values as taken from 
this measured pattern are 1.00, 0.84, and 0.77, respectively. 

The measured elevation field pattern of the array is plotted in 
Figure 25, showing a beam width at one -half field of 4.8 degrees. 
Mechanical integration of this pattern gave power gains (relative to 
a half -wave dipole) of 20.4, 14.4, and 12.1, at the maximum, root- 
mean -square, and minimum fields, respectively. Actual power -gain 
measurements in the field checked these calculated values quite closely. 

CONCLUSIONS 

The construction and operation of three types of ultra -high- 
frequency transmitting antennas, two of which utilize a quadrature 
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AZIMUTH FIELD PATTERN OF 16 

LAYER DISK -LOOP ANTENNA 

EQUAL AREA CIRCLE 
(R MS) 

Fig. 24- Azimuth field pattern of 16 -layer disk -loop antenna. 

Fig. 25- Elevation field pattern of 16 -layer disk -loop antenna. 
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feed system and the third an in -phase drive have been described. All 
of these constructions provide a simple means of integrating the design 
of the supporting structure and radiating elements. In addition, con- 
siderable simplification of the feed system is obtained by energizing 
each vertical row at one end. The two primary drawbacks of all of 
the models are their frequency sensitivity and the multiplicity of feed 
points. An obvious method of overcoming both defects would be the 
development of a radiating element having a large aperture for a single 
feed point. 

The advantages of using a quadrature feed are quite significant 
in that it provides a simple method of matching the input transmission 
lines, maintaining equal power division in the radiating elements, and 
diplexing two signals into the common antenna. 

r R+ 4A ----Ì 

I5 

Fig. 26- Schematic diagrams of power equalizer. 

a 

b 

APPENDIX A -POWER EQUALIZER NETWORK 

In the introductory remarks it was stated that one of the advantages 
of a turnstile antenna is the fact that two signals can be diplexed into 
it by means of a simple bridge network. As will be shown later, there 
are several other important advantages which can be obtained by its 
use and these have influenced the choice of the name of power equalizer 
network. 

The equalizer is essentially a bridge network which has two de- 
coupled inputs connected to common loads. Schematically, the bridge 
and the equivalent loads of the turnstile can be represented as shown 
in Figure 26a. Physically, the operation of this circuit can be analyzed 
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in the following way. All of the incident energy from Vp divides equally 

between the two loads ZL. If Zr, is equal to Z, the characteristic im- 

pedance of the feed line, all of the incident energy is absorbed. If 
ZL Z, then all of the reflected energy is directed toward VR. Suppose, 

now, a means of absorbing this reflected energy in a resistance com- 

pletely decoupled from Vs by means of a filter is provided. This circuit 
is shown in Figure 26b. It will be assumed that the characteristic 
impedance of all transmission lines, exclusive of those connected to the 
generators, is equal to Z. If Zr, = Z, then Zp = Z/2 and Zs= 2Z. If R 

is adjusted to absorb all of the incident energy, the following results 
are obtained : 

1. The impedance presented to the generator Vp is independent 
of ZL and equal to Z /2. 

2. The power dissipated in the loads Z1 is equally divided be- 

tween them. 
The conditions necessary to achieve the above are obtained if 

R = 2Z and if Z5Z6 = Z2. The last relation is obtained by making one 

of the lines to the load ZL 1/4 wave length longer than the other. To 

derive the results stated in 1 and 2, the following circuit relations 

may be written : 

Vp = j1aZ, 

Vp = j1aZ, 

15Z5 
11=j , 

Z 

16Z6 
I2=j f 

Z 

0=-I.,Z;,+ (I3--15) R + 10Z6, 

0=13-1.,+I4-1,;. 

Solving by determinants, 

- VR 

Zr [R + 2Z6] 

Z2 [R+Z5+Z6] 

Z6 [R + 2Z5] 
12= Vs 

Z2 [R+Z5+Zg] 

VR [R + 2Z6] 
1;,= 

Z [R+Z.f+Zg] 
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V, [R +'2Z5] 
la= -j--- 

Z [R+Z;,+Za] 

Since the two conditions (1) R = 2Z, and (2) Z2 = Z5Z6 have been 
specified, the impedance seen by the generator Vp is equal to 

Va Z 
Zp= _-, 

1,+I2 2 

and the power division between the two loads is 

P5 1524 
= 1, 

and the power dissipated in R is 

2Vp=' 
PR = (1;;-I:,)"R= k52, 

Z 

where k5 = reflection coefficient on ZL lines. Power input is 

Hence, 

2 Vp2 

Pp = 
Z 

PR X 100 
per cent power lost = = k52 x 100. 

Pp 

Under similar conditions the same results can be obtained for gener- 
ator V8. 

APPENDIX B- ANALYSIS OF AMPLITUDE AND PHASE VARIATION OF 
CURRENTS IN A LARGE NUMBER OF LOADS WHICH ARE 

END -FED BY MEANS OF A TRANSMISSION LINE 

The particular configuration to be analyzed is shown in Figure 27. 
This consists of n identical loads separated O degrees and fed from 
one end. Since the currents through the loads will be proportional to 
the voltages across the individual loads, only the expression for the 
voltage at any point on a transmission line is needed. The following 
set of equations is obtained: 
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Zc 

E2 =E, [cos a +j 
R1 

Zr 
E3 = E2 cos B+ j 

R2 

sin B 

sin B 

Zr 
E = E_, cosh +j sing 

R _, 
(1) 

where Rn_1 is the impedance measured at the (n -1) terminal. Hence, 

for O = 360 degrees, E1 = E2 = E3 = E which indicates that the loads 

will have equal in -phase currents. Now suppose that the frequency is 

varied so that O = 360 (1 ± 8) = 360 ± AO where 8 = Af /fa. Assume 

also that 8 is sufficiently small so that R2 = R /2, R= R /3, 

(n -e) 

Fig. 27- Schematic of n equal loads separated O degrees and fed 
from one end of a transmission line. 

R 
and R _1 = - . Then Equation (1) reduces to 

. (n- 1) 

Zr 

E2 = E, cos 09 ± j sin AO 
R 

2; 
E3=E. COS vB±j 

R 
sin AO 

(n -1)Z,. 
E = sin A0 

R 
(2) 

From the above it is again seen that for AO = 0, E1 = E2 = E3 = E , 
but that for AO 0, the amplitude and phases of all the voltages will, 

in general, not be equal. Note, however, that the phase variation can 
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be minimized by making R y Z . As an extreme rase, if R is suffi- 
ciently large compared to Z, so that the j ternis can be neglected, the 
phase variation will be eliminated. and only an amplitude 'ariatiun of 
the currents in the loads will be obtained. ln order to evaluate quali- 

tatively the dependence of the radiation pattern for a gieu and AN, 

simply sum vectorially the voltages as given by Equation ) after 
having properly accounted for the delay introduced by the path length 
difference. 

To illustrate the procedure involved in the aboie calculations some 
parameters that might be used in a typical case are assumed and the 
results summarized. Let a 16 and s .005. The vector expression 

, 

1 

3 

n 
tft 

fipATpq N (ft-1)0U) sin ( i) 
21'4 - Diagram illustrating method of obtaining radiated 

field of n end -fed radiators. 

for the field of the n'" radiator with respect to the P' radiator is 
given by the expression 

EN fs' , cos IAN i -1.- j 
Yr r 1i1. a, 

e X 

h 

where H_ ele%atiou angle and d, .1 in -- 1 1 1 n± 6 i sin N path -length 
difference i Figure 'fir 1. For R Z 1.0, the main beam will be tilted 
upward 2.5 degrees, while for R Z 10, the tilt is only 0.5 degree. It 
is of some interest to note that the tilt angle measured experimentally 
for the 16 -layer slot antenna, which has an h' Z - 13, for 6 .005 is 
equal to 0.15 degree. 
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STUDIES OF 
EXTERNALLY HEATED HOT CATHODE ARCS` 

Part II - The Anode -Glow Mode 

BY 

W. M. WEBSTER, E. O. JOHNSON, AND L. MALTER 

Summary -In Part I of this series, the qualitative aspects of the various 
modes of operation assumed by an externally heated hot cathode arc were 
treated. This present paper is concerned with a more detailed treatment 
of one of these - the anode -glow mode - wherein all ionization and ex- 
citation occur in a thin electron sheath close to the anode surface. 

The processes of ion generation and loss in a cylindrical diode are 
treated analytically and then equated to obtain an expression for the volt - 
ampere characteristic of the discharge. It is found that the anode current 
varies as the fourth power of the excess of the applied anode voltage over 
the ionization potential. It is also found that the ratio of anode current to 
the rate of ion generation is dependent only upon the nature of the gas 
filling and the tube geometry. The correspondence between this analysis 
and experiment is found to be good if ion losses to the oxide cathode are 
taken into account. These losses are ascribed to nonuniformities of potential 
along the cathode surface. 

Experimental evidence is presented to show that the plasma density 
distribution is one in which the lowest diffusion mode predominates. Meas- 
urements of ion and electron currents to segmented electrodes which bound 
the plasma show that the distribution is cosinusoidal in the axial direction 
and characteristic of a zero -order Bessel function in the radial direction. 

I. INTRODUCTION 

ART I' of this series described various possible modes of the 
hot cathode arc. Characteristics of the different modes such as 
plasma potential distribution and electron temperatures were 

presented. This paper will be concerned primarily with detailed studies 
of the anode -glow mode. This is the mode which occurs at low current 
values and at pressures in excess of about 300 microns.t It is char- 
acterized by the following features: The light emission is entirely 
from a thin skin on the anode surface; the plasma occupies all of the 
tube except for the sheaths at walls or electrodes; the plasma is close 

* Decimal Classification: R337.1. 
1 L. Malter, E. O. Johnson, and W. M. Webster, "Studies of Externally 

Heated Hot Cathode Arcs, I -Modes of the Discharge," RCA Review, Vol. 
XII, pp. 415 -435, September, 1951. 

t The plasma conditions which determine whether cr not a hot cathode 
arc can assume the anode -glow mode will be discussed in a later paper of 
the series. 
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to cathode potential; the tube drop occurs primarily in the anode sheath; 
the excitation and ionization occur close to the anode surface only. 

II. ION GENERATION IN THE ANODE -GLOW MODE 

The ions generated within the anode sheath are ultimately lost by 
diffusion to walls or electrodes, or by recombination within the plasma 
or by a combination of these processes. The relations governing the 
balance between ion generation and ion loss are of value in later 
determinations of plasma density distribution and in studies of the 

CATHODE 

CATHODE SHEATH 

PLASMA 

ANODE SHEATH 

V4 

Fig. 1- Potential distribution in the anode -glow mode. 

conditions which result in a transition of the discharge out of the 
anode -glow mode. The process of ion generation is considered first. 

As was shown in Part I, the potential distribution between cathode 
and anode for the anode -glow mode is roughly of the form shown in 
Figure 1. 

It is assumed that all the ionization occurs beyond the point where 
V = Vi (the ionization potential), and that it obeys the differential 
ionization law2 

2 J. D. Cobine, Gaseous Conductors, First Edition, p. 79. McGraw -Hill Publishing Co., New York, N. Y., 1941. 
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n= ap(V -V1). (1) 

Then, in a distance ds, an electron current je generates an ion current 
djp given by 

dip= jeap(V - Vi) ds (2) 

where V is the electron energy, n is the number of ion pairs produced 
per centimeter of path length per electron, and p is the gas pressure 
in millimeters of mercury. Values of the coefficient a for various gases 
are given on page 80 of Reference (2). 

In order to make use of Equation (2) in computing the ion genera- 
tion in the anode sheath, it is necessary to postulate a potential dis- 
tribution in the sheath, particularly beyond V = V. Since this distri- 
bution is unknown, we compute the generation for the two possible 
limiting cases. In both cases it is assumed that the sheath is so thin 
that planar theory applies, but in the first .case it is further assumed 
the ionization within the sheath is so small that the 3/2 -power law 
for space- charge flow of particles of one sign applies. Then since the 
current flow is essentially electronic, the potential distribution within 
the sheath satisfies the relation 

k V3'2 
le= amperes per square centimeter, 

s2 
(3) 

where j8 is the current density and k = 2.33 X 10 -6. V and s are 
defined in Figure 2, which is an expanded version of the sheath region 
of Figure 1. It is seen that both V and s are measured from the plasma - 
sheath boundary. The error introduced by measuring VA from the 
sheath edge instead of from cathode potential, as well as the error 
introduced by contact potential and cathode coating drop, is corrected 
for later in the analysis. 

Langmuir3 has treated the problem of the simultaneous flow of 
electrons and ions in opposite directions between two planar sources. 
He considers the case wherein the cathode emits a surplus of electrons 
but the anode emits positive ion current of density jp. He shows that 
the saturated electron current density, je, increases with jp until the 
quantity 

jp 1/2 

a=- 
je me 

{ I. Langmuir, "The Interaction of Electron and Positive Ion Space 
Charges in Cathode Sheaths," Phys. Rev., Vol. 33, p. 954, June, 1929. 
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attains the value of unity. When this happens, the positive ion current, 
as well as the electron current, is saturated. Further increase in the 
ion emission results in no further changes in electron and ion currents 
or in the potential distribution. The case just discussed wherein 
jp = 0, is the one for which a = O. Since the ionization in the anode 
sheath occurs very close to the anode, the actual situation corresponds 
to a case for which a O. As a second limiting case we adopt (with 
Langmuir) a = 1. 

S 

ov 

Vi 

AVA 

V 

1 

VA 

PLASMA SHEAT ANODE 

Fig. 2- Detailed view of ,the potential distribution in the anode sheath. 

We consider first the case a = O. From Equation (3), 

3 k fil 
ds =- - V- 1'4dV. 

4 je 
(4) 

Substitution of Equation (4) in Equation (2), and integration over 
the ionizing region, yields 

8 
jp = - ap Vic), f 

4 

(V -Vi) dV 

Vl/a 
(5) 
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If we make the substitutions AV = V - V. and dV = d (AV), we 
can rewrite this equation as 

3 o''A AVd(OV) 
jp=-ap /kje , (6) 

4 0 (AV + 

where OVA = VA - V.. Integration is simplified by neglecting AV with 
respect to V;. Upon integration, Equation (6) then yields 

3 (AVA)2 
jp=-ap vkje = (jp)n-p. 

8 V-1/4 
(7) 

Langmuir3 has solved for the potential distribution for a 0, the 
result being expressed in integral form in his Equation (11) . It was 
found possible to integrate this expression for the region close to the 
anode for the case a = 1 and AVA « V-,. The result is 

4 1 (OVA)9/4 
(id a = 1 = ap Vkje - (AVA) 7/4 + 

7 15 VA1/2 
(8) 

The actual value of jp must lie between those of Equations (7) and 
(8). A quantity of interest is the ratio 

B= 

4 1 (AVA) 9/4 - (JVA)7/4 + 
(jp) a = 1 7 15 VA1/2 

- o 3 (AVA) 2 

8 Vi1/4 

(9) 

B has been computed for Helium and Argon and the results are 
plotted in Figure 3. 

Tests of the ion generation theory as outlined above were carried 
out in a cylindrical tube of the form shown in Figure 4. The tube con- 
tained helium at a pressure of 1 millimeter. 

At any value of VA for which the tube is operating in the anode - 
glow mode the ions, which are generated close to the anode, are lost 
primarily to the negative end shields. We assume, as a first approx- 
imation that the ion current generated in accordance with the preceding 
theory appears as the current ip flowing to the end shields. The electron 
current ie which generates this ion current, plus a current equal to 
the ion current (made up of the electrons liberated in forming the ions) 
is that which flows to the anode. However, the contribution to ie of 
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Fig. 3- Correction factor for the ionization in the anode sheath. 

the latter electron current is negligible. A typical set of data is 
presented in Table I. The various columns will be considered seriatim. 
The meaning of columns 1, 2, and 3 is indicated in Figure 4. Column 4 

is the ratio of the anode electron current to the ion current flowing to 
the end shields. For a = 1, this ratio would be 85.7. Thus, in the case 
at hand, a = 0.14. Since this is closer to zero than to unity, we shall 

END 

OXIDE CATHODE 

Fig. 4- Schematic of the experimental setup. 
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use Equation (7) to compute a theoretical value for the ion current 
generated at the anode. 

Due to the small ion currents flowing to the end shields, the sheath 
thickness there will be appreciable. Assuming that ion current density 
is uniform over the end shields, an average ion sheath thickness can be 
computed from the 3/2 -power law. A number of these are listed in 
column 6. In order that the ion current to the end shields could be 
measured, the bias on these electrodes was made just large enough to 
repel the plasma electrons. The discharge conditions were then negli- 
gibly different from those wherein the end shields "float." 

Table 1 

I 2 3 4 5 6 7 8 9 10 II 12 

VA 

(volts) 

le 

(mo) 

(p 

(µa) 

1 

lp 

JP 
AT END 
SHIELDS 
(µa/et,f) 

SHFO.ANTH 

THICK- 
NE AT gt 

LC 

Je AT 

ANODE 

(rrq/em) 

SHEATH 
THICK- 

NESS 
(em) 

VA 
(volts) 

Jp AT 

ANODE 
(CALC I=ip 
(µo/eme)(µo/em)(µo/cm 

ip AT 

ANODE 
/Po 

JP - 
!p,I 
Aormsd 

) 

25.5 5.0 5.1 975 0.81 .40 2.0 0.96 0.405 0.91 
26.8 20.0 27.2 736 4.32 1.60 3.3 5.23 2.16 4.86 
27.9 50.0 75.0 666 11.6 .11 3.98 .30 4.4 14.5 5.95 13.4 
28.1 60.0 92.0 653 14.6 4.76 .26 46 17.4 730 16.4 

28.3 70.0 1 08 649 17 2 5.65 .25 48 20.7 8.59 19.3 

28.5 80.0 1 2 7 630 20.2 .084 6.36 .21 5.1 24.6 10.1 22..7 

28.9 100 164 610 26.1 .074 7.95 .20 5.5 321 13.0 29.2 
29.2 120 196 613 31.2 .068 9.52 .18 5.8 39.0 15.6 35.1 
29.5 140 232 603 36.9 .064 11.3 .17 6.0 45.3 18.4 41.4 

29.8 160 269 595 42.7 .059 12.7 .16 6.3 53.0 21.4 48.2 
30.1 180 315 571 50.0 .055 14.3 .15 6.6 61.9 25.0 56.3 
30.4 200 356 562 56.5 .051 15.8 .04 6.9 71.5 28.2 63.5 

ANODE AREA = Aa = 12.6 cm2 ; TOTAL END SHIELD AREA = 6.3cm2 
END SHIELD VOLTAGE _ - 3.0 volts 
;ate 270 X 10 6 sec ; r111 d 120 X 10"6 sec. 

Tcait 
2.25 

Tmed. 

Similarly, one can compute the electron sheath thickness at the 
anode. Again, assuming that the electron current density is uniform 
over the entire anode surface, one computes average current densities 
and sheath thicknesses as given in columns 7 and 8 respectively. It is 
seen from columns 6 and 8 that the sheath thicknesses are not insub- 
stantial and that for exactitude, corrections to effective tube length 
and diameter should be applied when computing ion and electron densi- 
ties. However, in view of the other approximations involved in both 
theory and experiment, we shall neglect the effects of sheath thickness 
for the present. To minimize the error, we shall restrict our checks of 
theory and experiment to the cases where le > 50 milliamperes. 

Because of the uncertainty arising from contact potentials and 
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potential drop through the cathode coating, one cannot set the point 
for onset of ionization at the ionization potential Vi (24.5 volts for 
helium). A reasonable value can be obtained from Equation (7) by 
noting that 

817i1/4 1/2 4p1/2 

.,17 
1 = V,1 - V¡' = (10) 

3 apk1/2 jo1/4 

1 

12 
102 -r 

1Q 

23 24 25 26 27 28 29 

.4 

2 

o 

8 

6 

4 

2 

o 

8 

6 

4 

2 

30 
0 

Fig. 5 -Plot for the determination of the effective ionization potential. 

where V,' is the ionization potential uncorrected for contact potentials, 
etc. 

Thus if we plot :41/2/4,1/4 versus VA, its intercept will give us the 
desired value for V;', from which one can then obtain OVA. Figure 5 is 
the desired graph from which it is seen that V;' = 23.5 volts. From 
this and column 1, one obtains the values of AV.4. These values are 
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given in column 9. Substitution of these values of VA and the values 
of je from column 7 into Equation (7) yields the computed values of jp 
presented in column 10. It is seen that these run about 150 per cent 
higher than the measured values of column 11. Actually, since in the 
experiment a > 0, the computed values of jp should be multiplied by a 
factor lying between 1.0 and B of Figure 3. Thus the discordance 
between theory and experiment is actually worse than is indicated by 
the table. This discrepancy can be accounted for in a number of ways: 
(1) The values of ¿VA used are too large. This would require that 
AVA be in error by over one volt. In view of the good linearity of the 
data of Figure 5, it is unlikely that the error in z.VA can be that large. 
(2) The measured value of jp does not include all the ion currents flow- 
ing out of the plasma. Some ion current flows to the mica sheets which 
support the end shields. This cannot, however, account for the ob- 
served discrepancy. (3) A very effective sink for ions occurs in regions, 
or patches, of the oxide cathode surface which have such a combination 
of work function, emission, and ohmic resistance that they are at a 
potential below that of the plasma. Justification for this belief stems 
from experiments with tubes having very nearly unipotential cathodes. 
Such tubes which contain tungsten filamentary cathodes arranged so 
that measurements can be made when the heating voltage is zero, 
yield data that differs from theory by only about 10 per cent. However, 
the difficulty in getting such tubes to operate over a sufficiently wide 
range of the parameters has largely precluded their use. Further evi- 
dence in support of this belief will be presented later in the paper. 
(4) Recombination may account for unmeasured losses. Computation 
shows that this is very unlikely under the conditions of these experi- 
ments. 

It is of interest to compare the experimental and theoretical values 
for the slope of the characteristic of Figure 5. From that figure we 
obtain 

OVA 
= 455. 

P 
.% 1/2/ße1/4 

From Equation (10) we obtain, for the same quantity, 

OVA V {1/4 - 1/2 8 X 2.22 1/2 

jp1/2/je1/4 3/8 apk1i2 3 x .046 x 1.O x 1.53 X 10-8 

= 290. (10a) 

Actually, since a 0, Equation (10a) should contain in its denominator 
not the factor 3/8, but one somewhat larger. Even though this causes 
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a larger discrepancy between theory and experiment than indicated 
above, it is felt that the concordance between theory and experiment is 
good and that this picture of the ionization process appears sound. 
The error is seen to be in the direction that one would expect if an 
anomalous ion loss were present. 

III. PLASMA BALANCE IN THE ANODE -GLOW MODE 

In the preceding section expressions have been developed for the 
ion generation in the anode -glow mode. Under equilibrium conditions 
the ion generation must be balanced by ion loss. By equating these 
two, some interesting relations follow. 

Experimental evidence will be presented below showing that if the 
discharge is interrupted at any instant, the remaining plasma will 
then decay according to the law 

N = Noe -t /T , (11) 

where N is the total number of ions or electrons within the plasma. 

Then 
dN N 

dt r . 

The ion current flowing out of the plasma is given by 

dN Ne 
ip = -e = . 

dt r 

(12) 

The actual plasma density distribution in the tube will be discussed 
to some extent later in this paper, and in greater detail in the next 
paper of this series. A brief treatment is in order at this point. 

In the most general case, the plasma density distribution in a 
decaying plasma is given by' 

n (x, y, z) = nom (x, y, z) e-riTni 
m-1 

where r1 > r2 > r3 > 

(13) 

At t = 0, n= nom, and N = f no,,, dv taken throughout the plasma. 

' M. A. Biondi and S. C. Brown, "Measurements of Ambipolar Diffusion 
in Helium," Phys. Rev., Vol. '75, pp. 1700 -1705, June, 1949. 
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Since experiments show a nicely exponential decay, the actual situation 
in the anode -glow plasma during operation can be characterized by 
Equation (11) where a single mode predominates. As one would expect, 
this is the fundamental mode, the one with the longest decay constant, T. 

The T of Equation (11) is the T of Equation (13). In structures of 
the form of the tube of Figure 4, the density distribution is one in 
which the axial distribution is close to being cosinusoidal and the radial 
distribution is close to a Bessel function of zero order. The density 
decreases as one approaches the outside cylinder or the end shields 
and falls off at the plasma- sheath boundaries to values whose ratio to 
the maximum values within the tube depends on the nature of the gas, 
the pressure and the tube geometry. 

Let na be the average plasma density at the plasma- sheath boundary 
along the cylindrical anode surface of the tube of Figure 4. Let y be 
the total plasma volume. Then N = navib where ¢ is a factor depending 
on the gas, its pressure and the tube geometry, and which relates the 
ratio of the average density throughout the plasma to the average in 
the plasma close to the anode surface. Means for the determination of 
i' will be presented in the next paper of this series. For the tubes 
studied here, it lies between 1 and 20. From Equation (12) we now 
obtain 

From kinetic theory, 

Ne nav¢e 
2p = _ 

T T 

na e ce 
A, 

4 

(14) 

(15) 

where ce is the average electron velocity in the plasma and A is the 
effective anode area. Combining Equations (14) and (15) we obtain 

ie Ce AT 

ip 4 v 
(16) 

It is of interest to note that the ratio ie /ip does not depend upon 
VA or ie except insofar as alterations in their magnitude cause second- 
ary effects on the quantities on the right hand side of Equation (16) . 

Increasing VA or ie causes: 
(1) A to increase by decreasing the sheath thicknesses. 
(2) y to increase due to thinning of sheaths at anode and end 

shields. 
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(3) r to increase as y increases. 
(4) to increase as y increases. 

All these changes are small and effects (3) and (4) tend to cancel 
each other. From Table I it is seen that, except for very low values 
of ie where sheath thicknesses are appreciable, ie /ip is substantially 
constant, as predicted by this analysis. 

It is of interest to see how Equation (16) checks with experiment. 
We set 

ce=1.87X10-R 
e 

me 

For Te (the electron temperatures), 1400 °K is chosen. This is based 
on studies described in Part I. me is the electron mass. 

A 271. rh h 2 2 -_ =--=-= 2cm -1. 
v r rh2 h rh 1 

Actually, due to the effect of sheath thickness at the anode, rb <1 
centimeter, so that A/v > 2 cm -1. 

The method outlined by Biondi and Brown' was used to compute T. 

Since the ion losses are assumed to occur only to the end plates, the 
diffusion geometry is that of a pair of infinite plane parallel plates 
whose spacing is h = 2 centimeters. Setting Te = 1400 °K and Tp 

(positive ion temperature) = 350 °K (the gas temperature), we obtain 
r = 270 X 10 -6 second. 

Integration of the density distribution gives the value of ¢. For 
the case at hand, 1,G - 4.5. Substitution of the above values in Equation 
(16) yields ie /ip = 700. This is in particularly good agreement with 
the values of column 4 of Table I. 

We are now in a position to 'arrive at the desired expression 
relating the applied potential to the electron current flowing between 
cathode and anode. Under steady state conditions, the ion generation 
and the ion loss must balance. Thus we can equate ip in Equation 
(7) and Equation (16) (this assumes that a = 0) . Then: 

4 iP yip 3 ap [k A ie] % (OVA) 2 

(17) 
CAT 8 V;4 

Solving this for ie, 
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3 ap 2 A3 
k r° (AV,I ) a. 

32 tpV,1/4 22 
(18) 

Thus we see that in the anode -glow mode of discharge, the anode 
current should vary as the fourth power of the voltage excess above 
the ionization potential. This will now be checked. We set 

.36 

.32 

.28 

.24 

20 

.16 

.12 

.08 

.04 

o 

i '/' 3 apc/kr A ''2 

7,'/a _ _ - - 411 , - y.V.i 
A 32 tGV114 v 

jo'/*=yoVA=y(V-V;). 

(19) 

Ji 
(ampe.am 

o' 
o 

- 

3 
OA (volts) 

4 5 

Fig. 6- Volt -ampere characteristic of the anode -glow mode. 

6 

Thus a plot of ,i,.14 versus _V,, should yield a straight line of slope y. 
')'his has been done in Figure 6, from which one finds y = 0.045. Sub - 
stitution of the various quantities in the coefficient of AV, in Equation 
(19) yields y = 0.096. If for r in Equation (19) we substitute the 
experimental value 120 X 10 -" second rather than the theoretical 
value, we obtain y = 0.064, which is in better agreement with the 
value of 0.045 obtained from Figure 6. This measured value of T, 
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roughly 45 per cent of the calculated value, suggests that the true 
rate of ion loss is about double that observed by measuring ip. As is 
outlined below, the oxide cathode is far from an ideal equipotential 
surface and acts as an ion sink. Other experiments have indicated 
that more or less ion current unquestionably flows to the cathode 
depending on the uniformity of the cathode surface. One can attempt 
to correct the data for the ion current flowing to the cathode by multi- 
plying ip by the ratio of the calculated to measured values of T. This 
has been done in column 12 of Table I resulting in excellent agreement 
with the values of column 10. This further substantiates our model 
of the anode glow mode of discharge. 

IV. PLASMA -DECAY CONSTANT 

Following the interruption of a discharge, the remanent plasma 
decays according to the relation expressed in Equation (13) . In 
Equation (13) it is assumed that the plasma losses are by diffusion 
to the walls and that recombination is negligible. Such is the case in 
these studies. When t = 0, i.e., at the moment of discharge interrup- 

00 

tion, n = no (x, y, z) = no,,, (x, y, z). Studies of the plasma dis- 
ni - 

tribution presented in Section V indicate that in the case of the 
anode -glow mode, the distribution is very closely given by the first 
term of the series of Equation (13) . In that case, the plasma density 
following the interruption of an anode glow discharge is given by 
n = n1 e -t/Ti. Since only the fundamental term of the series exists, 
we omit subscripts, and write 

n = no e-r/T, (20) 

For the cylindrical structures studied here, wherein ion losses 
occur largely to the end plates, it can be shown that' 

T = 
1 

2 

(D") 1 400 
h2 

(21) 

where (D01..0 is the ambipolar diffusion coefficient (ADC) for the 
case where the electron temperature is 1400 °K. The ratio between 
the ADC for the case of electrons at 1400 °K and the ADC for electrons 
at 300 °K (the ions being at 300 °K in both cases) is 
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1400 
1 -{- 

(Da) 1400 300 5.67 
- _ - = -- 2.8. 

(Da) soo 300 2 
1+ 

300 

Now, for a pressure of 1 millimeter, (D0)300 = 540 in helium.' Thus 
in our case, (D.) 1400 - 1500. Then from Equation (21), since It = 2 

centimeters, 

500 
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Fig. 7 -Effect of the heater input on plasma decay constant. 
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T = 

1500 Tr? 

s 

- 270 X 10-6 second. 

The plasma decay constant of the tube used in these studies was 
measured with the circuit shown in Figure 7. In this setup the anode 
of the tube was connected alternately to + 49.5 volts (through a limit- 
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ing resistor) and to + 4.5 volts. The shifting was accomplished by 
means of a high -speed relay driven by a 60 -cycle source. The display 
on the scope shows a flat -top section during the discharge and then 
a period of decay following the interruption of the discharge. It is 
found that the decay can be described very closely by a simple expo- 
nential function of the form of Equation (20), thus substantiating 
the minuteness of modes other than the fundamental in the anode 
glow discharge. 

Using the circuit of Figure 7, r was measured as a function of E/, 
the heater voltage. The results are plotted on the same figure. It is 

COATING t- SHEATHPLASMA 

1 
(USUALLY ABOUT 

VP 
I TO 2 VOLTS ) 

Fig. 8- Detailed view of the potential distribution in the cathode region. 

seen that the measured values of r are less than half the computed 
value. This difference is ascribed mostly to ion losses at the cathode. 

It is seen that r increases with increasing cathode temperature. 
This effect was made more dramatic by setting the end shields at a 
potential of + 1.5 volts so that they could no longer act as ion sinks. 
In this case the portions of the cathode which can accept ions play a 
more dominant role. The measured values of r in this case are given 
by the dashed line of Figure 7. It is seen that as E1 is varied between 
6.2 and 11 volts, r varies by a factor of almost 3 as against a change 
of less than 20 per cent in the case where V, _ - 1.5 volts. 

The influence of cathode temperature upon ion loss, and conse- 
quently upon r, can be explained by reference to Figure 8, where the 
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electric potential in the vicinity of the cathode is portrayed. The 
surface of oxide cathodes is notoriously patchy with regard to electron 
emission, work function and probably also with regard to resistance. 
Let us suppose that the average effect of all the patches is such as to 
fix plasma space potential at the value V1, shown in the figure.* The 
patches such as a and a', whose potentials are a tenth of a volt or more 
above plasma potential, cannot be reached by ions from the plasma. 
However, other patches, such as b and b', which have a different 
combination of work function, emission, and resistance are located 
below plasma potential and so act as ion sinks. The ion loss to such 
patches is greatly out of proportion to the size of the patch since the 
plasma density near the cathode is generally many times its value 
elsewhere. Now as the cathode temperature is increased by an increase 
in the filament voltage, the ohmic resistance which connects a patch 
to the base metal will decrease. ** Furthermore, the electron emission 
from each patch will increase. Consideration of the resulting current 
and voltage relations will show that the overall effect is such as to 
reduce the number of patches that can act as ion sinks. Hence r should 
increase with filament voltage. 

V. PLASMA DENSITY DISTRIBUTION IN THE ANODE -GLOW MODE 

A picture has been presented of the mechanism of the anode glow, 
a feature of which is the fact that the plasma density distribution is 
very nearly in the fundamental or lowest order mode of the series 
solution of Laplace's equation for the cylindrical structures employed. 
The bases thus far presented for this belief are twofold: (1) A theo- 
retical analysis, publication of which is reserved for a later paper in 
this series. This analysis is used to determine the total plasma content 
within the tube from measured electron and ion currents flowing to 
electrodes. (2) Measurements of plasma decay following the interrup- 
tion of the discharge indicate the virtual nonexistence of higher order 
modes at the moment of the discharge interruption. This is strong 
evidence for their nonexistence at earlier times. 

It was felt desirable to secure a less ambiguous confirmation of this 
view. As a first thought it might appear that the density distribution 
could be determined by means of a number of suitably placed probes 
or by means of movable probes. However, experiment and analysis 
indicates that probes can and do exercise a profound effect upon the 

* The potential relationships in a cathode -plasma -anode system similar 
in all essentials to the one above are treated analytically by E. O. Johnson 
and W. M. Webster in a forthcoming paper. 

** Private communication from L. S. Nergaard of these laboratories. 
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plasma density in their vicinity, reducing the density from the value 
in the absence of the probe by a factor of as much as ten or more. (It 
is expected that these probe studies will be described in a subsequent 
publication.) One concludes from this that any means for studying 
the plasma density distribution must be one which in no way influences 
the discharge. The only obvious method that meets this requirement 
is to measure the current distribution to the bounding electrodes and 
to compare the data obtained with the results predicted by the theo- 
retical analysis. 

Two tubes were built, one with a segmented anode and the other 
with segmented end shields. Each was operated in the anode glow 
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Fig. 9 -Axial plasma density distribution. 
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mode and the electron currents measured to the anode segments and 
positive ion currents to the end shield segments. 

A sketch of the tube with segmented anode is shown in Figure 9. 
It is seen that the anode consists of seven closely spaced rings. The 
currents to the various segments are plotted on the same figure using 
as abscissas the angular value of the segment midpoints; the scale 
being chosen so that the anode height corresponds to 180 degrees. 
This scale was chosen because the theory indicates that the axial 
distribution should be cosinusoidal. A cosine function (normalized 
to the current value at the central segment) is plotted on the same 
figure. It is seen that theory and experiment are in good agreement. 
The tendency for divergence at the end segments is ascribed to the 
fact that the plasma density should not and does not fall to zero at 
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the edge of the end shield sheaths. Thus, the cosine function should 
be drawn on a slightly more expanded horizontal scale. It was not 
felt necessary to add this refinement or be concerned with more 
detailed averaging due to the fact that each segment extends over a 
finite portion of the distribution. This tube as well as the one described 
below has the same over -all dimensions, gas, and gas pressure as the 
tube associated with Figure 4. 

The segmented- end -shield tube is sketched in Figure 10. If ion 
generation and loss within the plasma are negligible (which is the 
case in the anode -glow mode), then the plasma density is governed 
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Fig. 10- Radial plasma density distribution. 
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by Laplace's equation. The solution of this equation* for the cylin- 
drical geometry employed, with boundary conditions appropriate to 
the anode -glow mode, is plotted as a smooth curve in Figure 10. The 
abscissas represent the fractional distances r/b from the axis of the 
tube to the anode edge of the plasma; the ordinates represent the 
normalized plasma density, that is to say, n divided by the plasma 
density nb at the anode edge of the plasma. On the same figure are 
plotted quantities which are proportional to the ion currents to the 
end plate segments and hence to the plasma densities directly above 

* The details of this solution will be presented in a later paper of this 
series. 
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each segment. These have been plotted on a scale to scatter about the 
theoretical curve. The agreement can be said, at best, to be fair. 
Considering the small number of rings employed, it is felt that the 
view that the plasma distribution conforms to the lowest mode is 
reasonably well substantiated. The maximum divergence occurs at 
the innermost ring. The divergence is in the direction to be expected 
if the cathode acts as an ion sink. (In the simple theory it is assumed 
that no ions are lost to the cathode.) Thus, the data of Figure 10 
may be considered as offering further evidence for marked nonuni- 
formity of the oxide cathode with consequent ion loss thereto. 

VI. CONCLUSION 

This paper treats the anode -glow mode of the hot cathode discharge. 
In this mode a "dark" plasma substantially at cathode potential fills 
the major portion of the space between cathode and anode. The applied 
potential appears across a double sheath at the anode. The ion genera- 
tion occurs very close to the anode surface. 

Using this picture it is possible to compute the ion generation 
associated with a given electron flow and the relation between electron 
current and applied potential. It appears that the ratio of electron 
current to ion generation should be almost constant. Experiment 
confirms this. The electron current should vary as the fourth power 
of the potential excess above the ionization potential of the gas. This 
is reasonably well confirmed by experiment. 

Theory and experiment combine to indicate that the density dis- 
tribution in the dark plasma conform to the fundamental term of the 
solution of Laplace's equation for the geometry employed. 

Studies of the decay of the dark plasma following the interruption 
of the discharge show that ion losses take place to the oxide cathode 
even when the plasma appears to be negative with respect to the 
cathode. This is ascribed to nonuniformities in emission, work func- 
tion, and resistivity along the cathode surface. 

Later papers will treat more fully the matter of plasma density 
distribution in the anode -glow mode as well as the conditions which 
determine when the discharge will "break" out of this mode. In addi- 
tion, it will be shown that the gas pressure must exceed a critical value 
for the anode glow to occur. 
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STATIC MAGNETIC MATRIX MEMORY AND 
SWITCHING CIRCUITS` 

BY 

JAN A. RAJCHMAN 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summery- Information bits are stored in terms of the direction of 
magnetization of a multitude of saturated cores connected in a matrix array. 
Access to any core, for registry or interrogation, is by simultaneous excita- 
tion of its defining matrix lines. Bivalued signals, identifying the informa- 
tion bit and corresponding core, select these lines by activating magnetic 
switches, likewise composed of saturable cores. This memory is characterized 
by an access time of several microseconds, indefinitely long storage requiring 
no holding power, and the possibility of large storage capacity at low cost. 
An operating experimental model with a capacity of 256 bits has been built. 

INTRODUCTION 

T IS GENERALLY recognized that the internal memory is the most 
'critical element in the present -day art of digital computing and 
information handling machines. In fact, its nature dictates the 

type of machine being built. 
Most memory systems use time as a switching variable, that is, the 

information is available serially in the order in which it was stored. 
This creates an intrinsic dilemma between access time and storage 
capacity. The problem is resolved, in engineering practice, by judicious 
combination of devices with long access and large capacity, with ones 

with short access but small capacity. There is no such dilemma in a 
matrix type memory in which access to any bit of information is by 

Multiple coincidence of signals specifying its label or address within 
the storage device. Such a matrix type memory would be highly desir- 
able if large capacities could be obtained simply and at low cost. 

Two problems are encountered in a matrix memory ; storage, and 
switching. The storing cell must have two (or more) possible physical 
stable states, and it must be possible to change these states by the 
coincidence of several input signals. While many possible physical 

effects exhibit inherent stable states, most lack the necessary non - 

linearity required for switching, so that actually the real problem of 

the matrix memory is one of switching rather than one of storage. 
Multiple coincidence can be obtained by multiple nonlinear effects, each 

* Decimal Classification: R282.3. 
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with an effective threshold such as the control of electron current in 
a tube. This is the principle of selection in the selective electrostatic 
storage tube which was the first rapid access matrix memory device 
made.' The multiple coincidence switching can also be achieved with 
a threshold effect of a single variable obtained as a linear combination 
of the address selecting signals, coincidence occurring when the single 
threshold is exceeded. Resistive matrices' switches are based on that 
idea and so are the devices to be discussed. 

Magnetic cores have intrinsically the two requisites for a storing 
element of a matrix memory : stable states of residual magnetization ; 

and nonlinear variations of magnetic induction with respect to mag- 
netizing force. These properties are closest to ideal when the hysteresis 
loop approaches a rectangle. The advent, several years ago, of nickel - 
iron alloys with extraordinary loop rectangularity stirred the imagina- 
tion of workers in the field of digital computers. The first pioneering 
application, announced by the Harvard Computation Laboratory in 
1947, was a static delay line operating as serial memory. The realiza- 
tion that the saturable cores were ideally suited for a matrix memory 
occurred to several men, as far as is known, at about the same epoch. 
R. L. Snyder, Jr. considered the broad idea in 1947. J. W. Forrester 
published a proposal to that effect in 1951,' and results of the Massa- 
chusetts Institute of Technology work were reported by W. N. Papian 
at the National Convention of the Institute of Radio Engineers in 1951. 
The resistive matrix switch and the selective electrostatic storage tube, 
mentioned above, were conceived in 1941 and 1946 respectively. As a 
natural development we have, for several years, been studying matrix - 
type memories using nonlinear elements with inherent stable states 
and most particularly ferromagnetic materials. This paper describes 
some of the more recent findings. 

PRINCIPLE 

Consider an array of magnetic cores arranged in rows and columns. 
Each core is linked by three windings. Two of the windings are con- 
nected in series by rows and columns and the third is a common series 
winding, as shown in Figure 1. All cores are magnetized to one or 

' J. Rajchman, "The Selective Electrostatic Storage Tube," RCA Review, 
Vol. XIII, p. 53, March, 1951. 

2 J. Rajchman, U. S. Pat. 2,428,811. 
3 A. Wang, "Magnetic Storage and Delay 

Vol. 21, pp. 49 -54, January, 1950. 
4 J. W. Forrester, "Digital Information Storage in Three Dimens'ons 

Using Magnetic Cores," Jour. Appl. Phys., Vol. 22, pp. 44 -48, January, 1951. 

Line," Jour. Appl. Phys., 
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the other of the two remanant inductions represented by points P and 
N on the idealized hysteresis loop of Figure 1. In this state, the array 
is holding information previously stored. In order to set any given 

core to the desired remanance (P or N), pulses of current in one or 

the other direction are simultaneously applied to the row and column 

of the core. The amplitude of these currents is so adjusted that their 
additive, i.e., doubling effects, produce sufficient magnetomotive force 
to exceed the knee of the loop for the selected core at the intersection 
of the lines but insufficient to exceed the knee for the other cores on 

the selected lines where they act singly. Consequently, the selected core 
will be magnetized in the desired direction while all other cores in the 

s 

Fig. 1- Double coincident magnetic matrix memory and 
idealized hysteresis loop. 

matrix will remain unaffected. The read -out is obtained by applying 
read -in current pulses of a standard direction, e.g., toward P, on the 
lines of the core being interrogated, and observing whether or not the 
flux changes in that core. A change of flux induces a voltage in the 
common winding. If a voltage is observed, as a result of the change 
of flux from N to P, in the interrogated core, this core is restored to 

its initial state N, by circuits activated by the reading signal. 
The operation of the matrix arrangement just described depends 

on high discrimination between the changes of induction produced in 

the cores for magnetomotive forces varying in the ratio of 2 to 1. 

Actually, it is possible to have an arrangement depending on a ratio 
of excitations of 3 to 1. There are also many combinatorial possibilities 
in which more than two signals must coincide on any core to switch 

its direction of magnetization. A survey of these various possibilities 

follows. 
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COMBINATORIAL SYSTEMS 

A ratio of 3 to 1 in the excitations of the selected and unselected 
cores may be obtained by sending a current in the unselected lines in 
the opposite direction to that of the selected lines. By choosing the 
amplitude of that current to be one -third of the selecting current, it 
is easy to verify that the excitation of the unselected cores on the 
selected lines is one -third of the excitation on the selected core, and 
the excitation of the unselected cores in the rest of the matrix is also 
one -third of that on the selected core but in the opposite direction. 
This is illustrated in Figure 2. A similar arrangement consists in 
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Fig. 2- Partial excitation of unselected cores to both polarities 
and multi- coincidence switching. 

having an additional winding linking all the cores of the matrix and 
sending through it an opposing current equal to one -third of that 
required on the selected cores and using an increased drive on the 
selected lines equal to two -thirds that required in the selected core. 
Both of these systems utilize more effectively the range of magneto - 
motive excitations below the coercive force by extending it to both 
polarities, as illustrated in Figure 2. 

The possibility of using both polarities of partial excitation on all 
the unselected cores including those on unselected lines can be utilized 
also to increase the number of coincident signals from two to three. 
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For example, in the winding common to all the cores, an opposing 

current equal to one of the selected lines currents can effectively inhibit 
the matrix, the excitation on the selected core being 1/2 (of the excita- 
tion required on the selected core) ; the excitation on the unselected 

cores in the rest of the matrix is -1/2. The coincidence of two pulses 

and anti -coincidence of the third is required for the core to change its 
direction of magnetization. All three signals may be also of the same 

polarity and equal to 1/2 of the selected core turn -over unit current, 
when an equal opposing current on all cores of the matrix is present 
at every entry. The matrix operates in that case on a straight triple 
coincidence. In both of these methods of obtaining triple, rather than 
double, coincidence switching, the ratio of effective magnetomotive 
drives on the selected and unselected cores is two -to -one. 

It can be seen by these examples that partial excitation of the un- 

selected cores to both polarities can be utilized to either increase the 

absolute ratio of excitations to 3 to 1 in a double coincidence system 

or to obtain a triple coincidence system with an absolute ratio of 

excitations equal to 2 to 1. This can be generalized to a greater number, 

M, of coincident signals for which an absolute ratio of excitations of 

unselected to selected cores equal to (M - 1) / (M + 1) can be obtained 

by several different means. For example, for four coincident signals 

the discriminating ratio is %, or 60 per cent, and for five signals it 

is 2/3 or 66 per cent. This indicates that the closer the hysteresis loop 

approaches rectangularity and the more uniform the magnetic proper- 

ties from core to core, the greater the number of coincident signals 

which may be used to switch into the memory matrix. Because multiple 

coincidence switching can be obtained so easily in a switch described 

below, triple coincidence is likely to be the highest used in practice 

even when materials with superlative magnetic properties are available. 

SWITCHING THE MEMORY MATRIX 

The double coincidence array of cores reduces the problem of switch- 

ing into n2 cores, to that of switching into 2n channels. In each channel, 

two electronic devices -such as tubes or crystals -are required, since 

current can flow in only one direction through these devices. While 

the number of tubes required (4n) may be relatively small compared 

to n2, when n is large it is still a large number of tubes. 
It was recognized at the outset that efficient means to further reduce 

the number of input channels was indispensable and that this could be 

accomplished by using cumulatively the coincident means used in the 

memory matrix, that is, by using sets of cores driving other sets. When 

considering possible systems of driving the matrix by sets of cores, 
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an important fact was realized, namely, that information is stored in 
the final array only, and that, in the driving sets of cores, either all 
cores are in state N, or a single core is state P while others are at N. 
Consequently, in these driving sets it is possible to have large magnet- 
izing currents on all unselected cores in the direction N while the 
selected core is driven to P. This is in contradiction to the very limited 

h TURNS P DIRECTION ri(K -I) TURNS N DIRECTION 

+B 

riK TURNS N DIRECTION 

000 

001 

010 

011 

100 

101 

110 

11Ì1.11 
A1*1,1- _' '_ r, 

'1111W/1 

, 1 
. .r 

,#A1mu .i::¡ -- .1 ni 
L - = 

...........r 

...rrr r.rrr..`..r 
EINVMMINI 11111 MMIMN=M = :T. . ,IiF: 

1 

22 

RESTORE N 

2' 2° 

INPUTS P 

Fig. 3- Magnetic commutator switch. 

OUTPUTS 

spread to the opposite polarity on the excitation of the unselected cores 
which was permissible in the information storing matrix. 

Switching into each side of the information storing matrix can be 
by means of commutator switches in which one core out of 2R is 
selected by K channels. A typical commutator switch with three inputs 
and eight outputs is illustrated in Figure 3. Every input channel has 

www.americanradiohistory.com

www.americanradiohistory.com


MAGNETIC MATRIX MEMORY 189 

a pair of windings, one of which links one half of the cores in one 

direction and the other half in the other direction, while the other 
winding links the same halves in the opposite direction from the first 

winding. The division in halves of the various inputs pairs is by 

actual geometrical halves for one input, interlaced quarters for the next 
input, interlaced eighths for the next, etc. A current pulse is sent 
through one winding or the other in each pair. As a result, for every 

combination of inputs, one core will have K windings driving it in the 
P direction, some with (K -S) driving in the P direction and S in the N 

direction, S being 1, 2, ... K. The number of turns of the N windings 
is chosen to be (K -1) times that on the P windings, so that a single 

core, the selected core, is driven to P while all other cores have either 
no excitation or are driven to N, some with large excitation. Conse- 

quently, only the selected core will change its direction of magnetization 
from N to P, provided all cores were initially magnetized in direction 
N. To restore the selected core to its initial direction of saturation N, 

there is a common restoring winding linking all cores. When it is 

excited, it tends to magnetize all cores in the direction N, restoring 
the selected core from P to N and subjecting all other cores to a fairly 
large current tending to magnetize them in the direction of their exist- 

ing remanant induction. This method to avoid doubling the selecting 

channel driving tubes is based on recognition of the fact that the 

restoration need not be selective. 

Each core of the commutator has an output winding. The outputs 

may be heavily loaded, that is, considerable power may be transmitted 
through the switch. The primary driving currents are, of course, cor- 

respondingly large. In fact, the selected core acts in a similar manner 
to a conventional transformer, sufficient primary current (and power) 

must be provided both to magnetize the transformer and to supply the 

secondary currents (and power). The increased current in the N 

windings of the unselected cores automatically compensates for the 

increased P driving currents so that the power transmitted through 

the switch may be varied arbitrarily without any adjustments. It is 

worth mentioning also that current from all selecting power tubes add 

their magnetizing effects on the selected core, consequently the greater 
the number of inputs, the smaller the required current from each 

driving channel selecting tube. 

There are many variations of possible distributions of the windings 

according to the binary system as outlined above. They all depend on 

the fact that it is possible to drive the unselected cores to an arbitrarily 
large excitation in the direction of their remanant induction. 

The commutator switches are used to drive a memory matrix, one 

www.americanradiohistory.com

www.americanradiohistory.com


190 RCA REVIEW June 1952 

driving the rows and one the columns, as illustrated in Figure 4. Such 
a system may be operated as follows : Assume that initially all cores of 
both commutators are in state N and that some cores of the memory 
matrix are in state N and some in state P. The writing into the 
memory is in two or three steps. In the first step, all inputs to both 
commutators are excited simultaneously, that is, current is sent through 
one winding in each input pair. This will cause one core in each com- 
mutator to turn over from N to P, and this, in turn, will cause currents 
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by 

to be induced in the lines of the memory matrix which are linked to 
these cores. The currents induced in the lines are adjusted to have the 
proper amplitude to cause the core at the intersection to be magnetized 
in direction P (regardless of its previous direction of magnetization) 
while leaving all other cores on the same lines unaffected. The second 
step is conditioned by the polarity of the information signal which is 
to be stored. If the core is to be left at N, both commutators are 
restored simultaneously to N by exciting their restoring windings. 
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This will induce currents in the selected lines of the matrix equal to 
but in opposite direction from those of the first step, and the selected 
core at the intersection of the lines will be driven to state N. If, on 

the other hand, the selected core is to be left at state P, only one of 
the commutators is restored to N in the second step, while the other 
is restored in the third step. Of course, the excitation of only one line 
of the matrix leaves all cores unaffected, since it provides only half the 
magnetomotive force required to turn over any core. The reading or 
interrogating proceeds by the same two or three steps. In the first 
step, when the interrogated core is driven towards P, a large signal or 
practically no signal is observed in the reading winding, depending on 

whether the interrogated core was initially in state N or P. If a 

signal is observed, it is utilized to restore simultaneously both commu- 
tators in step 2 and thereby restore the interrogated core to its initial 
state N. If no signal is observed, the commutators are restored suc- 
cessively in steps 2 and 3, and the interrogated core is left at its initial 
state, P, from which it was not disturbed. 

This three -step operating schedule was chosen for the first experi- 
ments with a complete system, but it is possible to use different sched- 
ules of operating pulses of the combination of the commutator switches 
and memory matrix, some requiring only two steps. This can be 

accomplished, for example, by using an additional winding linking all 

cores of the matrix. The first step is as before -both sets of inputs to 
the commutator are driven simultaneously and magnetize the selected 
core of the matrix to P. In the second step, both commutators are 
restored simultaneously, and an inhibiting current pulse, equal in am- 
plitude to the matrix line currents, may be sent through the common 

winding. When the inhibiting pulse is sent, the selected core remains 
at P ; when the pulse is not sent, the core is driven to N, as was ex- 

plained in the triple- coincidence mode of operation. For reading, the 
absence or presence of a signal in the reading winding in the first 
step determines whether an inhibiting pulse is or is not used in the 
second step, so that the interrogated core is restored to N if disturbed 
to P in the first step, but is left undisturbed if its initial state was P. 

In this two -step schedule, the commutator excitation is not de- 

pendent on the polarity of read and write. Polarity selection is obtained 
in this case by the presence or absence of the inhibiting pulse in the 
matrix winding. This renders the schedule particularly suitable for 
driving many information storing matrices from a single pair of com- 

mutators. Similar lines in all matrices are driven by the same com- 

mutator cores and similar points are selected in all matrices. The 

polarity of write -in, and the restoration of the interrogated core on 
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reading out, are determined by the presence or absence of the inhibiting 
pulses in the individual matrices. 

The use of the commutator switches has reduced the switching to 
the ultimate minimum of channels (when bivalued signals are used), 
namely, to logarithm -base -two of the number (2 "g) of stored informa- 
tion bits. Because of the push -pull inputs, the actual number of driving 
tubes is doubled. Also, one or two tubes are required for restoring the 
commutators. In all 2m + (1 or 2), tubes are required for the address 
circuits. In addition, write -in and read -out circuits for the information 
are required. These circuits are in the nature of simple amplifiers. 

The intensity of the induced currents in the matrix lines depends 
on the value of the primary currents driving the commutator switch, 
since the selected core of the commutator acts to a great extent like a 
conventional current transformer when it is heavily loaded by the 
matrix lines. Consequently, this intensity may be adjusted to have the 
optimum value for the matrix operation by controlling the primary 
currents. Faster turn -over of the cores of the commutator can be 
obtained when they are not loaded so heavily, and a greater proportion 
of the primary current is used for their excitation. This can be ac- 
complished by impedances in series with the matrix lines. A resistance 
is employed for this purpose as shown in Figure 4. 

EFFECTS OF THE DEPARTURE FROM 
IDEAL CHARACTERISTICS OF THE CORES 

For the sake of simplicity, it has been assumed thus far that the 
hysteresis loop of the core material is perfectly rectangular, that the 
magnetizing force within the material is always proportional to the 
applied currents as it would be in the absence of eddy currents, that 
no other disturbing effects exist in the cores when the flux is changing 
rapidly, and that all cores have uniform properties. In the operation of 
actual materials, there is considerable departure from these ideal 
assumptions. 

A significant hysteresis curve of materials that were tested is 
shown in Figure 5. This is a minor loop described when the maximum 
magnetomotive force HM, or tip H, is adjusted so as to obtain optimum 
discrimination under the two -to -one driving system, i.e., essentially 
when the ratio of the total change of flux, AB, to the change AB1/2 
obtained for 1/z HM is maximum. The departure from ideal rectangu- 
larity has two detrimental effects in the information storing matrix: 
demagnetization of unselected cores due to accesses to other cores, and 
presence of unwanted signals in the reading windings. These effects 
and means to minimize them will now be described. 
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Consider a core at its remanant induction, represented by point N, 
Figure 5. A current pulse, in direction P, equal to half (for the case of 
the 2 -to -1 excitation system) of the total current corresponding to H,,, 
will cause the induction to describe half a minor loop and leave the core 
at a remanant induction such as that represented by point N,. If a 
demagnetizing current pulse is applied again, a new half minor loop 
will be described, and there will be a further loss of remanant induc- 
tion. A large number of such demagnetizing pulses could occur in a 

matrix driven directly by tubes, for a long run of entries to other 
cores on the same matrix lines. This would result in an asymptotic 
remanant induction which could be disastrously small for some matrials. 

Fig. 5- Typical hysteresis loop. 

This cumulative demagnetizing effect is greatly minimized -if not 
completely eliminated -by the pulse schedule inherent in the drive by 

means of magnetic commutator switches. It will be recalled that for 
every access, any selected line is first subjected to a P pulse, then an 
N pulse. Consequently, the partial demagnetization of any unselected 
core from N to N1 will be immediately followed by a remagnetization, 
completing the minor loop to such a point as N2. This point is very 
close to the original point N. The asymptotic remanance due to the 
repetition of this minor loop is equivalent to that resulting from a 

small alternating- current disturbance which is known to produce only 

a small permanent demagnetization. In the case of the use of an 
inhibiting pulse in the two step schedule, an additional opposing pulse 
following every inhibiting pulse is necessary to prevent cumulative 
demagnetization of unselected cores in the whole matrix. 
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Unwanted voltages are produced in the reading winding when the 
selected core is driven in the standard positive interrogating direction. 
They are due in part to the small change of flux in the selected core 
when it happens to be in state P, but mostly to the additive effects of 
the change of flux in all unselected cores which are partially excited, 
i.e., the cores on the selected lines and also in the rest of the matrix 
when a third common switching or inhibiting winding is used. These 
additive effects can be greatly reduced by using a reading winding in 
which the direction of linkage changes polarity at every core on every 
line, i.e., the pattern of polarities is like a checkerboard. It is easy to 
see that with this arrangement the unwanted voltages from all un- 
selected cores tend to cancel each other except from two cores on the 
selected lines. The latter voltages tend to reduce both the wanted and 
unwanted signals from the selected core and hence improve discrimina- 
tion ratio. With perfect uniformity of magnetic properties, linear 
dependence of induction near remanance, and identical time variation 
of flux for all cores and for both polarities, the cancellation system 
would be perfect and no unwanted signal would be obtained in the 
reading winding. For a given dispersion of magnetic properties, the 
deterioration of the ratio of wanted to unwanted signal will grow only 
as the square root of the number of contributing cores, i.e., the square 
root of the side of the matrix with a regular double coincident system, 
or linearly with the side with a triple -coincidence or compensation 
system. 

It is seen that appreciable departure from an ideal rectangular 
hysteresis loop can be tolerated, since there are simple remedies for 
cumulative, partial demagnetizations on unselected cores, and for addi- 
tive effects of the contributions to the deterioration of the reading 
signal. These remedies are effective only when the properties from core 
to core are very uniform. The uniformity is in fact an important pre- 
requisite even when the loops are nearly rectangular, particularly in 
as far as the coercive force is concerned. 

The commutator switch operation is less sensitive to the magnetic 
properties of the core than is that of the information storing matrix. 
The significant merit factor is the ratio of remanant induction to the 
induction obtained at maximum excitation, i.e., B,. /Bm. When this 
ratio departs from its ideal value of unity, some voltages are induced 
in the unselected cores in the opposite direction from the voltage on 
the selected cores. When the commutator drives an information storing 
matrix, these voltages are in the right direction to improve the opera- 
tion of the matrix. The amplitude of these voltages, different from 
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line to line, is not optimum, but still, in practical cases, these opposing 
voltages will induce currents which are somewhat helpful. 

The eddy currents induced in the cores due to the rapid changes of 
flux play a dominant role in the operation of the information storing 
matrix. The dissipation of power is not as significant as the fact that 
these currents oppose the effects of the externally applied current and 
slow down the rate of change of flux. As a result, a certain time elapses 
between the application of a current step and the completion of the 
change of flux corresponding to that current. This delay in switching 
time of the core is in part detrimental, because it limits the speed at 
which the memory system can be operated, and is in part beneficial, 
because it provides a means of time discrimination, in addition to am- 
plitude discrimination, between wanted and unwanted reading signals. 

The equations describing the change of flux within a material with 
nonlinear B -H characteristic, when driven by a step current pulse in 
the inevitable presence of eddy currents, are difficult to solve. When 
many simplifying assumptions are made, however, it is possible to 
obtain a qualitative idea of the solution. This was done by Mr. W. N. 
Papian in his master's thesis.' 

Typical experimental behavior of a core wound with 5 wraps of 
1/8 -mil 4 -79 Permalloy under pulse conditions is illustrated by the 
photographs of the traces of an oscilloscope, Figure 6. These were 
obtained from a secondary winding when alternate polarity current 
pulses of about .4 microsecond rise, 10 microseconds duration and .3 

microsecond decay were applied to the primary. The voltage pulse, for 
different current amplitudes is seen to have different shapes. For all 
amplitudes, there is an initial sharp rise, followed by a decay to zero. 
The switch -over time, i.e., the duration up to the end of any flux change 
in the core, varies with increasing current amplitude. At first it is 
short, then it increases and passes through a maximum to become 
shorter and shorter. The striking feature of the middle range of drives 
is the two maxima of the voltage pulse shape. 

The broad aspects of this behavior can be understood in terms of 
the well known retarding effects of the inducted eddy currents. The 
change of flux is delayed by an amount increasing with electrical con- 

ductivity and magnetic permeability of the material. In materials with 
a very rectangular loop, there are two distinct ranges of permeability 
values with an abrupt transition between them, the ratio between 
these values being a thousand to one, or more. For a low magnetizing 

a W. N. Papian, "A Coincident -Current Magnetic Memory Unit," Mas- 
ter's Thesis, Electrical Engineering Department, Massachusetts Institute 
of Technology, August, 1951. 
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force, only the low permeability region is traversed by the core, the 
consequent damping of eddy currents is small and a sharp voltage pulse 
is produced. For higher magnetizing forces the high permeability 
region is encountered and the greater damping causes the voltage pulse 
to have a long bell- shaped waveform. Thus the voltage pulse is the 
composite of these two pulses and has two distinct maxima. For still 
higher magnetizing forces the delays due to the damping of the eddy 
currents become shorter because these opposing currents become 

NUMBERS INDICATE 
AMPERE - TURN RATIOS 

11 8M1L PERMALLOY 4-79 

Fig. 6- Voltage output for various amplitudes of current. 

relatively smaller with respect to the drive. This causes the two pulses 
to merge and form a single pulse. The family of voltage wave forms 
of Figure 6, taken with increasing magnetizing force, illustrates these 
effects. (Similar double peaks in the voltage shape, observed at the 
trailing edge of very intense current pulses, may be accounted for by 
departures from linearity of the hysteresis loop in the region from 
high saturation to remanance. This nonlinearity is not as pronounced 
as the transition from unsaturated to saturated induction occurring 
at the leading edge of the pulse, but the relative importance of the 
eddy currents is enormously greater since the external magnetizing 
force is removed.) 

EXPERIMENTAL RESULTS 

The above observations made with symmetrical excitations of 
different amplitudes are illustrative of the behavior of the core but 
are not directly applicable when the cores are used in the coincident 
matrix. Indeed, they refer to family of symmetrical hysteresis loops, 
whereas minor unsymmetrical loops play an essential role in the appli- 
cation at hand. 

As a guide in the design of actual devices, empirical data was taken 
in conditions approximating those of actual operation as closely as 
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possible. Typical results of such tests on a single core are the voltage 
traces displayed on an oscilloscope as shown on Figure 7. A schedule 
of pulses of different amplitudes and polarities as shown on the figure 

N N 
is applied to the core (P - - - - -P - N) and the resulting induced 

2 2 
voltages are displayed on an oscilloscope synchronized so that the traces 
are superimposed. It will be noticed that two successive partial demag- 
netizations cause only a small loss of flux. This flux is measured by 
the sum of the areas under the two successive voltage traces or the 
area of the single remagnetizing full amplitude pulse P. The contribu- 
tion to the reading signal of the cores on the unselected lines can be 
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Fig. 7- Typical voltages from single core. 

appreciated also by the voltage traces due to the demagnetizing half - 
current pulses. The amplitude of the voltage from the interrogated 
reversing core passes through a maximum. At that instant, voltages 
from half- excited cores on the same lines have decayed to a very small 
value. Consequently, if the reading signal is sampled or strobed, at the 
right instant, a very high ratio of wanted to unwanted signals can 
be obtained. This shows that time differences between wanted and 
unwanted signals considerably improve the discrimination obtained 
from amplitude differences alone. As a matter of interest, similar 
traces for a three -to -one driving system are shown in Figure 8. 

Several materials were used in the tests. Nickel -iron alloys (Delta- 
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max) were found to have very long switching time. Silectron, a silicon 
steel alloy obtained from Allegheny Steel Co., provided the first material 
with which workable information -holding matrices and commutator 
switches were built. Most of the recent work was done with cores 
wound with 5 wraps of 1/8 -mil Permalloy 4 -79, cores of 3/16 -inch 
diameter 1s-inch high, obtained from Magnetics, Inc. 

Throughout the research work, experiments were made on the 
possible use of ferrospinel magnetic cores. Owing to their low electrical 
conductivity, the eddy currents are considerably smaller than in metallic 
cores and the switching times much shorter. Switching times of a 
fraction of a microsecond have been observed for most samples. Some 
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Fig. 8- Typical voltages for three -to -one excitation. 

materials with reasonably rectangular loops which promise to be suit- 
able for the memory unit have recently been made available by General 
Ceramics Co. 

MEMORY UNIT WITH 256 INFORMATION BITS 

A whole memory unit was made to operate successfully. It consists 
of a matrix 16 X 16 lines, i.e., 256 storing cores, driven by two com- 
mutator switches of 16 cores each. All the cores were wound with 5 
wraps Permalloy 4 -79 18-mil thick, 1/8 -inch high on 3/16 -inch ceramic 
spools. These cores were mounted between two perforated bakelite 
sheets, as shown in Figure 9. Single -turn windings were made by 
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threading a wire in and out alternately through the holes of the plate. 
The reading winding was wound so as to link the cores according to 
polarities in a checkerboard pattern. The commutator switches were 
wound with two -turn windings for the P coils and (4 - 1) 2 = 6 turns 
for the N windings. Eight turns were used for restoring and for the 
driving windings. 

At first, the unit was tested by sending appropriate trains of pulses 
to the binary address channels selected through manual switches and 
to the commutator restoring windings. Typical output voltage pulses 
from the selected core, obtained from the reading winding, showed 
that the ratio of wanted to unwanted signal at the appropriate strobing 

-. . / ! J 2 ! J . i l 
1. :. 

4444111441,4144 

Fig. 9- Operating unit -Permalloy cores. 

instant was higher than for a similar ratio obtained on a single core 
by itself. This is due to the cancellation effects of the checkerboard 
reading winding mentioned previously. Considerable variations of 
pulses from core to core were observed, so that one strobing instant, 
necessarily the same for all, had to be chosen so as to optimize the 
signals from the cores with extreme properties. 

A circuit was built to scan through the elements of the memory unit. 
Figure 10 shows the experimental circuit setup. The reading circuit 
was connected to appropriate restoring circuits so as to read non- 
destructively. The results of the read -out were displayed on a cathode - 
ray tube whose horizontal and vertical deflections were in proportion 
to the binary ordinal numbers of the matrix lines. The beam was keyed 
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by the reading circuit. In order to introduce any arbitrarily chosen 
pattern of information into the memory system, it was found convenient 
to use a manual setting as follows: At first all cores are magnetized in 
direction N. A metallic wire probe is inserted in any core which it is 
desired to magnetize in direction P. The signal between the probe and 
a metal plate backing the matrix is introduced into the reading re- 
storing circuit so as to inhibit restoration. When the scanning circuit 
excites the selected core, it is left in state P instead of being restored 
to N because of the inhibiting pulse from the probe. Figure 11 shows 
a pattern of information stored in the magnetic matrix as it appears 
cn the cathode -ray tube. 

Fig. 10- Experimental circuit setup. 

The turn -over time of the cores in this system was from 5 to 8 
microseconds, corresponding to an access time of 15 to 24 microseconds, 
since a 3 -step schedule was used. 

About .45 ampere turn is required to turn over a core in the matrix. 
The commutator switch has two turns in each P winding (6 turns on 
the N winding) . About 250 milliamperes are required in the selecting 
lines of the commutator. 

CONCLUSIONS 

Theoretical considerations, confirmed by early experiments, indicate 
that magnetic cores are inherently suitable building blocks for a mem- 
ory system with ideal properties. Two natural states of remanent 
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magnetization provide indefinite storage without the use of external 
holding power, and nonlinear properties allow multi- coincident switch- 
ing. These properties allow great simplicity in construction and extreme 
reliability in operation. 

An operative memory system has been built, and although its storage 
capacity of 256 information bits is rather modest, it demonstrates the 
principles of switching and operating schedules applicable to systems 
of any capacity. A natural extension of present -day techniques should 
be sufficient to obtain capacities in the thousands or tens of thousands. 

The recent development of ferrospinel magnetic materials with 
rectangular hysteresis loops opens possibilities of reducing the access 
time by a factor of ten (i.e., 2 or 3 microseconds). Also, it is possible 
to visualize a reduction of the cost of these cores to a fraction of a cent. 

Consequently, it is probable that in the more distant future it will 
be feasible to build extremely reliable and simple memory units with 

"% s' mu 
0 

i 
Fig. 11- Cathode- ray -tube display. 

capacities of millions of bits of information, with access times of a few 
microseconds. This will require, of course, a great effort in the devel- 
opment of both the system and the materials. These possibilities may 
be viewed in the same light as those offered by the transistors; both 
are due to solid state devices invading the field of electronics, hitherto 
dominated by vacuum tubes. 
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A 7000 -MEGACYCLE DEVELOPMENTAL 
MAGNETRON FOR FREQUENCY MODULATION' :: 

BY 

H. K. JENNY 

Tube Department. RCA Victor Di%',MIL 
Harrison, N. J. 

Summary -A developmental magnetron designed primarily for use in 
7000 -megacycle microwave relay systems is described. This tunable con - tinuous- wave magnetron delivers a power output of 10 watts and is capable 
of handling frequency deviations up to 16 megacycles without amplitude 
modulation. Circuit elements included within the tube are discussed, and equivalent circuits are presented which facilitate determination of tuning 
and modulation curves. Performance data is included to show the effects 
of applied voltages, magnetic fields, and tuner setting on power output, 
efficiency, frequency, and modulation. 

INTRODUCTION 

HE use of magnetrons in microwave relay systems has been 
limited, to date, because such tubes generally are not designed 
to be used for frequency modulation. This article describes a 

developmental tunable continuous -wave magnetron designed for fre- 
quency- modulation (FM) service in applications requiring power out- 
puts of up to ten watts. This FM magnetron, shown in Figure 1, 
operates in the region from 6575 to 6875 megacycles and can handle 
frequency deviations up to 16 megacycles, at rates up to 5 megacycles, 
without resulting amplitude modulation. The frequency -modulator 
system incorporated in the tube accomplishes both modulation and 
frequency stabilization of the output signal. This tube can be used 
in systems requiring amplitude modulation, frequency modulation, or 
phase modulation, and allows additional frequency control for stabiliza- 
tion. It has been designed to replace the lower- output tubes now in 
general use, thereby increasing the range and reliability of transmitted 
signals. 

Besides having frequency- modulation characteristics, tubes de- 
signed for use in fixed transmitter and relay equipment must also con- 
tribute to low investment and maintenance costs for the over -all 
system. A tube contributes to reduced costs when it operates with 
good efficiency and at low voltage, when it has reasonably long life, 
and when replacement is relatively easy. The efficiency of the develop- 

* Decimal Classification: R355.912.11. 
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mental FM magnetron is approximately 30 to 40 per cent, as compared 
with efficiencies of less than 10 per cent for commercially available 
klystrons and traveling -wave tubes having comparable power- output 
ratings. The magnetron operates at a voltage of 550 volts, or about 
half the voltage required for klystrons or traveling -wave tubes. The 
cathode of the magnetron is operated at a low current density, 0.150 
ampere per square centimeter, to assure long life. Tube replacement 
costs are minimized by incorporating the magnet and tuner mechanisms 

Fig. 1- Developmental tunable continuous -wave magnetron. 

in the associated equipment and designing the tube to plug into the 
equipment as a conventional tube plugs into a socket. Figure 2 shows 
the tube inserted into a socket which is mounted with the permanent 
magnet in the equipment. The tuner may be screwed on after the tube 
is inserted, or, if desired, may be mounted and adjusted before the 
tube is inserted into the equipment. 
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DESIGN CONSIDERATIONS 

A tunable magnetron for frequency -modulation operation includes 
many circuit elements. Such a tube acts as an oscillator- buffer -modula- 
tor requiring a low- frequency signal at the input terminals and an 
antenna at the output terminals. In the developmental FM magnetron, 
all parts of the tube except the magnetron cathode, the modulation 
guns, and the tuning plunger are incorporated in one subassembly 
which can be varied during manufacture to cover different frequency 
bands. The tube consists of three major parts enclosed in a single 
evacuated envelope: the magnetron system; the tuning- cavity system ; 

and the modulator system. 

WAVEGU IDE 
FLANGE 

Fig. 2- Plug -in -type socket for the magnetron. This socket is mounted with 
a permanent magnet in the equipment. 

A. Magnetron System 
The magnetron is a 24 -vane double- strapped system. The high 

number of vanes allows operation at low voltage and low current 
density. As mentioned previously, this tube operates at a voltage of 
550 volts and a current density of 150 milliamperes per square centi- 

' meter, and delivers a power output of 10 watts with efficiencies of 30 
to 40 per cent. Operational data for the magnetron system will be 
discussed later. 
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B. Coupled Tuning -Cavity System 
Mechanical tuning of this developmental FM magnetron is accom- 

plished by changing the dimensions of a separate tuning cavity which 
is coupled closely to the magnetron system and is incorporated in the 
same evacuated envelope. 

The technique used to achieve frequency modulation is the spiral - 
beam method described by Smith and Shulman.' The beam, to be 
applied most efficiently, must interact with a maximum of stored 
energy. The separate tuning- cavity -to- magnetron coupling is so de- 
signed that the cavity stores approximately the same amount of energy 
as is stored in the magnetron resonant system. The electric field in 
the cavity is concentrated in the region between the two modulator 
electrodes through which the modulating beam passes. A modulation 

OUTPUT 
TRANSFORMER 

MAGNETRON 

IRIS 

TUNING 
CAVITY 

CAVITY 
LENGTH 

PLUNGER 

Fig. 3- Equivalent circuit for developmental FM magnetron showing 
magnetron system with coupled tuning- cavity system. 

factor of almost 0.5 can be obtained; i.e., change of resonant frequency 
in the cavity produces about half as much change in the frequency of 
the entire resonant system. 

The primary objective in the design of the tuning cavity and the 
coupling element to the magnetron system is to achieve good operation 
in the correct mode over the required tuning range. A simplified 
equivalent circuit for the magnetron and tuning- cavity systems is 
shown in Figure 3. The magnetron system is coupled closely through 
an iris to a ridge -type wave guide tuning cavity a half wave length 
long. As mentioned above, field concentration exists in the center of 
the cavity, where the electric field is at a maximum. One end of the 
cavity is short -circuited by a choke -type noncontacting movable 

1 L. P. Smith and C. I. Shulman, "Frequency Modulation and Control 
by Electron Beams," Proc. I.R.E., Vol. 35, pp. 644 -657, July, 1947. 
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plunger which allows tuning over the required frequency range. No 
losses are assumed in the equivalent circuit because losses have little 
effect in determining the frequency. The accuracy of the equivalent 
circuit shown in Figure 3 is limited ; it is best close to the resonant 
frequency of the magnetron system alone. 

1. Tuning Curves -The condition for resonance of the entire 
system shown in Figure 3 is b , + b; + be= 0, where b,,, is the mag- 
netron susceptance, b, is the iris susceptance, and b,. is the cavity 
susceptance. Figure 4 shows the susceptance of the magnetron, the 
iris, and the cavity, as computed from the equivalent- circuits. The 
magnetron susceptance b,,,, in mhos, is equal to 

and 

d b,;, 

d 

b,= 

., 

N -o - (N-1) 

27rc L,,, N 

1 

27rc L,,, N 
1 

+ (3 - 2N) 

1- 

0 4 

N (- 
) t 2 A 

a 

Ào - (N-1) 

where N = the number of cavities in the magnetron, 

Jl = the cperating wave length in centimeters, 

A0 = the magnetron resonant wave length in centimeters 
= 27rc './L,,, C 

C , = the capacitance of a single magnetron cavity in farads, 

L,,, = the inductance of a single magnetron cavity in henries, 

c = the velocity of light in centimeters per second. 

The iris susceptance b;, in mhos, is equal to 

bi= 
C; x{ 

2 - -1 
L, 
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and 

dbi 1 
z 

_ +1 Ci 

d1k Li Ai 

where Ci = the iris capacitance in farads, 

Li = the iris inductance in henries, 

A. = the resonant wave length of the iris in centimeters 
= 27re 

The cavity susceptance b,., in mhos, is equal to 

1 w Jl 2 rrl 
be= -- - -- cot , 

377 a Ag a 
and 

db , . w A, r r . 21 27/ 2-r1 \ 
cot }- - cos2c'= 

d,l 377aÀ 1l 1l 
A % \ a J 

where w = ridge spacing in the cavity in centimeters, 

a = ridge height in centimeters, 

All = guide wave length in centimeters, 

l = cavity length in centimeters. 

When the susceptance values have been determined either by calcula- 
tion or by measurement, the tuning curves can be computed. Figure 5 

shows the graphical solution of the resonance equation for one position 
of the tuning plunger. It is apparent that there are three possible rr 

modes, in addition to other tube modes which are spaced farther away 
and can be neglected in this analysis. Figure 6 shows the tuning curve 
plotted as a function of the cavity length. The method of graphical 
solution demonstrated in Figures 5 and 6 makes possible the deter- 
mination of a tuning curve with desired tuning rate (i.e., ratio of 
frequency change to change in plunger position or cavity length), 
linearity, and separation from the adjacent modes. 

Because of the modulator electrodes incorporated in the tuning 
cavity, the best mode of operation for this FM magnetron is the one 
giving the magnetron resonant frequency when the tuning plunger is 
half a wave length from the iris. This mode is called the main mode, 

therefore, and the two adjacent 77. modes are called the upper and 
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lower modes. Although a new it mode is obtained for every movement 
of the tuning plunger of afproximately half a wave length, these modes 
are not pertinent to the analysis and will not be discussed. 

+b 

-b 

-b 

1 

r 

X 

WAVE 
LENGTH 

7) 

WAVE 
LENGTH 

V 

IRIS 
A- RESONANT 

FREQUENCY 

bc 

o 
MAGNETRON 

RESONANT FREQUENCY 

X 
WAVE 

LENGTH 

L 

Lm C 

N-I 

MAGNETRON 

IRIS 

I----.Q -I 

CAVITY 

Fig. 4- Curves showing magnetron susceptance at iris opening, iris sus - ceptance, and cavity susceptance. 

The tuning curve is influenced by both the length and the induc- 
tance- capacitance ratio of the coupling iris. For constant magnetron 
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and cavity geometries, the longest slot length tends to bring the lower 
mode very close to the main mode, while the shortest length brings 
the upper mode very close to the main mode. An intermediate length 
which spaces the upper and lower modes evenly about the main mode 
is desirable for stable operation. 

A high ratio of inductance to capacitance in the iris, or no iris at 
all, reduces the tuning rate sharply at wave lengths below the mag- 
netron resonant wave length, À0. A very low ratio of inductance to 
capacitance, on the other hand, reduces the tuning rate at wave lengths 
above the magnetron resonance point. An optimum value between 
these extremes can be found which gives a fairly linear tuning curve. 

bmt b¡ _ -bc 

LOWER 
MODE 

UPPER 
MODE 

MA IN 
MODE 

bm+ b¡ 

WAVELENGTH 

bm+ b; 

Fig. 5- Curves showing resonant frequencies for one position of the 
tuning plunger. 

2. Mode Selection -The determination of the mode in which the 
tube will oscillate involves such factors as the ratio of the stored 
energy in the magnetron, iris, and cavity to the stored energy in the 
magnetron alone, losses in the circuits, power or energy coupled out 
of the tube, direct -current operating voltages, and the effects of the 
magnetron space charge. The mode of operation may be closely ap- 
proximated, however, from consideration of only the first two of these 
factors. 

The ratio of the stored energy in the magnetron, iris, and cavity to 
the stored energy in the magnetron alone may be defined as stabiliza- 
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tion factor, S. If this stored -energy ratio were the only consideration, 
the tube would tend to oscillate in the mode having the lowest stabiliza- 
tion factor. It is desirable, therefore, to be able to compute the sta- 
bilization factor for the desired mode, as well as for its adjacent modes, 
in order to evaluate possible tuning range. 

lî) 

UPPER 
MODE 

CAVITY LENGTH (ß) 

Fig. 6- Tuning curves plotted as a function of cavity length. Stabilization 
factors for the three Tr modes are shown in the curves at the top of the figure. 

The computation of the stabilization factor may be demonstrated 
by consideration of a simple parallel resonant circuit. If L is the 
circuit inductance and C the circuit capacitance, then the circuit 
susceptance, b, is equal to 

2ircC a 
b= 

,l 2rcL 
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db 2r, cC 1 

dA A- 27rcL 

From these two equations, we can find the values of C and L: 

C= 
4 

L= 

A db 
b-A - , 

47rc dA 

A ( 1 

ae db 
b+A 

dA 

The stored energy, Esr, in the circuit is given by 

1 1 A 
_ db 

ET=-V=''C=-V" A b 
2 8 irc dA 

The stabilization factor for the entire system can now be expressed as 

S=1-}- 

dbe dbti - Lbe + bi] 
dA dA 

db, 
A (-)- b, 

dA 

This equation is valid for all values of frequency represented by 
the equivalent circuit except that at which the frequency of the entire 
system is equal to the magnetron resonant frequency; at this fre- 
quency, the susceptance values b , and b,. are infinite. 

When the frequency of the entire system is equal to the magnetron 
resonant frequency, it is of advantage to use reactance values instead 
of susceptance values to compute the stabilization factor. At the mag- 
netron resonant wave length A0, where the susceptance of the entire 
system becomes infinity, the reactance is equal to zero. The reactance 
of a series circuit is 

27rcL A 

X= 
A 21rcC 
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and 

dX 27rcL 1 

dA A2 27rcC 

From these two equations, we can find the value of L: 

A dX 
L= X-A 

47rc dA 

Thus, when the frequency of the entire system is equal to the mag- 
netron resonant frequency, the stored energy is 

1 1 Aó dX 
E$T =-I2L=-12 

(a=x.) 2 8 7rc dA 

and the stabilization factor of the system is 

dX, 

dA 
S(a=ao) = 1 + 

dX, 

dA 

The values of dX, and dX, at the magnetron resonant frequency are 

dX , W Ag 8 n 

da 377a Ao Ao 

dX, N 

dit 

, 

A method of computing or measuring stabilization factors has 
now been established for all the 7r modes through the use of susceptance 
and reactance values and their derivatives. This method is also appli- 
cable to equivalent circuits which are much more complex, provided 
the susceptance values can be obtained analytically or experimentally. 

Figure 6 (top) shows a curve of stabilization factors as a function 
of cavity length for the three 7 modes. The mode most likely to be 
excited for a given cavity length, that is, the one having the lowest 
stabilization factor, is marked on the tuning curve. 
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As mentioned previously, tube operation in the main mode is desired 
with a plunger distance of half a wave length from the coupling iris, 
to accommodate the modulator electrodes. Figure 6 (bottom) shows 
that, when the plunger is gradually moved out from the coupling slot, 
the upper mode is most likely to be excited up to the point where its 
stabilization- factor curve intersects with the curve of the main mode. 
At the point of intersection, operation jumps to the main mode and 
continues there until the stabilization factor of the lower mode becomes 
smaller than that of the main mode. As the plunger is moved farther 
out, operation will jump to a lower tube mode every time a distance 
of half a wave length has been traveled. 

In actual operation, the point at which mode jump occurs varies 

LOWER UPPER 
MODE MODE 

MAIN 
W 

=1 5 MODE 

MAIN a 
MODE w 

= OPERATION IN 
MAIN MODE 

MAIN a -2 MODE w 

CAVITY LENGTH (1) 

Fig. 7- Curves showing the influence of tuning- cavity parameters on sta- 
bilization factors of the three 7 modes. 

according to a hysteresis effect. When tuning is varied continuously 
in one direction, oscillation in a given mode will continue over a wider 
range of plunger positions than if the oscillator were started at these 
positions, even though another mode has a lower stabilization factor. 

The influence of cavity parameters on the stabilization factors is 

shown in Figure 7. The curves illustrate the effects of three different 
ratios of ridge height, a, to ridge spacing, w. An increase in the ratio 
of a to w increases the stabilization factor of the main mode and 
usually decreases the obtainable tuning range of this mode. 

C. Tube Modulator System 
As mentioned previously, frequency modulation in this develop- 

mental magnetron is accomplished by modulation guns enclosed in the 
same evacuated envelope as the magnetron system and the tuning- 
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cavity system. The technique used to achieve frequency modulation 
is the spiral -beam method.' 

1. Spiral Beam -When a spiral beam is used to achieve frequency 
modulation, the beam is shot through the capacitive section of a 
resonant circuit and a magnetic field having the same direction as 
the beam is applied. The beam then introduces both resistive and 
reactive components across the capacitance. The values of resistance 
and reactance introduced are dependent mainly upon beam current, 
beam velocity, and magnetic field for a given geometry. The electron 
admittance ye, in mhos, is equal to 

h2 I 1 - cos B 9 -sing 
Je =96+.! be= .% 

4d2 Vo 62 92 

where ge = electron conductance in mhos, 

be= electron susceptance in mhos, 

h = length of space in which the radio- frequency (r -f) field 
acts on electrons, in centimeters, 

d = modulator electrode spacing in centimeters, 

to = beam current in amperes, 

Vo = beam voltage in volts, 

O = (0),- w) AT = transit angle in radians, 

T = electron transit time through h, in seconds, 

e 
we= H -= angular frequency of rotation in cycles per second, 

m 

w = angular high frequency in cycles per second, 

H = magnetic field in gausses. 

A graphical presentation of the above expression with the admittance 
values plotted as a function of the transit angle 9 is shown in Figure 8. 

The maximum frequency deviation possible with zero resistive 
component or zero amplitude modulation occurs when the transit angle 
9 is equal to ± 27r; the value of the maximum deviation is 

h2 Io 1 

Ofcavity= + 
167rd2 Vo 271-Co 

where Co is the total capacitance of the cavity. 
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The frequency deviation of the magnetron cavity combination 

(6,fsystem) is given by the product of the deviation of the cavity alone 

(Ofe,ity), as given above, and the tuning rate (TR) : 

Of system = TR Afcavity 

The tuning rate at the resonant frequency of the magnetron system 
can be determined from the equations given previously to be 

O 5 

O 4 

0.3 

O 2 

0.I 
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Fig. 8- Curves showing electron admittance as a function of transit angle O. 

TR(x=xo) = 
1 

dXm 
1+ 

dÀ 

dXc 

dÀ 

2. Physical Configuration of the Modulator System -A diagram 

of the modulator system of the developmental FM magnetron is shown 
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in Figure 9. A shield (1) is set into the ridge -type tuning- cavity wall 
to allow mounting of the two modulator guns. The guns are mounted 
opposite each other in front of the magnetic pole pieces. Focusing of 
the beam is accomplished mainly by the large magnetic field. Each 
gun is a tetrode -type system with an oxide -coated cathode used as 
emitter.. In front of the cathode is a negative aperture -type control 
grid which permits modulation control without requiring any driving 
power. The control grid is followed by an accelerating grid which 
operates at 300 volts and determines the magnitude of the beam cur- 
rent. Shield 1 and the structure beyond it are maintained at a low 
potential in order to permit adequate frequency deviation. The voltage 
of this portion of the structure is referred to as the beam voltage. 

ELECTRON SHIELD 2 MODULATOR 
BEAM ELECTRODES 

SHIELD I 

GRID 2 
(ACCELERATOR) 

MAGNETIC CATHODE GRID I POLE PIECES (CONTROL) 

Fig. 9- Diagram of the modulator system. 

When the beam enters the r -f field region between the modulator 
electrodes, it expands until it reaches the center of the electrodes, 
picking up energy from the field. In the second half of the region, the 
beam contracts and leaves the r -f field with the same shape and velocity 
it had upon entering the field. The beam has stored energy for a time, 
acting as a pure reactance, but the energy taken from the field is all 
returned. The beam current, is then collected on the opposite shield 
(2) . The driving power required for modulation is determined only 
by the grid input capacitance, which in this tube is 8 micromicrofarads. 

OPERATIONAL DATA 

A. Magnetron Performance 
Figure 10 shows the performance chart for this developmental FM 
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magnetron with magnetic field strength as the parameter. In operation, 
the field strength of the magnet is determined by modulation considera- 
tions so that the spiral beam modulator is operated at the points of 
least amplitude modulation (0 = ± 27r). The curve of magnetic field 

strength chosen for this tube is marked on the performance chart. 
The power output of this tube is approximately 10 watts at 550 

volts, 50 milliamperes, and efficiency of about 35 per cent. At these 
operating conditions, the cathode current density is 150 milliamperes 
per square centimeter. Both nickel -mesh and matrix -type oxide -coated 
cathodes have been used with good results. Life -test results on 
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Fig. 10- Performance chart for the developmental FM magnetron with 
magnetic field strength as the parameter. 

developmental tubes have been satisfactory to more than 5000 hours, 
with a few tubes operating more than 7000 hours. Poorer tubes having 
a life of only a few hundred to a few thousand hours also were en- 

countered, but it is evident that careful quality control during pro- 
duction will result in a long -life tube. 

The Rieke diagram taken at the operating point, which is shown 
in Figure 11, shows power output and frequency as a function of tube 
loading. Figure 12 shows frequency and power output plotted as a 
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Fig. 11 -Rieke diagram for the developmental FM magnetron, taken at the 
operating point. 
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function of cavity length for mechanical tuning. For the microwave 

application for which this tube was designed, a tuning range of 300 

megacycles is required. The loading of this tube is such that the 

output power is practically constant over this 4.5 -per -cent tuning range. 

Coverage of adjacent bands with this magnetron is possible with a 

change of only one subassembly during' manufacture. 

B. Modulator Performance 
Experimental modulation curves for this tube are shown in Figure 
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Fig. 12- Curves showing frequency and power output as a function of 
cavity length. 

13. The energy -storing component is plotted directly as frequency 

deviation of the tube in megacycles per milliampere, and the energy - 

absorbing component is shown as amplitude modulation in per cent. 

For practical tube operation, only the magnetiç field yielding best 

frequency modulation and no additional amplitude modulation is ap- 

plied. Because low magnetron plate voltage is desired, a transit angle 
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O equal to -27r was chosen for operation. With this angle, frequency 
modulation is one -half of the maximum obtainable deviation, which 
occurs when the transit angle O is equal to ± it and brings about 
appreciable amplitude modulation. If the modulator is driven from 
cutoff to a certain beam current for special applications, the frequency 
increases with increasing modulator current. If a decrease in fre- 
quency is required, the magnetic field is adjusted to make the transit 
angle O equal to +27r. The results shown in Figure 13 were obtained 
with the beam voltage equal to 45 volts and an accelerator voltage of 
300 volts. 

Frequency deviation is a function of the ratio of accelerator voltage 
to beam voltage. Usually a high total frequency deviation is required 
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Fig. 13- Curves showing amplitude modulation and frequency modulation 
as a function of the transit angle O. 

rather than a high deviation per unit of beam current. The frequency 
deviation per unit of beam current increases as the ratio of accelerator 
voltage to beam voltage increases. The total obtainable current, on 
the other hand, increases with a decreasing voltage ratio because both 
emission and focusing improve. The best operating point is the one 
giving maximum deviation per unit of beam current and enough total 
current so that the desired deviation is obtained as the control grid 
is varied from zero bias to cutoff. A deviation of 40 megacycles with 
some amplitude modulation (0 - -,r) and of 20 megacycles with no 
amplitude modulation (0 = -2a) may be obtained with an accelerator 
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voltage of 300 volts and a ratio of accelerator voltage to beam voltage 
of 6.7. 

Figure 14 shows the modulation curves for the two modulator guns 
in a developmental FM magnetron, with frequency deviation plotted 
as a function of the negative modulator grid voltage. Two methods of 
operation of the guns are possible : 

28 

24 

MODULATOR 
GUN I 

BEAM VOLTS = 45 
ACCELERATOR VOLTS = 300 
MAGNETIC FIELD (GAUSSES) =1860 
FREQUENCY (MEGACYCLES) =6800 

4 

o 

MODULATOR 
GUN 2 

20 40 60 80 
NEGATIVE GRID VOLTS 

100 

Fig. 14- Curves showing frequency deviation as a function of control -grid 
voltage for the two modulating guns of a developmental FM magnetron. 

a) One gun is operated; the second is inoperative. When the life 
of the first gun has deteriorated below useful limits, the second 

gun is switched on and operated. 
b) Both guns are operated simultaneously at one -half the operating 

current of one gun. The lowered cathode current density should 

increase life. 
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The recommended method of operation will be determined from life - 
test results. 

This tube is designed to give maximum frequency deviation in the 
center of the band. In other words, a maximum of stored energy is 
concentrated between the modulator electrodes. As soon as the tuning 
plunger is displaced, however, the point of maximum stored energy 
also is displaced from the center. Thus, the frequency deviation de- 
creases when the tube is tuned to either side of the center point. The 
allowable decrease in frequency deviation determines the tuning range 
possible for the tube, because these limits are narrower than the 
boundaries given by mode jumps. A second limit is given by operation 
with a fixed magnetic field (permanent magnet) over the tuning range. 
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Fig. 15- Curves showing frequency deviation and amplitude modulation as 
a function of operating frequency. 

Because there is only one point at which no amplitude modulation 
occurs, (9 = ±27r), tuning will also introduce a certain amount of 
amplitude modulation. Figure 15 shows the combined effects of the 
changes in frequency deviation and in amplitude modulation over the 
tuning range. Over the desired 4.5- per -cent tuning range, the fre- 
quency deviation varies by 25 per cent and amplitude modulation up 
to 8 per cent is introduced. 

C. Miscellaneous 

Other data on the performance of the developmental FM magnetron 
is given below. 
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Magnetron Pushing Figures 
Current Pushing 0.25 Mc /ma 
Voltage Pushing 0.25 Mc /v 
Magnetic Field Pushing 0.003 Mc /gauss 

Temperature Stability 
Frequency Shift 0.21 Mc / °C 

Total Warm -up Drift 6 Mc 

Tuning Rate 
Plunger Displacement 1.4 Mc /mil 

Modulation Rate 
Negative Grid Voltage 0.4 Mc /v 

Magnetic Field 1850 gausses 
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SOME NEW ULTRA -HIGH -FREQUENCY 
POWER TUBES* 

BY 

P. T. SMITH 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary- Experimental grounded -grid triodes and grounded- cathode tetrodes with identical cathodes and equivalent grids are described. The triodes may be operated at 900 megacycles with approximately the same power gain and output as at low frequencies. This operation may be obtained with cathode emission densities compatible with long life. The tetrodes under grounded -cathode operation are not as high in power gain, but offer some advantages when high -level modulation is required. Grounded - grid operation of the tetrodes, although not tested, is believed to retain the high -level modulation advantage and improve the power gain. The triode, 
of course, has the important advantage of a simpler construction. 

INTRODUCTION 

THIS paper presents a study of grid -controlled power -amplifier 
tubes. Because the specific objective was television transmission 
between 500 and 900 megacycles, certain performance charac- 

teristics had to be attained. Two of the more important of these factors 
are wide band width and low input -to- output circuit coupling (feed- 
back). 

One can relate the power output W, band width Do,, and effective 
output circuit capacitance C, by 

K12 
W= 

nco C 

where I is the fundamental component of the plate current. The prob- 
lems which confront the tube engineer become more apparent if this 
relation is expressed in terms of J, the average current density of the 
peak of the plate current pulse and the effective output capacitance 
C' per unit area of anode. The capacitance associated with the external 
circuit and of ineffective portions of the anode must be appropriately 
absorbed in C'. The above formula then becomes 

* Decimal Classification: R334 X R310. 
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K' (J) 2 A 
W = 

Am C' 

It is clear that at low frequencies the current density Y is ultimately 
limited by the choice of cathode and the desired life. The grid - 
anode spacing is determined primarily by space charge considerations 
and C' can be kept low. However, as the grid -anode transit time is 
increased the fundamental component of the anode current at high 
frequencies decreases rapidly.' Since C' also decreases with increasing 
spacing, but less rapidly, there is an optimum grid -anode spacing. 
While the basic large -signal theory exists,2.3 it is not in a form which 
readily allows one to determine this spacing for a given set of condi- 
tions. Care and ingenuity must be exercised in order to arrive at the 
optimum compromise. 

The second factor, feedback, if ignored in the tube design, may 
lead to unnecessary difficulties for the transmitting engineer and loss 
of power gain. It is important in television transmitters' since it 
gives rise to a serious distortion of the apparent band -pass charac- 
teristic of the output circuit. This leads to an appreciable loss of 
resolution in the picture. 

Other grid -controlled tubes have been developed which give good 

' In a triode, the effective fundamental component of the plate current 
at UHF depends upon 9 parameters; frequency, cathode -to -grid spacing, 
input radio -frequency voltage, bias, grid turns per inch, grid wire size, 
plate direct -current' voltage, output radio -frequency voltage, and grid -to- 
anode spacing. In a tetrode there are four more; the screen potential, 
grid -to- screen spacing, screen grid turns per inch, and wire diameter. As 
a consequence, no simple description may be expected. The main reduction 
in the fundamental component with large transit angles in the anode region 
results from a widening of the current pulse. 

2 Chao -Chen Wang, "Large- Signal High- Frequency Electronics of 
Thermionic Vacuum Tubes," Proc. I.R.E., Vol. 29, p. 200, April, 1941. 

3 A. D. Sutherland, unpublished work, done as part of his doctorate 
thesis requirements at the University of Illinois. He is now on active duty 
with the U. S. Navy; however, he was associated with the author at the 
RCA Laboratories during part of this program. 

4 The importance of capacitive feedback in a television transmitter was 
first pointed out to the writer by T. L. Gottier while he was with the RCA 
Laboratories. His conclusions were later confirmed by L. S. Nergaard. 
When the familiar 

WC g R,R_ 

2 

is very much less than 1, the relative distortion of the upper and lower 
sidebands are given by ± the above expression. C is the plate-to- control- 
grid capacitance in a grounded -cathode tetrode or plate -to- cathode capaci- 
tance of a grounded -grid triode. 
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ultra- high -frequency (UHF) performance at low -power levels5-° and 
one at a high -power level.10 The tubes described here yield output 
power of the order of 5 to 10 kilowatts and the feedback is at least 
an order of magnitude less than that of earlier tubes. 

During the course of this investigation a large number of triodes 
and tetrodes were built and tested. Since they used identical cathodes 
and equivalent grids with the same cathode -to -grid spacing, a com- 
parison of their performance is significant. The triodes were operated 
in a grounded -grid circuit. Between 500 and 600 megacycles they gave 
approximately the same power output and gain as the grounded- cathode 
tetrodes. The tetrodes, however, offer advantages if high -level modu- 
lation is required. This low power gain of the tetrodes may be attrib- 
uted to current intercepted by the screen and greater input circuit 
losses relative to those in the tricdes. At 900 megacycles the transit - 
time loading of the grid circuit of the tetrodes became important and 
the relative power gain of the triodes was even greater. 

A grounded -grid tetrode was considered but the close- spaced tri- 
odes, because of their simplicity, seemed better; furthermore, it was 
established that triodes could be built with a high order of shielding. 

The first tubes made in this study had glass -to -metal seals, but 
the dielectric losses in the glass proved to be a limiting factor. Because 
of the superior properties of available ceramics, an investigation of 
the use of silver -soldered ceramics was started. Satisfactory tech- 
niques, based on the titanium -hydride method due, to R. J. Bondley,* 
were developed and used in some of the tubes described in this paper. 

Consideration of the mechanical and circuit problems involved in 
a 5- to 10- kilowatt UHF grid -controlled tube leaves little choice but 

W. G. Wagener, "500 -Mc Transmitting Tetrode Design Considera- 
tions," Proc. I.R.E., Vol. 36, p. 611, May, 1948. 

6 W. P. Bennett, E. A. Eshbach, C. E. Haller, and W. B. Keyes, "A 
New 100 -Watt Triode for 1000 Megacycles," Proc. I.R.E., Vol. 36, p. 1296, 
October, 1948. 

7 R. R. Law, W. B. Whalley, and R. P. Stone, "Developmental Television 
Transmitter for 500 -900 Megacycles," RCA Review, Vol. 9, p. 643, December, 
1948. 

8 C. E. Fay, D. A. S. Hale, and R. J. Kircher, "A 1.5 -kw 500 -Megacycle 
Grounded -Grid Triode," Proc. I.R.E., Vol. 39, p. 800, July, 1951. 

° GE power tetrode for UHF transmitters with ceramic construction, 
the GL -6019. 

10 W. W. Salisbury, "The Resnatron," Electronics, Vol. 19, p. 92, Feb- 
ruary, 1946. 

" General Electric Company, Schenectady, N. Y. 
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to arrange the electrodes in concentric cylinders. These experimental 
tubes used a demountable copper gasket seal, which not only facilitated 
the development of the tubes but also made possible the determination 
of the effects of small changes in a given structure. 

CATHODES 

Thoria -on- tantalum cathodes were used. For a given coating 
thickness the life of this type of cathode is determined almost entirely 
by the operating temperature. Although the detailed mechanism by 
which the thoria coating disappears is unknown, experimental data 
show that the rate of loss increases rapidly with temperature. Never- 
theless, commercial tubes have been operated at temperatures which 
permit electron emission densities in excess of 2 amperes per square 
centimeter with good life. Tantalum as a base metal allows a cathode 
which readily meets the structural and circuit requirements of the 
tubes. However, considerable care is required during processing in 
order to prevent the formation of a resistive interface." With im- 
properly processed tubes, the effect showed up as a loss in power gain. 

The cathode structure used in these tubes was relatively inefficient, 
since only a small fraction of the radiating surface was available for 
electron emission. Only this part of the elements was coated with 
thoria. Both ends of the elements were rigidly mounted and the 
thermal expansion was taken up by the flexible tab at one end as 
indicated in Figure 1. Properly mounted test structures could be 

turned on and off several thousand times without any measurable 
deformation. Because proper mounting was somewhat critical, it is 

probable that the same cathode, with one end free and with opposing 
heating current flow in adjacent elements, would be superior and could 

also be designed to operate more efficiently. 

ANODES 

The anodes had only 14.5 square centimeters of surface exposed 

to electron bombardment. They were capable of dissipating 10 kilo- 

11 This Is probably one of the reasons for some of the discrepancies 
in the experimental data which have appeared in the literature. In fact, 
it was generally assumed for a long time that thoria could not be used on 
tantalum for good electron emission. Electrophoretic coatings on tantalum 
show a marked decrease in emission in comparison with sprayed or painted 
cathodes and have a visible interface. Also, a minute trace of tantalum 
oxide mixed in with the thoria coating severely poisons the cathode. 
Although a large amount of oxygen can be taken up by tantalum without 
the formation of an oxide, too rapid breakdown of the cathode apparently 
does form an oxide layer. 

www.americanradiohistory.com

www.americanradiohistory.com


228 RCA REVIEW June 1952 

watts with water cooling because of an efficient system of water 
channels which greatly increased the water -to -metal surface. A flow 
of 1.5 gallons per minute was attained with about 50 pounds per square 
inch pressure in a series channel arrangement. A multiplicity of other 
designs, which may be operated at lower pressures and greater flow, 
are also possible using parallel channels. The proper design may be 
chosen to meet the cooling systems requirements of the transmitting 
engineers. The important factor, according to these experiences, is 
the fact that the speed of flow in the channels must be well above the 
Reynold's number necessary for turbulent flow. 

TETRODES 

A number of experimental tetrodes were built and tested. A typical 
tube is shown in cross section in Figure 2. This tube used the cathode, 

CONTROL GRID SCREEN GRID 

Fig. 1- Tetrode elements. 

grid, and screen grid shown in Figure 1. The cathode elements were 
supported by (6) and (13). (Numbers in parentheses refer to Figure 
2.) Several arrangements of heating current flow were employed. 
With element (6) divided into three equal segments and fed by leads 
(7) , a three -phase Y was used, the neutral lead being element (13) . 

A single -phase, center -tapped, cathode was achieved by dividing ele- 
ment (6) into two equal segments and using (13) as the direct - 
current ground. 

In both of these arrangements the lead (13) functioned as the 
outer conductor of the coaxial -line input circuit. The center conductor 
(1) of this line served also as the control -grid support (3). This 
arrangement allowed grounded- cathode tetrode operation, the screen 
grid being bypassed to the cathode by the capacitance between elements 
(5) and (6). A dielectric of either vacuum or mica was used in this 
condenser. An extension of (6) by the cylinder (7) allowed the 
equivalent of a low- impedance quarter -wave transmission line at 900 
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megacycles. In practice it was found that the elimination of (7) and 
the use of a thin sheet of mica between (5) and (6) was preferable. 
A capacitance of 500 micromicrofarads or more could be attained by 
this means. The effectiveness of this bypass condenser was demon- 
strated by cold tests which showed no changes in the circuit constants 
with an electrical short between (5) and (6). This was not true 
with the quarter- wave -line bypass, since it was tightly coupled to the 
external parts of the tube and cathode leads. 

In the first tetrodes, the anode (8) was mounted by four leads, 
which are insulated by the glass (10). The close spacing between (9) 
and (14) allowed a low- impedance blocking condenser for direct - 
current insulation in the output cavity. This feature was later aban- 
doned, with (9) and (14) directly connected together; direct -current 

Fig. 3- Photograph of a tetrode with internal bypass condenser. 

insulation was achieved with an external blocking condenser in the 
output cavity. 

In all of the tubes, shunt loading of the output circuit was attained 
through the capacitance (12) and the loaded coaxial line formed by a 
continuation of the elements (11) and (15) . Since the capacitance 
(12) is proper for a matched line at only one frequency, suitable trans- 
former sections were required in the external line. This can be done 
between 500 and 900 megacycles with the addition of negligible stored 
energy to the circuit. The photograph of a completed tube is shown 
in Figure 3. This tube has an internal blocking condenser for the 
output cavity. 

In the first tetrodes a complete beaming array was used as shown 
in Figure 4. These tubes operated with the control grid at negative 
voltages and most of the convection current was beamed between the 
screen wires. Their performance was very good at low frequencies 
but at 600 megacycles a useful power gain of less than 10 was realized. 
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The large driving power was required because of the losses in the 
input circuit. At 900 megacycles, transit -time effects become very 
important, so the beaming structure was abandoned in favor of small - 
wire grids with a large number of turns per inch. The decrease in the 
required radio -frequency grid voltage more than compensated for the 
increased grid and screen electron interception. 

A large number of structures were tried but the control grid and 
screen grid shown in Figure 1 represented about the best compromise. 
This screen grid has 6 -mil aligned wires on both the inside and outside 
of the copper shell. This provides excellent shielding, with a minimum 
of screen current, and well defined regions between the control grid 
and screen and between the screen and anode. 

SCREEN WIRE 

Fig. 4 -The cathode grid array used in the first experimental tetrodes. 

Most of the tests of the tetrodes were made at 576 megacycles. At 
this frequency the tubes with the elements shown in Figure 1 were 
suitable for 5 kilowatts of peak power with the output cavity loaded 
for an 8- megacycle band width. Under these conditions the plate 
efficiency was about 50 per cent. The limiting factor in these tests 
was the dielectric losses in the glass of the anode seal. The losses in 
the kovar of the seals were greatly reduced by a gold surface with 
chrome oxide under the glass. 

With 5 kilowatts output, the useful power gain was between 12 and 
15. Approximately half of the driving power was absorbed in circuit 
losses, so the actual tube gain was between 20 and 30. A simple 
quarter -wave cavity circuit was used up to about 950 megacycles but, 
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as a result of a mechanically broken seal, only preliminary data was 
obtained at the higher frequencies. The tubes showed an increase in 
gain with power level but it was apparent that the power gain at this 
frequency would certainly not be above 10 at a 5- kilowatt output. 

In the meantime work on a grounded -grid triode had been started 
and the ceramic seal techniques had reached the point which allowed 
their use in tubes. Also, the conclusion had been reached that ceramics 
should be used in place of glass and that if a tetrode were required 
at UHF, it should be designed for grounded -grid operation. Grounded - 
grid operation would allow a larger power gain at 900 megacycles and 
also permit high -level modulation. Considering the greater simplicity 
of the triodes, no further work was done on the tetrodes. 

GROUNDED -GRID TRIODES 

The cross section of a grounded -grid triode utilizing glass -to -kovar 
seals is shown in Figure 5. The kovar had a gold surface with 
chromium oxide under the glass in order to cut down the radio - 
frequency losses. Figure 6 is a photograph of a completed tube. The 
anode assembly may appear to be complicated but it allowed easy 
cleaning and preparation of the glassed parts before the anode was 
mounted. The main purposes of these experimental tubes using glass 
seals were to provide the means for a study of UHF performance, and 
to supply the information necessary for good commercial tube designs. 
The glass -seal tube was suitable for a 5- kilowatt television transmitter 
with an 8- megacycle band width at 600 megacycles and with decreasing 
power up to 900 megacycles. The limitation in power was determined 
by the dielectric losses in the glass when cooled with forced air. As 
with the tetrode, a simple quarter -wave cavity output circuit was 
usable up to 950 megacycles. 

The cross section of a silver- soldered ceramic -seal triode is shown 
in Figure 7, with a subassembly in Figure 8. The completed tube 
shown in Figure 9 delivered 5 kilowatts at 576 megacycles without 
forced air cooling of the seals, and 5 kilowatts at 900 megacycles with 
forced air cooling. However, the thermal conductivity of the metal at 
the ceramic seal was low so that, since the equilibrium temperature 
distribution was a quadratic function of the distances from the sur- 
faces of the ceramics, even small losses caused mechanical forces 
enough to break the ceramics. New techniques were therefore devel- 
oped which resulted in a tenfold increase in the thermal conductivity 
of the metal. It is assumed that a triode using these improved ceramic 
seals could be rated at 10 kilowatts up to 900 megacycles. This power 
would be attained at 900 megacycles with a maximum electron- emission 
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density of less than 2 amperes per square centimeter, so that good life 
should be realized. 

With 5 kilowatts output, the actual tube gain dropped a little 
between 500 and 900 megacycles because of circuit losses and transit - 
time effects between the control grid and anode. With a 0.015 -inch 
cathode -to -grid spacing, the useful power gain was about 12 at 900 
megacycles and the tube gain was better than 15, or between 60 and 
70 per cent of the low- frequency value. With a grid -to -anode spacing 
of 0.080 inch, the apparent plate efficiency was 64 per cent at 864 
megacycles, with 5 kilowatts of useful power and 0.55 kilowatt loss in 
the circuit. In terms of useful power, the efficiency was about 57 per 
cent. These data were obtained with an 8- megacycle band width. In 
a commercial tube, better output circuit efficiencies should be possible, 

Fig. 6- Photograph of a completed triode as shown in Figure 5. 

since over half of the above losses were due to undesirable circuit 
features associated with the demountable seal. 

THEORETICAL CONSIDERATIONS 

While this paper is not intended to be a comprehensive study of 
grid -controlled tubes, it is fruitful to compare the performance of the 
tubes with large- signal theory. 

Wang2 was the first to give a rigorous description of a plane diode 
when large impulsive voltages and currents are involved. A. D. 
Sutherland3 has more recently solved the problem of the plane diode 
with a cathode having unlimited emission when driven by a voltage 
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Fig. 8 -- Subassembly of a ceramic triode. 

Vsinwt. Their approaches are similar, differing mainly in methods 
and choice of dimensionless parameters. 

It is not necessary to go into the details of the theory in this paper. 
It is sufficient to point out that either Wang's or Sutherland's theory 
accurately predicts the performance of these triodes if we assume a 
discontinuity at the grid plane and use their computed convection 
currents at the grid plane to define the current in a second diode 
between grid and anode. These assumptions are not at all valid if an 
open -mesh grid or high -plate- conductance triode is considered. The 
only rigorous approach in this case would require a treatment of the 
triode as a unit. 

- CATHODE LEADS '. 

r- CONTROL GRIC 
FLANGE 

/-ANODE 

Fig. 9- Completed ceramic insulated grounded -grid UHF triode. 
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The theory, in conjunction with the data obtained with these tubes, 
leads to three major conclusions concerning the operation of grid - 
controlled power tubes at higher frequencies : First, large transit 
angles in the cathode -grid region merely cause a phase shift of the 
fundamental component of the convection currents with little loss in 
amplitude. This prevails so long as all of the charge is swept out of 
the cathode -grid region during each cycle. When there is a carry- 
over of charge from previous cycles, the fundamental component is 

considerably lower than at low frequencies with the same voltage and 
spacing. Second, the lower power output or efficiency at ultra -high 
frequencies is a consequence of large transit angles between grid and 
anode or screen and anode.12 The third factor, which is important in 
design considerations, is the fact that the electron emission demands 
on the cathode increase with frequency. This is illustrated by an 
examination of the electron dynamics at an unlimited- emission cathode 
of a plane diode, driven by a voltage Vsinwt as the frequency is in- 
creased with constant V. 

If we consider a single cycle, the emission density at wt = 0 equals 
the displacement current density and is proportional to the frequency. 
The transit angle of this group of electrons from cathode to anode is 
finite and as they move across the diode they influence the emission 
from the cathode until they reach the anode. There is a frequency at 
which the charge associated with these electrons becomes so great, 
and the transit angle so large, that the driving voltage cannot support 
any increase in emission for wt > O. Above this frequency the maxi- 
mum cathode current occurs at 0t = 0 and, in the hypothetical tube 
with unlimited emission, increases directly with the frequency until 
all of the charge is not removed from the diode before the next cycle 
starts. At this critical frequency the emission from the cathode is 
about 2.16 times the direct -current emission for the same voltage. 
For complete space- charge -limited operation in practical tubes, the 
cathode must be capable of this emission. 

In the tubes described in this paper the increase of required 
cathode emission with frequency was not serious for a 5- kilowatt 

12 If we assume either Wang's or Sutherland's grid plane phenomena 
to define the current pulse entering the grid -anode region, we can compute 
the effective fundamental component of the plate current pulse. Even if 
space- charge effects are negligible, the procedure is tedious and requires 
trial and error methods. Transit angles of the order of 60 degrees can 
reduce the fundamental component of the current pulse by as much as 15 
per cent, with an additional phase shift of the order of 30 degrees. The 
largest error arises from the interception of current by the grid, which is 
not defined by data taken under static conditions. Very good agreement 
with experimental data was obtained as far as power output is concerned, 
but the phase shifts were not measured. 
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television transmitter at 900 megacycles, since the emission density 
of 1.5 amperes per square centimeter was only about 15 per cent greater 
than that required at low frequencies. Most of this increase could be 
accounted for by the decrease of the fundamental component of the 
plate current pulse during its transit from grid to anode. 

With comparable spacings these considerations may be very impor- 
tant if lower emission densities are employed. For example, with a 
spacing of 0.015 inch between cathode and grid and an emission density 
of 0.5 ampere per square centimeter at low frequencies, the same power 
output would require an emission density of at least 0.75 ampere per 
square centimeter at 900 megacycles. 

CONCLUSION 

Grounded -grid triodes with grid -to- cathode spacings of the order 
of 0.015 inch can be built and operated at 900 megacycles with approxi- 
mately the same output and nearly the same power gain as at low 
frequencies. This performance can be attained with cathode emission 
densities compatible with long life. The experimental triodes described 
in this paper illustrate the essential factors necessary for this per- 
formance and form the basis for the design of a commercial ceramic 
insulated model which can be jig assembled with a high order of pre- 
cision. At 900 megacycles, with the construction used in this group 
of tubes, the useful power gain of the triode was greater than that of 
the tetrode with grounded cathode; it is believed that a tetrode de- 
signed for grounded -grid operation would permit at least as high a 
power gain as that of the triodes. The choice between these two must, 
therefore, be made on the basis of simplicity of tube construction, 
modulation requirements, and similar considerations. 
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AN ANALYSIS OF THE INJECTION LOCKING 
OF MAGNETRONS USED IN AMPLITUDE - 

MODULATED TRANSMITTERS'` 

BY 

J. S. DONAL, JR. AND K. K. N. CHANG 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary -An analysis of the injection locking of a plate- modulated 
single -loop magnetron is presented. For simplicity, the useful load is as- 
sumed to be matched to the transmission line and the synchronizing current 
is injected at a plane at a distance X/2 from the magnetron. The pushing 
curve and the Rieke diagram of the magnetron are used to calculate the 
radio- frequency phase modulation during the amplitude-modulation cycle. 
The power output required of the locking amplifier is related to the injection 
current, the power in the load and the phase modulation. Using a particular 
magnetron as an example, together with a locking amplifier capable of a 
power output of 10 per cent of the peak system output, the expected radio - 
frequency phase modulation is found to be about ± 20 degrees for an 
amplitude- modulation factor of 0.74. 

INTRODUCTION 

IT IS DIFFICULT to obtain carrier powers above a few kilowatts 
with conventional amplifiers designed for frequencies above 500 
megacycles. Traveling -wave tubes and klystrons have not yet 

come into general use for this purpose. While the magnetron oscillator 
can provide very large amounts of continuous -wave power, with high 
efficiency, it has certain disadvantages compared to amplifiers for use 
in the production of amplitude modulation. Modulation by absorption, 
for example, results in a very low average efficiency during the modu- 
lation cycle. Plate modulation of a magnetron gives a high average 
efficiency, since the input to the oscillator is varied, but it is accom- 
panied by severe frequency modulation. 

A system using a plate -modulated magnetron has been investigated 
experimentally. Good linearity and depth of modulation were obtained,' 
and the band width was roughly that associated with the loaded Q. To 
prevent frequency modulation, a system of feed -back phase control 

* Decimal Classification : R355.912.1. 
' J. S. Donal, Jr. and K. K. N. Chang, "The Plate Modulation of CW 

Magnetrons," to be published. 
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requiring less than one watt of control power has been applied with 
considerable success to such a modulated magnetron operating in the 
800 -megacycle range.2 L. L. Koros3 has devised a different system for 
the phase control of a continuous -wave magnetron during plate modu- 
lation, by injection of a stabilizing signal. Both systems not only 
synchronize the magnetron to a crystal -controlled source, but establish 
a definite phase relation between the radio -frequency (r -f) voltages 
of the magnetron and the control amplifier. The frequency change 
accompanying plate modulation is effectively suppressed and converted 
into a phase modulation that is usually much less than ± 90 degrees 
and is independent of the modulation frequency, at least for low 
modulation frequencies. The Koros arrangement used a small locking 
amplifier, potentially capable of a power output of roughly 10 per cent 
of the peak system output. Excellent linearity was found experimen- 
tally. The minimum power to which the locked magnetron could be 
modulated was substantially reduced compared to the unlocked case. 

The success achieved by Koros has prompted the further considera- 
tion of injection locking from an analytical standpoint. In the present 
paper the locking process is described in terms that permit the design- 
ing of an effective r -f circuit which is easy to adjust. Procedures are 
developed for the prediction of system performance as a function of 
the requirements placed upon the locking oscillator. The performance 
is calculated from only that experimental data normally available for 
a magnetron. Although the present treatment considers the locking 
of a magnetron with only one output loop, and is limited to the cases 
in which the useful load is matched to the line supplying it and the 
injection current is introduced at the plane of the magnetron, the 
analytical methods described are applicable to more general cases. 
The methods will be extended to other circuit arrangements at a later 
date. 

Considerable emphasis has been placed upon procedures for the 
calculation of the expected r -f phase modulation. This performance 
characteristic is of importance in many practical systems. As an 
example, it has been shown by D. G. Moore of these laboratories that 
excessive r -f phase modulation seriously degrades square -wave repro- 
duction in any wide -band system when vestigial side -band transmission 
is used. 

2 D. S. Bond, D. G. Moore, and J. S. Donal, Jr., "Experimental AM 
Transmitter Employing a Crystal -Controlled FM -Beam Magnetron," to 
be published. 

3 L. L. Koros, "Frequency Control of Modulated Magnetrons by Reso- 
nant Injection System," RCA Review, Vol. 13, pp. 47 -57, March, 1952. 
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LOCKING PROCESS 

J. C. Slater' developed the basic theory most applicable to the 
phasing of microwave oscillators, particularly magnetrons. E. E. 
David, Jr.5.e extended this theory and applied it to the analysis of a spe- 
cific circuit which was applicable to the phase control of a microwave 
oscillator by a reference source. The analysis of the circuit (super- 
ficially similar to that of Figure 1) was simplified by the assumptions 
that the locking signal propagates only toward the magnetron and the 
magnetron signal propagates only toward the load. David experimen- 
tally satisfied these assumptions by placing a directional coupler at 
the junction. This caused a large loss of locking power, a result 
avoided by the circuits employed by Koros and treated here. Never- 
theless, David's analysis and experimental results are of great interest. 

David showed that the locking signal adds terms to both the sus - 
ceptance and conductance equations that express the conditions for 
oscillation. The new susceptance term holds the frequency constant 
by correcting for the changes in electronic susceptance caused by plate 
modulation. The conductance term gives the unavoidable simultaneous 
change in loading of the magnetron. 

It would perhaps be more illuminating to describe locking in the 
following qualitative manner. The locking amplifier sends a wave of 
fixed frequency to the magnetron. For phase comparison purposes the 
phase of this wave at the magnetron may be taken as reference phase. 
If the magnetron tries to increase its frequency, its outgoing wave 
advances in phase. The result is a relative lag in phase between the 
wave incident on the magnetron (the locking signal) and the voltage 
wave from the magnetron. However, lagging incident wave, analo- 
gous to that reflected from a capacitive load, always adds positive 
susceptance to the resonant system and reduces the magnetron fre- 
quency. If the effect is insufficient, the magnetron will continue to 
advance its relative phase until the angle opens up to the point where 
the susceptance presented to the magnetron exactly corrects the change 
in susceptance that produced the original frequency increase. Thus, 
an equilibrium state is reached in which there is a fixed phase angle 

4 J. C. Slater, "The Phasing of Magnetrons," Technical Report No. 35, 
Research Laboratory of Electronics, Massachusetts Institute of Technology, 
April 3, 1947. 

5 E. E. David, Jr., "Locking Phenomena in Microwave Oscillators," 
Technical Report No. 63, Research Laboratory of Electronics, Massachusetts 
Institute of Technology, April 8, 1948. 

6 E. E. David, Jr., "Some Aspects of R -F Phase Control in Microwave 
Oscillators," Technical Report No. 100, Research Laboratory of Electronics, 
Massachusetts Institute of Technology, June 11, 1949. 
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between the wave from the magnetron and the wave from the locking 
source. Since there is the fixed phase relation, the magnetron fre- 
quency is synchronous with that of the locking source. 

USE OF THE RIEKE DIAGRAM 

It is shown below that both the power output of the locking source 
and the locked- system phase modulation can be calculated if one can 
determine the complex reflection coefficients presented at the mag- 
netron during plate modulation. Both components of the load admit- 
tance can be determined by use of the Rieke diagram. Only the load 
susceptance will be considered for the moment, since the contribution 
of the conductance portion of the effective load depends upon the 
locking current in a manner discussed in detail later. 

The condition for resonance of the system may be written in the 
approximate form 

be+2C (0) -coo) +KBL=O (1) 

where be is the electronic susceptance, BL is the normalized load sus- 
ceptance, C is the tank capacitance and K is a coupling factor. The 
operating and cold- resonance angular frequencies are w and w0, re- 
spectively. If K, BL and C are known, the changes in be, corresponding 
to changes in u during the plate modulation, can be calculated. This 
information yields the values of BL that must be presented by the 
locking source if to is to be constant. 

A much simpler procedure is available, for the determination of 
the values of BL required for locking, if use is made of the Rieke 
diagram. This diagram is usually a plot of the frequency and power 
output, as a function of either the complex reflection coefficient or the 
VSWR and phase, at an arbitrary plane in the line outside of the 
magnetron. For present purposes it is assumed that this plane is so 
chosen that the frequency contours are parallel to the BL contours of 
the admittance chart, or all make the same angle with these contours. 
The contours of the usual Smith chart' then give the values of B1, and 
GL presented at the magnetron reference plane. A diagram of this 
type, with additional data used later, is shown in Figure 3. Two 
examples of the use of such a chart will be given. 

First, assume that the magnetron is operating into a matched 
nonresonant load and that the frequency is decreased two megacycles 
by means of an internal tuner. The locking system will correct this 

' P. H. Smith, "Transmission Line Calculator," Electronics, Vol. 12, 
pp. 29 -31, January, 1939. 
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frequency change if it presents a load lying at any point on the 
contour marked "+ 2 mc" in Figure 3.* Conversely, if the frequency 
is corrected, the load must be at some point on this "+ 2 mc" contour. 
The vector p, representing the new reflection coefficient, must termi- 
nate on this contour. If another condition governing p can be found 
from circuit theory, the phase angle of the reflection coefficient and 
the phase change of the load voltage can be determined. 

As a second example it is again assumed that the magnetron is 
operated into a matched load, but that the plate voltage is decreased 
by an amount which would reduce the unlocked magnetron frequency 
by two megacycles. The locking system can then eliminate this fre- 
quency change by presenting a load lying at any point on the "+ 2 mc" 
contour of Figure 3. This assumes that the distribution of the fre- 
quency contours on the Rieke diagram is unaltered by the reduction 
in plate current. This assumption, which has been made in this 
analysis, can be shown to be reasonable. ** It eliminates the necessity 
for taking a large amount of experimental data. 

It is obvious that the use of the Rieke diagram effects a great 
simplification. It gives the locus of possible loads, presented by the 
locking oscillator, that will maintain the magnetron frequency constant. 
It makes it unnecessary to determine the tank capacitance and the 
coupling factor. In addition, the experimental data takes account of 
the well -known variation of be in Equation (1) with the load con- 
ductance, an effect which causes the frequency contours to cut across 
the BL contours at a slight angle. 

ANALYSIS OF A LOCKING CIRCUIT 

An effective locking circuit for a magnetron with a single coupling 
loop is shown in Figure 1. The locking amplifier injects a current I 
at a junction placed at a distance l from the magnetron reference 
plane. The current I does not need to be constant. The line to the 
load is assumed to be terminated in its characteristic admittance, Yo. 

The powers in the branches and the phase of the voltage across the 

* This procedure neglects a very small change in the distribution of 
the frequency contours due to the change in tank capacitance. 

** The approximation in Equation (1) is valid when w does not differ 
by more than a few megacycles from wo. If b. is replaced by wC., solving 
Equation (1) for w and substituting known values of C, w, and wo shows 
that the plate current swing during deep modulation alters the electronic 
capacitance, C., by about a factor of two. This causes a change in the dis- 
tribution of frequency contours, along constant -conductance contours, by 
only a few per cent. 
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junction can be determined in terms of I and the reflection coefficient 
at the junction. 

a. Phase Modulation 
At the magnetron reference plane, the reflection coefficient looking 

toward the load may be defined in the usual manner as 

-., 

p(xi) = IPI eim, 

At the plane of the junction, looking toward the magnetron, 

41; (z0) = 
1 

-0 

p (xo) 

1 1 

IPI 
eilt + 2ß0 IPI eil' 

(2) 

(3) 

where 4' = + 2ß1 is the phase of the reflection coefficient at the junc- 

o 

01- X +x 

LOCKED 
OSCILLATOR 

LOCKING 
AMPLIFIER 

Fig. 1- Schematic diagram of circuit analyzed. 

tion. At the junction, the normalized admittance looking toward the 
magnetron is 

1- p (xo) -1 + IPI eil' 
Y(xo) _ 

e- 

1 +P (x0) 1 +IPIeio' 

The total admittance at the junction, no longer normalized, is 

F 
YT Y (xo) Yo 

so that the junction voltage, which makes an angle O with I, is 

(4) 

(5) 
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I I 1+ IPI e'4%' 
e3Le = = = I 

<- 

YT (Y(xo) + 1) Yo 2 Yo IPI 00' 

1 1 
= e-t0'+ 

2Yo'Pi 2Yo 
(6) 

The magnitude and phase of the voltage at the junction are found 
from the vector diagram of Figure 2. The determination of I will be 

considered next. 
Koros3 used a grounded -grid triode as a doubler for the output 

stage of the locking amplifier. For the purposes of this analysis it is 
assumed that the 6161 is used as the doubler. L. S. Nergaard of these 
laboratories has shown that, under quite normal conditions of operation 
and with an input power of about 200 watts, the second -harmonic 
component of the plate current of the 6161 as a doubler could have a 

Fig. 2- Vector diagram giving e, and O in terms of IPA and 0'. 

value of 0.3 ampere and would be substantially independent of the load. 

The maximum power output would be somewhat in excess of 100 watts. 
It is shown in the Appendix that, under these conditions, a simple 

circuit can be designed that will inject a current 1 of one ampere at 
the junction. This current can be made constant during the cycle of 

plate modulation of the magnetron, and constant in phase with respect 

to the grid drive of the doubler stage. Since this grid drive may be 

taken as reference phase, there is no additional phase modulation 

contributed by the locking -amplifier branch of Figure 1. 

From the preceding paragraph, the desired phase modulation of 

the r -f voltage across the load can be calculated if the variations in O 

during the modulation cycle can be determined. This point -by -point 

determination of O forms the subject of the next section. 
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b. Branch Powers 

From Equation (6) the power output of the locking amplifier and 
the power in the load are given by 

;, i 

P. 1 Re 
I es I* I= Re -1 + p 

e 
II* = 

2 Yo ,p 
(cos ' f t 7 ) 

2 Y p em I2 

1 +2 1pl cos sb' + Ip12 
P,. _= Re le3(e3 1')*1 = I". (8) 

4Y IP12 

Although the derivations will not be given, an application of ordi- 
nary circuit theory to Figure 1 yields the following powers and cur- 
rents. 

Currents indicated in Figure 1: 

1 

IF (x) e-i8, 
2p 

1 

IB (x) =--eiß=. 
2 

Corresponding powers: 

PF = 
11F(x) 12 12 

Yo 4 Yo Ip12 

1 

I 
/il (x) 12 

PI, = 
Yo 

(9) 

(10) 

12 

(12) 
4 Yo 

Net power in the line between the magnetron and the junction: 

IF (x) 12 I2 (1 - 11112) 
Po _ (1 -'p12) 

Yo 4 Yo I1312 

(13) 

POINT -BY -POINT CALCULATION OF PHASE MODULATION 

It has been shown that the determination of the phase modulation 
requires only a knowledge of the variations of O (Equation (6)) during 
the modulation cycle. If ¡p1 and ¢ can be determined at the magnetron 
reference plane, Ip! and 4,' at the junction may be calculated. The 
variations of 9, and the phase modulation, are then obtainable by 
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vector diagrams such as Figure 2. As a simplification, an l (Figure 
1) of nÀ /2 has been used in this treatment. This is convenient, also, 
in that 0' = 4) on the chart. 

In any practical system it is desirable to calculate the phase modula- 
tion as a function of the amplitude of the modulation envelope. For 
this reason the power in the load was chosen as the independent vari- 
able. The type of developmental magnetron (the A -128)8 used by 
Koros was chosen to illustrate the procedure. Figure 4 is a representa- 
tive pushing curve, and Figures 3 and 5 are representative Rieke 

-4) +4).- 

Fig. 3- Portion of Rieke diagram with two possible locked operating points. 

diagrams, for this tube. A carrier level of 340 watts was assumed and 
PL was calculated for various modulation factors, expressed as per- 
centage voltage modulation down from the peaks. From Equation (8) 
the possible combinations of 4) = 0' and IpI yielding each PL were 
determined. As an example, the values of Ipl and 0 on the "carrier" 
contour of Figure 3 satisfy Equation (8) for PL = 340 watts. Modula- 
tion, about a carrier level of 340 watts, to a peak power of 808 watts 
and to a minimum power of 72 watts corresponds to a voltage modula- 
tion of 70 per cent down from peak voltage. The "- 70 %" contour of 
Figure 3 is obtained from Equation (8) for the minimum power of 72 

8 J. S. Donal, Jr., R. R. Bush, C. L. Cuccia, and H. R. Hegbar, "A 
1- Kilowatt Frequency -Modulated Magnetron for 900 Megacycles," Proc. 
I.R.E., Vol. 3'5, pp. 664 -669, July, 1947. 
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UNMODULATED FREQUENCY 
825 MC, MATCHED LOAD 

0 02 04 06 08 10 12 14 16 IS 

MAGNETRON ANODE CURRENT( AMPERES) 

Fig. 4- Dynamic pushing curve of A -128 developmental magnetron. 

Fig. 5 -Rieke diagram with superimposed PL contours and paths of oper- 
ating points. The heavy dashed lines Are paths of operating points. When 
PL is varied from the value for the "-I- 85 %" PL contour to that for the "- 85 %" contour, for example, the sinusoidal r -f voltage modulation is 
from the peak value to 15 per cent of peak, about a carrier level of 340 watts. 
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watts. At carrier level and at 72 watts in the load the magnetron will 
see combinations of I Í and ¢ lying on the respective contours of 
Figure 3. However, since each such combination gives a different 0, 

the actual operating points on the PL contours are required in order 
to determine the phase modulation. 

The determination of successive operating points on Figure 3 

would require a knowledge of the magnetron pushing (variation of 
frequency with plate current) for all loads. This data can be shown 
to be the equivalent of Rieke -diagram frequency contours at all cur- 
rents. Therefore, since it has already been assumed that the Rieke 
diagrams are independent of current, it must now be assumed that 
the pushing is independent of loading.* In addition, the straight- 
forward determination of the operating points would require a 
knowledge of the magnetron current. This, in turn, would require a 
measurement of magnetron efficiency for each plate current and for 
all possible loads as a parameter. Such magnetron data is not usually 
available. However, there is a simple alternative means for obtaining 
the current. Koros3 found the r -f voltage across the load to be a 
linear function of the input voltage to the plate modulator, Vin. The 
grid voltage of the tetrode modulator" 3 developed for this service is 
varied over a substantial range. Under these conditions the dynamic 
characteristic, except at very high modulation frequencies, is 

i,n = Kl Vtn3/2, (14) 

where in, is the plate current of the magnetron. It is obvious, there- 
fore, that 

2m = K2 pL314. (15) 

If the magnetron current is measured for one value of load power, it 
is known for each PL during the modulation cycle. If the exponent in 
Equation (14) were different, the exponent in Equation (15) would 
have another value, but the general procedure would be the same. 

It is now a simple matter to determine the operating points and the 
phase modulation during a modulation cycle. The magnetron currents 
are obtained from Equation (15) for a series of values of PL above 
and below carrier level. As an example, assume that the magnetron 
tuner is adjusted to give a carrier -level operating point at (a) on the 
0- megacycles frequency contour of Figure 3. Assume that the mag- 

* For present purposes, the assumption that âCe /ôi is independent of 
loading is not unreasonable when the magnetron is locked. The usual 
measured variation of unlocked pushing with the degree of mismatch of 
the load to the line is enhanced by the change in electrical length of the 
line to the load. 
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netron plate current is reduced to give 72 watts in the load, correspond- 
ing to the "- 70 %" contour of Figure 3. The potential (unlocked) 
change in frequency is determined, for the two values of plate current, 
from a pushing curve such as that of Figure 4 for the magnetron to be 
used. If this change in frequency is -2.3 megacycles, as an example, 
the operating point at 72 watts must be on the "+2.Smc" frequency 
contour and, therefore, at its intersection with the 72 -watt PL contour. 
This point is shown at (b) in Figure 3. Points (a) and (b) of Figure 
3 give two of the combinations of and 4 at the magnetron reference 
plane, during a modulation cycle, for the particular case of the loading 
(a) at carrier level. The path of operating points is completed by the 
same procedure. 

Five such paths, corresponding to five assumed tuner positions 
and, therefore, to five equivalent loads at carrier level, are shown in 
the more complete diagram of Figure 5. Two of these go outside the 
pj = 1 circle. The frequency contours are extended by maintaining 
their angle of intersection with the BL contours. Each PL contour of 
Figure 5 intersects the frequency contours at two points. For the 
circuit used by David, only the lower intercepts are stable operating 
points.' This is probably equally true for the circuit considered here 
and only lower intercepts have been employed. 

From the values of 'pi and 4 = ¢' found on the paths of Figure 5, 
o was determined by use of Figure 2. The values of O are plotted for 
the indicated paths in Figure 6. The peak -to -peak changes in O are 
the phase modulation for 85 per cent amplitude modulation. The phase 
modulation for lower percentages of amplitude modulation can be 
found from the intersection of the phase curves with the lines extend- 
ing from the reference sine wave. 

Several conclusions have been drawn from consideration of data 
such as that shown in Figures 5 and 6: 

(a) The phase modulation is roughly proportional to the modula- 
tion factor until, for some paths, the phase change begins to flatten and 
the phase modulation begins to acquire harmonic components. 

(b) The phase modulation is a sensitive function of the magnetron 
tuning, for the tuning determines, at any load power, the total loading 
presented to the locked oscillator to adjust its frequency to that of 
the locking source. If, for any path of Figure 5, the PL contour fails 
to intersect the frequency contour required to correct the pushing, the 
system will break out of lock. The magnetron must then be retuned 
so that another path is chosen. This path will usually result in greater 
phase modulation. 

(c) If the magnetron breaks synchronism for a path of Figure 5, 
the effect can be eliminated by increasing the locking current I. This 
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may require a larger locking amplifier. However, if break -out is not 
encountered with the original current, the construction of graphical 
representations such as Figures 5 and 6 has shown that the minimum 

attainable phase modulation is not necessarily reduced. 

(d) The minimum peak -to -peak r -f phase modulation shown in 

Figure 6 is -F 15 degrees. If synchronization is not broken, a path can 

be found for which the phase change, from the top to the bottom of 
the amplitude -modulation cycle, is zero. However, there will usually 

be substantial phase deviations in other parts of the cycle. Thus, for 
curve 5 of Figure 6 the maximum deviation occurs for modulation 

between the "-4- 85 %" and "- 60%" points. The shape of the phase- 
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MODULATION CYCLE 

Fig. 6-R -f phase mcdulation for the paths of Figure 5. The phase modu- 
lation is the variation in O during the amplitude -modulation cycle. The 
peak -to -peak variations plotted occur when the modulation is 85 per cent 
down from peak voltage. For lower depths of mcdulation, such as 80 per 
cent down from peak voltage, the phase modulation is the difference in O 

corresponding to the intersections of the phase curves with the vertical lines 
extended from the "-I- 80 %" and "- 80 %" points on the sine wave. 

modulation curve is a sensitive function of the pushing curve and 

Rieke diagram of the magnetron in question. Therefore, even for a 

magnetron having a Rieke diagram and pushing similar to those of 

the tube used as an example, and for an amplifier of the power output 

assumed, one should not count on a phase modulation less than about 
± 20 degrees. If the magnetron has higher pushing or lower pulling, 

or if the shape of either the Rieke diagram or the pushing curve is 

altered substantially, the phase modulation might be increased further. 
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REQUIREMENTS PLACED UPON THE LOCKING AMPLIFIER 

From Equations (10) and (12) the current and power going toward 
the magnetron are constant. The power output of the locking amplifier 
varies over a wide range, however. From Equation (7) it may be very 
high when JpI and 4 _ 0' are small. It would be roughly 150 watts, 
for example, at point (a) of Figure 5. On the other hand, PLA is zero 
wherever cos = - ipl, PLA is negative when cos s6 < - 'pi and in 
this case the locking amplifier absorbs power. In general, PL.4 is greatly 
reduced near the bottom of the amplitude -modulation cycle. 

It is clear that the power output of the locking amplifier can have 
widely different values for the same frequency- correcting susceptance 
presented to the magnetron. However, the output of the amplifier 
cannot be ignored even though its magnitude is not of primary 
importance. As an example, if PLA is negative the sum of the power 
absorbed and the input power may exceed the dissipation limits of the 
locking amplifier. For other points on Figure 5, PLA might exceed 
the maximum possible output of the locking tube. However, it can 
be shown that this latter limit is not rigid, for if an attempt is made 
to exceed the available PLA, the current I will drop. If the overloading 
is not severe, the resulting increase in phase modulation is not great. 
In general, a path of low phase modulation on Figure 5 can be chosen 
such that the limits discussed here are not exceeded. If it is found 
by analysis that this is not the case, a larger locking amplifier must 
be used. 

CHOICE OF A LOCKING AMPLIFIER FOR A NEW MAGNETRON 

In the preceding sections a particular example has been treated% 
A magnetron with the pushing of Figure 4 and the Rieke diagram of 
Figure 5 was modulated about a carrier power of 340 watts. A locking 
amplifier capable of injecting a constant current of 1 ampere at the 
junction of Figure 1 yielded the predicted phase modulations of 
Figure 6. 

As a new example, it is assumed that another magnetron is to be 
modulated about a carrier with ten times the power of that of the 
earlier tube. Similarly, a new locking amplifier is chosen with a tenfold 
'increase in plate dissipation. The circuit (Figure 7) is adjusted to 
inject a current of 03 amperes instead of 1 ampere. From Equation 
(8) it is evident that the PL contours of Figure 5 will be unchanged, 
with the exception that each will correspond to ten times its original 
power. It is assumed that the unlocked frequency changes of the new 
magnetron are identical with those (Figure 4) of the old tube when 
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the carrier frequencies are made identical and the data is plotted as 

a function of modulation factor about this carrier. If the example is 

further simplified to include identical Rieke diagrams, it is obvious 

that the phase modulation will be identical with that of Figure 6. The 

locking amplifier will be operated with the same margin of safety. Its 
output power will be variable. As in the original example, for which 

the output of the locking amplifier was about 100 watts, it will again 
be possible to supply the necessary injection current if the output of 

the amplifier is very roughly 10 per cent of the peak power in the load. 

The above case is, of course, an oversimplification. If the experi- 

mentally determined pushing and Rieke diagrams of the new magnetron 
are different from those assumed, the phase modulation can be calcu- 

lated by the procedures described earlier. If the pushing of the new 

tube is increased, or if the frequency contours of the new Rieke 

1p03A (RM5) 

K=0 15 JUNCTION 
o 

L22 Ct# / o -- Ái2 ----I--- Ái4 

Fig. 7- Locking- branch circuit. 

diagram are more widely separated (lower pulling), breakout may 

occur for some paths, since the required frequency contour will not be 

intersected. Breakout can be eliminated by adjusting the circuit to 

give a higher locking current. However, if for any reason the paths 
of desirably low phase modulation result in overloading of the locking 

amplifier, a larger amplifier must be chosen. 

ATTAINABLE DEPTH OF MODULATION 

At least one developmental magnetron, the 1- kilowatt A -128, has 

been found to be capable of plate modulation,1 unsynchronized, to a 

minimum power of 40 or 50 watts. Koros3 has found that, when this 
tube is locked to a reference source, it can be modulated to zero power. 

The remaining load power of only a few watts is supplied by the 

locking amplifier. This is an improvement of considerable practical 

importance. 
In this analysis, PL was taken as the independent variable. It can 

be shown that if PL goes to zero, all of the paths of Figure 5 converge 
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to a point corresponding to a short circuit presented at the junction. 
However, the analysis cannot predict that this will happen in practice, 
for when the magnetron stops oscillating it becomes a passive circuit, 
presenting an impedance which is a function of L, C, (,, Q and the 
coupling parameters. Near resonance, for example, it would present 
substantially an open circuit, with the result that the output of the 
locking amplifier, and the power in the load, would be high. Fortu- 
nately, it appears that the trend of the magnetron impedance toward a 
short circuit is not interrupted until the power in the load is very low. 

PHASE MODULATION AS A FUNCTION OF MODULATION FREQUENCY 

This analysis takes no account of effects arising at high modula- 
tion frequencies. At low modulation frequencies it predicts that the 
phase modulation will be independent of modulation frequency and 
that the frequency modulation will be proportional to the modulation 
frequency. The phase modulation should be in phase with the ampli- 
tude modulation. 

Other observations' suggest that at high modulation frequencies 
the unlocked frequency change may shift in phase and may be no 
longer in phase with the amplitude modulation. This effect should be 
observable experimentally as a progressive shift in phase of the locked 
phase modulation with respect to the envelope amplitude. 

David9 has predicted that the locked phase modulation should 
decrease at high modulation frequencies. This conclusion was con- 
firmed experimentally. David considered this to be a disadvantage if 
the object of the locking is to control an out -phase modulation system. 
It would be a distinct advantage, however, when minimum phase modu- 
lation is desired. 

CONCLUSIONS 

This analysis shows that a plate -modulated magnetron can be 
synchronized with a crystal controlled source by means of a simple 
circuit that is relatively easy to construct and adjust. As demonstrated 
experimentally by Koros, the locking amplifier required may be con- 
siderably smaller than that demanded by the circuit proposed originally 
by David. 

The phase modulation of the voltage across the load, with respect 
to the synchronizing signal as a reference, may be calculated by a 
point -by -point procedure. The powers in the circuit branches can be 

s E. E. David, Jr., "Some Aspects of RF Phase Control in Microwave 
Oscillators," Doctoral Thesis, Massachusetts Institute of Technology, May, 
1950. 
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determined. While the instantaneous power output of the locking 
amplifier is of secondary importance in the synchronizing process, the 
circuit must be adjusted so that the limitations of the amplifier are 
not exceeded. The analytical procedure permits a reasonably accurate 
choice of a locking amplifier for use with a new magnetron. The 

calculations require only the magnetron performance chart, the Rieke 

diagram at rated current, and the dynamic pushing curve taken with 
a matched load. 

Although this paper treats only the one -loop magnetron and as- 

sumes that the passive load is matched to the line and the locking 
current is injected at the magnetron plane, the analytical procedure is 

applicable to more general cases. With the above assumptions, if the 
pushing and Rieke diagram of a new magnetron are similar to those 
of the tube used as an example, and if the output of the locking ampli- 

fier is about 10 per cent of the peak power output of the system, the 
minimum attainable system phase modulation should be roughly ± 20 

degrees for a modulation factor of 0.74. 
A system using a synchronized plate -modulated magnetron can be 

adjusted by peaking to have an r -f band width in excess of that associ- 

ated with the loaded Q. The linearity and depth of modulation have 

been found to be very good. Phase and frequency control systems of 

the type analyzed should make the plate -modulated magnetron a prac- 

tical tube for use in high efficiency amplitude -modulated transmitters. 
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APPENDIX 

Nergaard showed that the second harmonic component of the plate 
current of the 6161, used as a doubler, could safely have a value of 0.3 

ampere, and would be substantially constant during the magnetron 
modulation cycle. It was felt to be desirable to design a locking- branch 
circuit which would inject a constant current I at the junction. The 

circuit should introduce no system phase modulation in addition to 

that described in the text and associated with variations in O. Vari- 

ations in I would, in general, result in additional phase modulation. 

This would not only be difficult to calculate but might degrade the 

system performance. 
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The circuit of Figure 7 was chosen to inject a constant current 
of one ampere. The tank inductive reactance, ju,Lll, was made j32 
ohms for resonance with the tube capacitance at 825 megacycles. A 
reasonable size of coupling loop gave K = 0.15 and a value of jo,L22 
of j50 ohms. C2 is a stub adjusted to give a capacitive reactance. 

By application of nodal- admittance analysis to an intermediate 
circuit, Figure 7 can be reduced to Figure 8. Z1 is the equivalent 
impedance of the tank capacitive susceptance in parallel with an 
inductive susceptance of -j0.0281 mhos arising from the coupling. 
Z.., is j261 ohms. Z3 is the impedance of j60.1 ohms in parallel with 
the reactance of C2 of Figure 7. Z4 is the impedance presented across 
C2 of Figure 7 by the complex load, at the junction, due to the mag- 
netron in parallel with the 50-ohm passive load. 

AAAAAA 
E_ 

Fig. 8- Simplified equivalent circuit of locking branch. 

The mesh equations for Figure 8 may be solved to give 

ip Z1 (Z4 + Zs) 
i1 = 

Z4 (Z1 + Z2 + Z3) + Z3 (Z1 + Z2) 
(16) 

It is assumed that IR, which is the current in the load Z4 is to be 
one ampere. At Z3, which is distant x/4 from Z4, the voltage is 

V8 = -j Zo IR = -j 50 volts. (17) 

If -j1 ohms is chosen for the reactance of C2, the 60 ohms in parallel 
with it can be neglected and Z3 = -j1 ohms. From a consideration 
of the paths of Figure 5, the total impedances presented at the junction 
can be calculated. After transformation of these impedances by the 
quarter -wave line of Figure 7, the resulting Z4 is always 10 ohms or 
more, so that i2 can be neglected compared to i1. Therefore 

Va 
i1= = 50 amperes. 

Zs 
;181 

www.americanradiohistory.com

www.americanradiohistory.com


INJECTION LOCKING OF MAGNETRONS 257 

Z3 may be neglected, compared to Z4, in Equation (16), which becomes 

ip Zl 
il = 

Z1+Z.,+Z3 
(19) 

Substituting the known values and solving for Z1 yields Z1 = j261 

ohms. But Z1 represents the impedance of the tank capacitive sus - 

ceptance in parallel with a known inductive susceptance. The unknown 

tank capacitive reactance is found to be -j31.3 ohms compared to the 
original -j32 ohms. The result shows that the tank must be detuned 
to produce the desired one ampere at the junction. Since Z3 is made 

small compared to Z4, i1 is constant. As a result, V, is constant and 

the junction current (IR of Equation (17)) is constant. From Equa- 
tions (17), (18), and (19) it can be seen that the phase of the injected 
current with respect to ip is independent of Z4. Since ip is constant 
during the modulation cycle, its phase, with respect to the grid drive, 

must be constant. Therefore, there is no phase modulation introduced 

by the locking branch of Figure 1. 
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