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ABSTRACT

Two methods for frequency modulating magnetrons have been in-
vestigated. One method employs the use of voltage tuning or "frequency
pushing" while the other utilizes a magnetron-type space charge to pro-
duce a variable reactance.

Basic theory concerning the dynamic characteristics of a
magnetron space charge and the propagation of electromagnetic waves in
a magnetron space charge has been developed in order to give a more com-
plete understanding of the problem. Also the theory of a new type single-
cavity resonator has been developed. This type of resonator geometry is
extremely flexible from.the standpoint of inserting more than one' set of
anodes and also for tuning and loading.

The design factors and operating characteristics of five dif-
ferent types of tubes are presented as well as a brief summary of the
tube-construction techniques employed at this laboratory. Progress made
towards the development of & new type of tube to be used as a tool for
the study of the magnetron-type space charge is briefly given.

A general outline of the laboratory facilities of this laboratory
is discussed. Suggestions are offered for the direction to be taken in
future research in this field. Assembly drawings for all tubes designed
and built in this laboratory in the period covered by this report are
given.

viii



THEORETICAL STUDY, DESIGN, AND CONSTRUCTION OF
C-W MAGNETRONS FOR FREQUENCY MODULATION

FINAL REPORT

I. INTRODUCTION

1. Purpose

The purpose of this report is to summarize the progress in the
University of Michigan Electron Tube Laboratory during the period from
December 1, 1949, through November 30, 1950, on Contract No. W-36-03%9
sc-35561 for the Signal Corps. Work done on this contract in the period
May 1 to November 30, 1949, has been covered in a previous report, "Theo-
retical Study, Design and Construction of C-W Magnetrons for Frequency
Modulation", Interim Report issued December 1, 1949,

The general objectives of the program ﬁnder this contract are
to increase the knowledge of space-charge effects and frequency charac-
teristics in C-W magnetrons and to apply this knowledge to tﬁe development
of magnetrons which can be frequency modulated. Prior to March 1, 1950,
the emphasis had been in the 2000 to 2400 megacycle range. The general
technique adapted was to employ a magnetron-type space charge as a variable
reactance element in a reactance tube within the same vacuum envelope as
the oscillator magnetron. Three models of f-m tubes were under development

using this principle.



The study of a new method of frequency modulation was initiated
on this contract March 1, 1950.

Early in 1949, Wilbur of General Electric Laboratories discovered
that under certain conditions very wide frequency pushing at uniform power
levels is obtainable. Frequency shifts have been observed between 1.5 to
1 and 15 to 1, depending upon loading, efficiency, and cathode temperature.
The above phenomena havebeen observed at frequencies below 1000 megacycles.
Loading conditions of the tubes have been quite restrictive, consisting of
a load attached directly to the terminals of the anode structure. The Q's
are in the order of 10 or less. With a transmission line between the load
and the tube it is possible to obtain Q's of the same order; however, prob-
lems involving the long-line effect immediately arise. Since March 1,
1950, the objectives on' this phase of the program have been to obtain suf-
ficient understanding of the above type of operation so that it may be

extended to microwave frequencies of 3000 to 4000 megacycles.

2. OQutline of Procedure

Results accomplished prior to the period covered by this report
at the University of Michigan Vacuum Tube Laboratory were presented in
the Technical Reports Nos. 1, 2, and 3 and in the Interim Report. (See
list of publications at the front of this report.)

The status quo at the beginning of December 1, 1949, was as

follows:

a. The understanding of the magnetron-type space charge
insofar as effects on frequency were concerned was fairly
complete, based on experimental and theoretical observa-
tions presented in Technical Report No. 1.

b. Factors influencing the design of interdigital magnetrons
for operation in the zero-order mode had been evaluated,
several tubes constructed, and results presented in Tech-
nical Report No. 2.



Three designs for frequency-modulated magnetrons employ-
ing a magnetron-type space charge for a variable reac-
tance had been developed. Construction had been started
on six tubes of one of these designs (Model 6), and four
had operated in the desired mode. Sketchy modulation
data were obtained in one. A second-type tube (Model 5)
was under construction. Cold tests had been made on a
third type to obtain data necessary to complete its
design.

A program to supplement previously obtained experimental
data on the characteristics of the space charge had been
initiated with the purpose of checking unexplored regions
of magnetic field, thus providing further check on theore-
tical analysis.

In order to fulfill the aims of this contract three methods of

attack were undertaken:

A. Low-Q Operation of Magnetrons. The most apparent features

of the operation obtained at the General Electric laboratories are the

following:

a.

bl

The Q is extremely low, probably in the order of 10 or
less,

The voltage-tuning phenomenon is similar to the usual
frequency pushing, but is much more pronounced due to the
low Q.

The low current drop-out usually experienced when a mag-
netron is heavily loaded is conspicuously absent.

The cathode temperature must be limited to achieve satis-
factory operation. A tungsten cathode giving a definite
emission boundary is required. This limitation of emis-
sion seems to be intimately related to the maximum-current
boundary and a required criterion for operation.

Efficiency is reduced as band width is increased. This
must be due to decreased electronic efficiency since cir-
cuit efficiency is obviously very high.

Loading is accomplished directly at the tube anode ter-
minals (i.e., almost directly across the capacitive por-
tion of the resonant circuit). Loads farther from the tube
may ceuse trouble with long-line effect.



The program of study of low-Q operation at the Michigan Labor-
atory includes the following:
a. Development of a theory of frequency pushing which will per-
mit quantitative, or at least semi-quantitative, predictions

to be made about particular designs.

b. Determination of the causes of current drop-out as they are
related to loading.

c. Investigation of the effect of temperature-limited cathode
operation on the fundamentals of space-charge behavior in an
oscillating magnetron.

d. Experimental study of tubes especially built for low-Q oper-
ation with emphasis on the above three points and a study
of long-line effects.

The experimental work of part 4 is just being started as this re-
port is written.

B. Construction of F-M Magnetrons. Three different f-m struc-

tures employing the magnetron-type space charge as a variable reactance
were to be constructed and studied experimentally with the objective to
develop an operating f-m tube. The three structures have been designated
Models 5, 6, and 8, the basic geometries of which are shown in Fig. 2.1.

Model 5: Fig. 2.la depicts the geometry of the Model 5 f-m mag-
netron, and Dwg. No. B10,005 in Appendix A shows the assembly drawing of
the tube. Model 5 is a nontunable interdigital tube utilizing coupling
to the cathode line to introduce the effect of the modulating space charge
supplied by a second cathode.

Model 6: At the beginning of this period four Model 6 tubes had
been constructed which operated in the desired mode; however, difficulty
was experienced due to power being coupled out of the modulator cathode
stem. The geometry of Model 6 is depicted in Fig. 2.1b; it consists essen-

tially of a full-wave capacity-loaded coaxial cavity having two sets of



Y

o
P
-’Q

a2 Al
o oy
ll \.2'-"

11T =

FIG. 2.1 BASIC GEOMETRIES FOR FREQUENCY MODULATION
MAGNETRONS DEVELOPED IN THE UNIVERSITY OF
MICHIGAN ELECTRON TUBE LABORATORY.

NOTE: MODULATING SPACE CHARGE INDICATED BY DOTS.



anodes, each placed at voltage maxima points. The anodes consist of vanes
extending from the outer conductor and protruding through slots in the
inner conductor. An assembly drawing of Model 6 is shown in Dwg. No.
B10,006A in Appendix A. Sixteen anodes are employed in the oscillator
section while four anodes are used in the modulator portion of this tube.

Model 8: The Model 8 f-m magnetron geometry is shown in Fig.
2.1c; it consists of a capacity-loaded full-wavelength rectangular cavity
employing interdigital anodes at each voltage maximum in the cavity. One
anode acts as an oscillator while the other is used as a variable reactance
tube. Dwg. No. B10,008 in Appendix A shows an assembly drawing of Model 8.
The iniﬁial Model 8 was designed with two identical sets of anodes in order
tq investigate the possibility of this structure operating as a high-power
C-W magnetron with both éets of anodes operating as oscillators. Frequency-
modulation data could also be obtained from this structure.

C. Study of Magnetron Space Charge. The study of magnetron

space charge was more or less deemphasized during 1949, under the pressure
of developing interdigital tubes and f-m magnetrons. However, it was re-
" sumed in the period covered by this report for the following reasons:

a. During the development of more or less unconventional f-m
magnetrons and the study of voltage tuning, problems involving the space
charge have been continuously recurrent, i.e., mode-jump current, optimum
loading conditions, symmetry of fields in the interaction space, etc.

These problems arise due to inadequate knowledge of dynamic characteristics
of magnetron space charge.

b. No analyses on extensive experimental data exist which give

an understanding of losses in the magnetron space-charge swarm. This is



a rather serious problem and in the use of such a swarm for modulation may
be the limiting feature. Knowledge of the magnitude of this loss, the rel-
ative importance of cathode back bombardment and collection of current by
the anode, and a theoretical understanding of basic phenomena could be very
useful in devising methods for minimizing or eliminating the loss.

c. Experimental date supporting the general theory presented in
Technical Report No. 1 were inadequate, although important reactive proper-
ties of the space charge which are usable in the production of frequency
modulation were conclusively verified. Also some restrictive approximations
were made on development of the theory. In order to complete the picture,
a detailed survey of space-charge swarm properties insofar as they affect
wave propagation would be necessary for wide ranges of magnetic field and
for various orientatioAs of direction of propagation and polarization of the
wave with respect to magnetic field.

One of the attractive features in the study of space charge is
that positive results obtained in any part of the program will be helpful
in understanding all three of the phenomena mentioned above and the_results
will contribute to the knowledge of both frequency modulation and magnetron
oscillation.

The following steps were taken to carry out this program:

A study of dynamic characteristics of the magnetron space charge
was undertaken with the specific objective of increasing the understanding
of voltage tuning and factors affecting maximum-current boundary.

A theoretical study of the propagation of electromagnetic waves
in a magnetron space charge was started and was to be backed experimentally

by measurement to be taken on specially designed tubes.



A detailed study of the r-f properties of a magnetron space charge
by hot impedance tests was undertaken to supplement fhe experimental data
presented in Technical Report No. 1.

Work was also started on the design and development of a smooth-
bore magnetron for experimentally verifying theories on the magnetron space
charge. It was hoped to serve in integrating the various theories andin making
the understanding of magnetron space charge more vivid. This tube is called

the "trajectron" and is discussed in Section 15 of this report.

3. Tubes Planned for Construction

The following tube models were planned for construction during

this period:

Model 5 f-m structure
Model 6 f-m structure
Model 8 f-m structure
Model 7 magnetron oscillator to study the operation

of a new type of single-cavity resonator for

a magnetron (This resonant system is employed
in Model 6 and Model 9 and will be used in

the study of low-Q operation.)

Model 9 low-power magnetron having an external res-
onant cavity for studying low-Q operation

Models 11001, this series of magnetron diodes was to be
11002, 11003 built to study the propagation of electromagne-
tic waves in a magnetron space charge

Model 1100k trajectron for studying the space charge in
a smooth d-c magnetron

Tubes constructed in the period covered in this report are given
in Table 3.1. Assembly drawings of these tubes are presented in Appendix

A of this report.



TABLE 3.1

Tube

No.

26

27

28
29

30

31

32

33

3k
35

Model Date
No. Assembled

6A 12-49

5 2-50

11.001A 1-50

6A 2-50

11.001A 2-50

6A 2-50

11.001B 5-50

TA L-50

11.003 7-50

9.0 7-50

History Operated Present

Condition

N no | 4

-

n

removed modulator cathode, yes
Model 7

inserted modulator cathode,

Model 9

removed modulator cathode

realigned cathodes yes
changed choke design

lost in brazing no

lost in Hp furnace due to no
miscalibrated thermocouple

lost in H2 furnace due to no
miscalibrated thermocouple

1.

2.

F W

A

W
NP

removed modulator cathode, yes
Model 7

inserted Model 9 modulator
cathode

inserted Model 10 modulator
cathode

removed Model 10 modulator
cathode

replaced burned-out oscil-
lator cathode with Model 6
cathode with A/4% bypass

replaced filament yes
replaced sagged filament
opened for inspection

replaced burned-out cathode yes
with Model 6 having A/4

bypass

replaced cathode with modi-

fied Model 6 having A/k4

bypass

replaced cathode with Model 12
replaced burned-out Model 12
cathode

1. replaced sagged cathode

1. glass seals could not be
annealed with this design

yes

no

operable

operable

inoperable

inoperable

inoperable

operable

inoperable

operable

inoperable

inoperable



TABLE 3.1 (Cont'd.)

Tube Model Date History Operated Present
No. No. Assembled Condition
36 8.0 9-50 1. removed cathodes for yes inoperable

cold test
37 11.00k4 8-50 1. rebuilt due to cathode yes operable
failure
38 9A 9-50 1. jig sintered to tube no inoperable
39 9A 9-50 yes operable
Lo 7B 9-50 1. replaced Mod. 12 cathode yes operable
with Mod. 16
2. replaced Mod. 16 cathode
with .260-in. dia. cathode
similar in construction to
Mod. 12
41 7C 10-50 yes operable
ko 7D 10-50 yes operable
43 9B 11-50 yes operable
Ll construction not started
to date
45 TE 11-50 yes inoperable
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During the period covered by this report, comstruction was
started on nineteen different tube structures. Fourteen tubes were operated
hot on the test bench and of these fourteen, ten are still operable. Five
tubes were lost at assembly due to the following causes: One was lost due
to solder flowing to the wrong place., Two were lost at the same time in
the hydrogen furnace due to a miscalibrated thermocouple. One had a jig
sintered to it while being brazed, and one could not be constructed due to
the fact that the glass seals could not be properly annealed.

A number of these fourteen tubes were pumped down and operated
several times with differently designed cathodes inserted in them. This
is indicated in the "history" column of Table 3.1. A total of eighteen

changes and pump-downs were made after these tubes were built.
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ITI. BASIC THEORY

4. Dynamic Characteristics of the Magnetron Space Charge, Low-Q Operation
(H. W. Welch, Jr.)

The mejor emphasis in theoretical effort during the period covered
by this report has been on acquiring better understanding of the space charge
in the oscillating magnetron. The purpose of this emphasis was to make
possible the better understanding of low-Q operation so that this opera-
tion might be obtained at shorter wavelengths. The results of this study
have been presented in detail in Technical Report No. 5 entitled "Dynamic
Characteristics of the Magnetron Space Charge". The following is a brief
summary of the important results of this report.

Operation at very low circuit Q's was first obtained by Wilbur

1 at frequencies under

and Peters at General Electric Research Laboratories
1000 megacycles. This operation was described in Section 2 of this report.
One well-known property of conventional magnetrons operating in
the vicinity of 10 cm is that very heavy loading will cause low maximum-
current boundary and may even cause operation to cease altogether. The
causes of this current limitation are, therefore, immediately important
to a study of low-Q operation. Also, a clearer understanding of voltage
tuning, or frequency pushing, is needed. Finally, it is desirable that
power output should be relatively constant, independent of frequency.
The possible causes of current drop-out which are suggested are
the following:
a. cathode limitation of available current,

b. space charge limitation of available current,

1 Pinal Report, C-W Magnetron Research, Contract No. W-36-039 sc-32279,
Report No. RL 341, General Electric Company, April 1, 1950.
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c. limitation of current due to transit-time effects,

d. induced-current limitation placed by maximum possible
density and extent of space charge in the bunches, or
spokes, of space charge,

e. mode competition causing current drop-out in one mode
when another mode is more favorable to magnetron oscil-
lation, and

f. debunching or overbunching due to inadequate focussing
by the r-f field as the spoke changes in position and
the current increases.

Power-supply regulation is also a factor in determining current
drop-out which has been considered in some detail by Raytheon engineers.
(Mr. E. Dench and Mr. W. C. Brown have supplied information on this point.)
This was not considered in the study at Michigan since it is more of a
circuit problem than & tube problem.

The space-charge distribution used in this study is shown in
Fig. 4.1. The hub of the space-charge "wheel" is assumed to extend to the

radius at which outermost electrons become synchronous with the travelling

r-f wave in the interaction space between anode and cathode. All the

space charge outside of this radius is assumed to be synchronous. This

assumption with the force-balance equation is sufficient to define the anode

voltage for which the synchronous electrons reach the anode, and the con-

stant synchronous space-charge density, which is independent of radius.

Conversely the anode voltage defines the synchronous velocity. This vel-

ocity determines the frequency of oscillation of the magnetron. As long

as the space charge is capable of supplying the r-f current to the circuit,
the magnetron will operate at the frequency determined by the synchronous
velocity. If circuit conductance is relatively independent of frequency,
this current is a minimum near resonance because the shunt susceptance

becomes zero in this region. 'One criterion for getting voltage tuning over
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a wide range is, therefore, to make the circuit admittance small enough
over a large frequency range that the magnetron space-charge swarm is
capable of supplying the required current. Thus a low-Q circuit is re-
quired, and if the conductance value is fixed, the low Q must result from
low energy storage, or low circuit capacitance.

Methods for estimating the amount of r-f current available in a‘
given interaction-space design are presented in detail in Report No. 5.
It is assumed that the most Important contribution is that of the induced
current due to the rotating spokes of space charge. The exact form of the
spokes is not calculable. Quantitative results obtalned by different assump-
tiong of the spoke shape compare favorably with experimental observations.
Regardless of what the exact spoke shape may be, it is possible to estimate
the maximum induced current for a given interaction space by assuming well-
defined rectangular spokes having a width equal to the anode-segment width.

The effect of radial velocities and collection current on the
r-f current has not been considered as yet. However, the amount of power
input is limited by the collection current. This point is quite important
to the low-Q operation. If tuning is to be obtained by changing anode
voltage without changing power output and without reaching excessive r-f
voltages, some mechanism must®e provided to limit power input or change
electronic efficiency or both. The collection current can be limited by
operating the cathode temperature-limited. In order to get a well-defined
current limitation by temperature a pure-metal cathode must be used, such
as tungsten. This procedure was used by the G. E. group. Under these con-
ditions, the d-c plate current remains relatively constant while the anode
voltage and frequency increase. The voltage for a given frequency is given

approximately by the Hartree voltage as would be expected from the statements
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made above. The quantitative expression for the Hartree voltage is de-
termined by the choice of a synchronous velocity of the electrons in the
spokes and the assumption that electrons in the hub are behaving as they

would in the static magnetron. With these assumptions the Hartree vol-

tage is
o f rc2 omfe _ o 1
‘Bp = mry h"Bl-;;g - 2n T oZ Ta (4.1)

For large B the £2 term can be neglected and f is proportional to Ej.
(See Fig. 8.8, Technical Report No. 5.) As the voltage increases, since
the maximum available number of electrons per second is being utilized
(under temperature-limited conditions), the energy of the increased voltage
goes into increase in velocity of the electrons. Thus, electrons strike
the anode at higher ;nergies and electronic efficiency is decreased. This
is desirable if power output is to be kept constant. The r-f voltage and
current do not continually build up, and the maximum-current boundary which
may be caused by overbunching and the induced-current limitation is not
reached.

The space-charge-limited current in the magnetron is calculated
assuming that it is controlled by the potential at the radius of the hub
in the space-charge swarm (Fig. 4.1). The values given by this calculation
are less than the 1/2 Allis current used by Slater® by a factor of 2 or
more.

The results of calculation of induced current from the assumed

space-charge distribution in some particular geometries show that, in these

1 See Technical Report No. 1 for a discussion of the derivation of this
equation.

Slater, J. C., Microwave Electronics, Van Nostrand, 1950.
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éarticular cases at least, the induced-current limitation is much more
severe than the space-charge-current limitation. A factor of 5 or 10
to 1 is calculated for the ratio of space-charge-limited current to in-
duced current. This is also observed in the operation of the tube.

Calculation of transit times indicates that space-charge dis-
tribution may be upset due to insufficient recovery time during an r-f
cycle. These calculations are approximate, however, and should be con-
sidered more carefully before drawing conclusions.

Effects of mode separation have not been considered in any
detail, since a recent doctoral thesis at M.I.T. is using this as a sub-
ject.l

5. Propagation of Electromagnetic Waves in the Magnetron Space Charge
(G. R. Brewer)

In order to provide information on the properties of a magne-
tron space-charge cloud as it affects the magnetron resonant circuit, an
analysis was carried out concerned with the propagation of electromagnetic
waves in the magnetron space charge: This first work was reported in Tech-
nical Report No. 1. During the period of work covered by this report,
this analysis has been extended to include the effects of the variation
with position of the electron velocities, and other effects in the space
charge. This work will be discussed completely in a forthcoming technical
report but will be described here briefly in order to illustrate the scope
of the work done.

The complete solution of the interaction of the waves in a multi-

cavity magnetron and the space charge was considered too complicated to

Moats, R. R., M.I.T.; this work will be presented at the 1951 IRE
National Convention.
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vield results with any degree of generality. Therefore, the radial and
tangential components of the actual fields in the magnetron were used sep-
arately in the analysis, each compoent giving rise to a different direction
of propagation, tangential or radial. In the use of space-charge clouds
for frequency modulation, the characteristics for propagation in the dir-
ection parallel to the magnetic field were desired so that this problem
was also solved. Using these simplified types of fields, solutions were
obtained for both the plane and cylindrical magnetron structures..

The Euler hydrodynamical equation,

— + (vwv) v = - i EE + VX B] - %ﬁ

which is derivablel

directly from the Boltzmann transport equation, will
be used to find theﬂequations of motion for this problem of electron-wave
interaction.

In this equation,

electron velocity

v .
E = +total electric field

B = sgsteady magnetic field (effect of r-f magnetic field
can be neglected)

n = number of electrons per unit volume

p = electron gas pressure.
A term was introduced into this equation, in the form of a frictional force
proportional to the electron velocity, which includes the effect of colli-
sions between the electrons and gas particles in the space charge. It will
be shown in the forthcoming report that the pressure gradient (vp) term

does not affect the final result, so that this may be ignored. The equation

Chapman and Cowling, The Mathematical Theory of Nonuniform Gases, Cam-
bridge, 1939, Chapter 3,
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of motion of the electrons in the space charge subject to the electric

field of the propagating wave and the applied magnetic field is then

@
<

+ (vev) vegry = - % [E + VX B] .

@

t

From this equation the electron velocity, and therefore the current, are
obtained in terms of the applied fields. Substitution of the current re-
lations into the Maxwell field equations enables the determination of the
complex index of refraction of the space-charge medium. It can be shown
that the effect of the electron motion 1is equivalent to an electric energy
storage in the medium in addition to the usual energy storage in free space,
given by‘Eﬁféb/2. Thus, the space charge can be considered, insofar as
wave propagation is concerned, as a dielectric whose relative dielectric
constant is a function éf the ratiocu/wc between the wave frequency (w)

and the magnetic field B = (m/e) w,.

It is found that the effective dielectric constant of the space
charge can assume values which are positive and greater or less than unity,
and also negative values. The interpretation of the latter value involves
an analogy to a conducting material in which a wave is attenuated upon
entering.

| The results of this analysis are expressed in the following equa-
tions for the effective dielectric constant and conductivity of the space
charge. The Hull-Brillouin equation for space-charge density has been used
in the following:

a. Propagation of a plane wave in the direction of the applied
magnetic field.

1

Plane Magnetron: e = 1« —
eff ( / 2
w/we)
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Cylindrical Magnetron: (:c‘c = cathode radius)

L. (1 + rcu/rh)[l + (1/ V2)(w/we) V1 - r027r2]

P =
eft 1- rcg/rg - 2((1)/(¢)c)2

e/ 2)[(@e?/2) (1 - £¥/x?) +w?] + w3/ VB) VI = 1od/r2

[we¥2)(1 - r2/r?) -w?]?

These relations are plotted in Figs. 5.1 and 5.2 for r./r <<1.

b. Propagation of a plane or cylindricael wave in the direc-
tion normal to anode and cathode.

Plane Magnetron: €gep = 1 -@—/—i-—)-g
c

c = - £€o

(@/w,)?

These equations are seen to be the same as those for the plane
magnetron in case a, above.

Cylindrical Magnetron:

. ) 02_2_ 1+ rcb' w? - Wo/2)(1 + rch/rh)
eff 2P ™ [lw2 - (we2/2)(2 + rt/rt - r.2/r)

[[R¢

ne

" 1+ 2(w/wc)2 1~ 8(w/wc)2 - oucg/z‘af2
8% 1- 2(w/wc)2 lt[l - 2(w2/wcg)](l -cug/wce)2

These relations are plotted in Fig. 5.3 for rc/r <<l,
To provide a verification of the above outlined theory, one tube

for investigation of space-charge properties has been constructed and
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tested, and another is under construction at the present time. In both of
these tubes the cylindrical space charge is placed in a resonant cavity
80 that it can interact with the electric fields of the particular mode
which possesses field configurations duplicating those used in the analysis.

In the case of propagation along the direction of the applied
magnetic field, the tube consisted of a h/2 coaxial cavity with the filament
and surrounding space charge as part of the center conductor. A drawing
of this tube is shown in Dwg. No. Bll,003, Appendix A. The change in
resonant wavelength of the tube was noted as a function of the applied
magnetic field. The data so obtained are shown in Fig. 5.4. Examination
of Fig. 5.2 shows that whencuﬁuc is decreased to 1.17 the effective dielec-
tric constant becomes negative and the cloud begins to behave as a conduc-
ting material, which should increase the capacitance across the coaxial
line of the cavity, thus increasing its resonant wavelength. This resonant
wavelength should remain above the "cold" resonant wavelength (B = 0) as
wﬁuc is decreased further to about 0.6, when it will decrease to the "cold"
value. The experimental curve seems to confirm this latter point of wave-
length shift, but the lower value of aybc at which A\, changes is seen to
be 1.4 instead of the expected 1.17. This maey be due to a space-charge
density on the boundary of the cloud different from the Hull-Brillouin value
used in calculating Fig. 5.2, or to some irregularities in the tube itself.
This point is being investigated further.

It is believed that these experimental data confirm at least
qualitatively the predictions made on the basis of the theory developed.

A second tube is being constructed for investigation of the case

of wave propagation in the radial direction. This tube is to be placed in
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a cylindrical cavity resonating in the TEy;; mode. The effect of the
space charge on resonant wavelength and Q of the cavity will be measured
and used as indications of the properties of the space-charge cloud. A
drawing of this tube and cavity is shown in Fig. 5.5.

6. Theory of a New Single-Cavity Resonator for Multi-Anode Magnetron
(J. S. Needle)

The analysisl presented in this section is applicable to a single-
cavity resonator magnetron which consists of a section of coaxial trans-
mission line excited at its center by an r-f voltage produced between a
system of radial-vane anodes and iongitudinal-bar anodes. The radial-
vane anodes extend inward from the outer conductor of the coaxial line
and protrude through slots bounded by longitudinal-bar anodes in the center
conductor of the co;xial line.

The essential features of the resonator geometry are illustrated
in the sketch of Fig. 6.1. This basic geometry is utilized in the Model

6, 7, and 9 magnetrons which are discussed elsewhere in this report.

The analysis was developed in order to determine the equations
for the resonance frequency of the cavity, the external Q, and the impe-
dance between the bars and vanes (see Section AA of Fig. 6.1), as seen by
the electrons. The development is restricted to a lossless cavity resona-
tor in the absence of the cathode.

We shall assume that the actual resonator may be represented by
a lossless transmission line with lumped-constant admittances, as shown in
Fig. 6.2.

Here Y;, = G + JBr, is the load admittance transferred into the

coaxial cavity;,fl,:fg, QB, are, respectively, the distance of the "T"

1 gee Technical Report No. 6 for a more detailed presentation of this
analysis.
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coupling connection from one shorted end of the coaxial cavity, the distance
measured from the "T" to the right edge of the vanes, and the distance from
the remaining short-circuited end of the coaxial line to the left edge of
the vanes. Figs. 6.3 and 6.4 complete the equivalent circuit representa-
tion of the actual cavity. In Fig. 6.3, Y' is the admittance of the coaxial
cavity plus load at the position of the bar-and-vane structure, and the ©

quantities defined by the relation

0; = eﬂfi . (6.1)

Fig. 6.4 indicates the lumped-constant representation employed
to obtain the shunt admittance, Y shunt, between the bars and the vanes.
Here Ly represents the total inductance of all the vanes in parallel, and
Cp is the total capacitance between the vanes and bars.

Algebraic and trigonometric operations result in two rather com-
plicated.expressions,l one for the shunt conductance and one for the shunt
susceptance looking into the spaces between the vanes and bars. These ex-
pressions are given a simpler approximate form by making use of certain
inequalities which were determined numerically from the more general re-
lations. The final approximate Eqs 6.2 and 6.3 are for the special case

where ©; + 8, = 63, and operation is into a matched load.

2
- ., 2 8inc 6 1
L cos 03 [w Ly + ,29 tan 93]
“— 1
Bshunt = wCp - (6.3)

Z
WLy + =2 tan © .
vV 5 3

See Eqs 4.8 and 4.9 of Technical Report No. 6.
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Eq 6.3, when set equal to zero, gives the condition for resonance, i.e.,
resonance of the cavity in the absence of the cathode.
To obtain an expression for Qg we assume Bgp,nt Vvaries linearly

with frequency in the region w = w,; then,

a B
<"&T§g> (W) -wg) = Gonunt (6.4)

(U=Ct)o

where wq is the frequency deviation at the half-power points, or,

1 d Bgh 1
= —— 6.
Gshunt ( d‘”)'_% Wy - (6.5)

multiplying both sides of Eq 6.5 by wo/2 yields

Wo (4 Bsn = Y - 6.6
2 Gghunt ( dw> 2(wy - ) G - (6.6)
w=u

0O

Carrying out the indicated differentiation, we obtain:

Q =

9 Zo 2
L +EL— G/
{c“ T Eay 32} Lo (6.7)
)

Z 26 .
(wy Ly + -5‘-’ tan 63 shunt



32

III. EXPERIMENTAL RESULTS

7. Model 7, Single-Coaxial-Cavity Design Parameters (J. S. Needle, H. W.
Welch, Jr.)

The equations necessary for the design of the Model 7 single-
coaxial-cavity resonator magnetron are given in the previous section of
this report. Design parameters used in the Model T tube are listed below.
Reference should be made to Fig. 6.1 for a more complete understanding of
the quantities given herein. Dwg. Nos. B10,007A, B10,007B, and B10,007C
in Appendix A show various forms of the Model T structure.

N = 16 anodes

Cyp = 4.88puuf (total bar-to-vane capacitance)

Ly = 122.9pphenries (vane inductance — 8 vanes in
parallel)

A1 = 0.3175 cm
dp = 1.53%0 cm
15 = 1.8)4-8 cm

7. = 24.b ohms (characteristic impedance of the coaxial-
line segments)

r = .953 cm (outer radius of inner coaxial-line con-
ductor)
rp = 1.428 cm (inner radius of outer coaxial-line con-
ductor)
yi = 0.762 cm (axial vane dimension)
vane
Js10t = 1.021 cm (axial slot dimension)
tyvane = 0.1295 cm (vane thickness)

Wglot = 0.389 cm (slot width)

Wy, = 13.45 x 10° redians/sec (14 cm)
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Circuit efficiencies of the order of 90 per cent were predicted
on the basis of cold tests made on brass models. Actual tube-circuit
efficiencies are listed in Table 8.1 of the next section. The discrepancy
between the predicted efficiency and actual circuit efficiencies is
attributed to the effects of the cathode circuit on the resonator.

The region of interaction between the electrons and the r-f field
is located within the center conductor at its midpoint. For nx mode-opera-
tion, the bars of the center conductor form one set of anodes and the vanes
the other. The design of the interaction space is based on conventional

procedures. For the Model 7 tubes the interaction-space parameters are

'as follows:
A = 1lh cm
N = 16 anodes
r, = .665 cm = anode radius
r. = .381 cm = cathode radius
L = .763% cm = length of cathode

ra/re = 1.75 (1.50 has also been used)

Eo = 355 volts

B, = 286 gauss
where:
m [2nc 2 2 N
E, = g (;57) ry< volts (n = 5) (7.1)
- em (2nc 1 2
B, = (nk) RV webers/meter® (7.2)
=
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Typical operation

E

3000 volts I 100 ma

B

900 gauss P 100 to 150 w

o}

The electronic efficiency, using the values for E and E, given
above, turns out to 88 per cent. The difference between this éheoretical
electronic efficiency and the electronic efficiencies listed in Table 8.1
is thought to be caused by the effects of cathode un.balance.l

Maximum electronic efficiency is given by

8. Performance of the Model 7 (G. R. Brewer, H. W. Welch, Jr.)

The coaxial single-cavity magnetron, designated as the Model 7,
utilizes as the resonant circuit a x/e coaxial cavity, with vanes from the
outer conductor protruding through slots in the inmer conductor (see Sec-
tion 6).

During the period covered by this report, five tubes, each of
different design, have been constructed and tested. One of these tubes was
tested twice, using cathodes of two different diameters. Three of these
tubes yielded output power in excess of 14O watts, one giving 260 watts.

Table 8.1 summarizes the performance data obtained from the Model
7 tubes to date. Each of these tubes will be discussed briefly.

The Model TA No. 33, shown in Dwg. No. B10,007A in Appendix A,
was constructed with an additional output, coupling to the vane mode. This

was for the purpose of studying the effect, on the lh-cm mode, of changes

See Section 7 of Technical Report No. 6.
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in impedance coupled into the vane mode. The tube used a thoriated tung-
sten cathode with quarter-wave bypass sleeve on the cathode-support stem.
It operated qﬁite satisfactorily, giving up to 260 watts of output power
at 60 per cent efficiency, as seen from the performance chart of Fig. 8.1.

Changes in mode-jump current of the lh-cm mode were observed as
the impedance presented at the output coupling to the vane mode was changed.
It was observed that the mode-Jjump current was affected when the applied ,
magnetic field was small, i.e., when the mode separation is relatively
small; but no effect could be observed for large magnetic fields in which
the mode-voltage separation is larger. This tube gave the most satisfac-
tory performance as far as power output and efficiency are concerned. In
this tube, rg/r, = 1.75.

The Model“7B No. 40 yielded up to 146 watts of output power at
58 per cent efficiency, being almost equal to the Model TA No. 33 at the
same magnetic field. This tube was made with a backing ring in the vanes
to reduce the vane-mode resonant wavelength, thus increasing mode separa-
tion. Two cathodes of different emitting-section diameter were tried in
this tube. The performance characteristics are shown in Figs. 8.2 and 8.3,
where it is seen that the change in rp/r, from 2.1 to 1.5 had very little
effect on the operation. It is seen from the two performance charts that
mode-jump current is not as high as in the No. 33; the reasons for this
reduction are being investigated.

Tubes 7C No. 41 and 7E No. 45 were made with oxide-coated cathodes.
It was found that these tubes would not operate satisfactorily under d-c
conditions, due to back heating of the cathode and resultant sparking.

Pulsed data were taken, however, and the observed mode-jump currents will
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be reviewed below. Most of the Model 7 tubes give similar performance
characteristics except for mode-jump current so that this quantity is a
good criterion of satisfactory operation.

No. 41 was built to test the effect of the large A/4 bypass sleeve
on the cathode line. This structure is shown in Dwg. No. B10,007C in
Appendix A. The large bypass is intended to prevent completely any leakage
of power by way of the cathode line and to provide & high impedance at
the anode structure. The maximum mode-jump current obtained from pulsed
measurements on this tube was 180 ma at 1290 gauss; this could be increased
to 300 ma by unloading the tube with reflectors in the output line. This
relatively high mode-jump current (180 ma) would indicate that very satis-
factory performance should be expected from this tube when tested d-c with
a thoriated tungsten«cathode.

Tube No. 45 was built to test a modified vane-and-bar structure
conceived for the purpose of equalizing the voltage between the cathode and
the anode segments by balancing thezﬁapacitances between bars and ceathode,
and those between vanes and cathode. A drawing of this vane-and-bar struc-
ture is shown in radial-plane cross section in Fig. 8.4. It is seen that
in the region between planes AA' and BB', the area of vanes exposed to the
cathode is equal to the area of the bars exposed to the cathode. As a re-
sult of this capacitance balance it was thought that the cathode emitting
surface would be at a potential midwey between the vanes and bars. The
effect of the region of the cathode line outside of the planes AA' and BB'
is not, at present, definitely known; this effect will be reduced, however,
by the use of a small-dieameter cathode-support stem. This tube was operated
under pulsed conditions only; the maximum mode-jump current observed was

approximately 50 ma at 1390 gauss.
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Model 7D No. 42 was constructed to determine the effect of
heévier loading on tube performance. The output-coupling loop was de-
signed with twice the area of the No. 33. This reduced the external Q
from 354 on the No. 33 to 72 on the No. 42, It is seen from the per-
formence chart of Fig. 8.5 that the maximum mode-jump current observed was
72 ma at 1690 gauss; a value less than that observed on No. 33. This tube
is identical in structure (except for increased coupling) to the Model 7B
No. 40. 1In this tube ra/rc = 1,75 and a backing ring is included to lower
the vane resonant wavelength. Despite the relatively low mode-jump current
this tube yielded output power as high as 150 watts for B = 1690 gauss

with 58 per cent efficiency.

9. Model 6 F-M Magnetron (H. W. Welch, Jr.)

The Model 6 f-m magnetron has a coaxial resonant cavity, two
anode sets, and two cathodes. There are sixteen anodes in the oscillator
section and four in the modulator section. The oscillator section is
exactly like the basic structure of the Model 7. Resonant wavelength in
the desired mode is approximately 13 cm. For this mode, the coaxial cavity
is one electrical wavelength long with a voltage maximum at each anode set.
The tube is not, at present mechanically tunable; but because of the sim-
plicity of the coaxial cavity, mechanical tuning could be easily accomplished.
An assembly drawing is given in the Appendix. The‘design procedure for the
Model 6 is exactly the same as for Model 7 after the anode geometries have
been selected. Since the oscillator structure has been discussed in Sec-
tions 6 and 7, the remarks in this section will be restricted principally

to the modulator section.
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The amount of modulation to be expected for a given anode struc-
ture can be predicted approximately by the methods given in Technical Report
No. 1. The necessary data are given in Table 9.1, Capacitances were cal-
culated from flux plots by the method described in Appendix A of Report No.
6.

The formula for resonance in a half-wavelength cavity correspon-
ding to the modulator half of the cavity is

A 1 ond
ZrcCy 5 Zo ten (9.1)

A 2

if the vane inductance is neglected. If Cp 1s changed by dC, to produce a

wavelength shift d\, we may differentiate the above equation to obtain

" o dCA (1 + 2 6 cos 29)-1 s (9.2)
A Ca
where
dc AC, C
—A - ¢ ¢ (9.3)
Ca Cc Cy
and ¢ = velocity of light in free space
= 2nﬁ/k
1l = distance from vane to short circuit of
coaxial cavity
Cc = capacitance to cathode surface
Cp = total modulator-anode capacitance
AC . .
—<£ = percentage change in cathode capacitance caused
Ce by the space-charge swarm.
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TABLE 9.1 ‘

MODEL 6 DESIGN DATA
(Dimensions in inches)

N 1y re Ca Ce/Cy E, B,
w
Oscillator 16 .524 .300 1+.88/.L/.Lf —— 355 volts 286 gauss
Section
Modulator b . h20(No.26) .300 1.36 HuL 5.51% 4200 volts 1680 gauss
Section .450(No.31) 4800 volts 1480 gauss

M
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In an ordinary lumped-constant resonant circuit, Eq 9.2 has

the form

dan 1 dCp
—_— T e e—— oll’
A 2 Cyp (9:4)
This may be written
o . 14 .
N 57’ (9.5)

where U i1s the energy stored in the electric field. The modifying factor
F(6) = (1 + 20 cos 29)-1 in Eq 9.2 replaces the factor 1/2 of Eq 9.4 because
all the electrical energy storage is not in the capacitance. This factor

is plotted in Fig. 9.1. A substantial part of the energy is stored in the
cavity in the coaxial-type magnetron.l In some cases this is not true,
e.g., in the interdigital magnetron operating in the zero-order mode. In
any distributed-constant circuit one must be careful in calculation of the
effect of a capacitance change not to overestimate the resulting wavelength
shift.

Eq 9.2 is only valid for a half-wavelength coaxial cavity loaded
in the center by the modulator capacitance. If we include the other half
of the cavity and the vane inductances, a simple relationship for the wave-
length shift cannot be derived. It is, of course, possible to use the com-
plete design formula and plot a curve of wavelength versus any one of the
parameters. However, a reasonable approximation is made by assuming half
of the energy storage to be in the oscillator half of the cavity. Then for

the complete f-m magnetron

1 See Eq 6.7.
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& | 1 (% (1 + 26 csc 29)-1 ’ (9.6)
3 2 \Cy )

Where (dCA/CA)m represents the change in the modulator capacitance and €
is the electrical-line length from vane to short circuit in the modulator
half of the cavity.
This formula has been applied to a particular experiment where
Co/Cy = 5.51%
6 = 65°
ACC/Cc = 123% for the maximum rH/rC used in the experiment,
where rH/rc is the ratio of the space-charge-swarm radius to cathode radius
in the modulator interactién space. rH/rc is obtained from Eq 5.13 in
Technical Report No. 1 (Eq 6 in Technical Report No. 4) and AC¢/C, is given

approximately by the following

8e | lografre | (9.7)
CC lOg I'a; Ty

(This is Eq 7.5 in Report No. 1 or 40 in Report No. 4.) The results of
this calculation are compared with experimental results in Fig. 10.3.
Actually, the reasonably good check on the results is probably, in part,
accidental, since the stem of the modulator cathode is known to have an
important effect on the resonant circuit and was not accounted for in cal-
culation of Cc/CA. Also, the measured magnetic field, 1400 gauss, is theore-
tically not quite large enough to make the space-charge swarm a totally
reflecting medium.

The experimental work on the Model 6 magnetron was discontinued

after about June 1 in order to give more attention to the voltage-tuning
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problem and to attempf, through experiments on the Model 7 magnetrons, to
obtain a better understanding of the problem of coupling to the cathode

and the maximum-current-boundary limitation. These are the most pressing
problems in the Model 6 design since, although the oscillator section of

the tube performs satisfactorily without the modulator cathode (150 to 200
watts C-W at about 50 per cent efficiency), the insertion of the modulator
cathode immediately limits operation by reducing the maximum-current boundary
to very small values or even zero. The modulation tests could only be made
under special loading conditions. The facts gathered from tests on the Model
6 do indicate that between 1 and 5 per cent frequency modulation can be
obtained; a completely redesigned tube will be built as soon as possible.

The following changes will probably be made:

a. The modulating voltage required in the present structure is
excessive. This can be reduced by reducing the cutoff voltage in the mod-
ulator section. Using the data in Table 9.1, the cutoff voltage at 1400
gauss is 2950 volts. For a wavelength shift of greater than 1 per cent

about 2500 volts are required. Cutoff voltage is given by

2
z - <§B—) (9.8)
(o]
or
r.c\ 2
E = g B°r? (1-r—°§> (9.9)
a

Thus, if r,/r; is kept constant, E is proportional to rce. The
modulator should therefore be designed with as small as practical a cathode

for minimum modulating voltage.
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b. The coupling to the cathode 1s probably encouraged by the
special design of the modulator anodes. By sacrificing a little of the
predicted modulation possibility the anode design can be changed to make
coupling to the cathode less. It should still be possible to get 1 or
2 per cent modulation. It also should be possible to reduce the leakage
current (see Fig. 10.3).

c. In order to increase relatively the energy storage in the
modulator capacitance it will be advantageous to decrease energy storage
in other parts of the circuit.

The tube also needs to be made mechanically tunable. This will
not be attempted until it has been demonstrated that power output is

available with greater than 1 per cent modulation.

10.. Performance of Model 6 F-M Magnetron (H. W. Welch, Jr., G. R. Brewer)

Eight tubes of the Model 6 design have been constructed. Of
these, five wereoperated under oscillating conditions and two of the latter
were modulated in frequency by the modulator space charge. In all these
tubes considerable difficulty was experienced with power leakage out the
modulator cathode line. This additional loading was usually sufficient
to prevent oscillation unless the tube was unloaded from the output line.
This effect is illustrated by the Model 6, No. 31, which oscillated very
feebly only when no power was coupled out the output line. However, modu-
lation data were obtained from this tube as shown in Fig. 10.1l. It isbseen
that a wavelength shift of 0.07 cm or 0.5 per cent was obtained. The mod-
ulator cathode was removed from this tube, and Fig. 10.2 shows a performance

chart of the tube as an oscillator only. It is seen that output power as

high as 190 watts with 4O per cent efficiency was obtained.
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‘The Model 6, No. 26, yielded similar data. The modulation data
for this tube are shown in Fig. 10.3, from which it is seen that the maxi-
mun wavelength shift is 0.1l cm or 0.85 per cent. Thesedata also show,
for comparison, predicted values of fﬂ/rc and AN. After removal of the
modulator cathode this tube was operated C-W, and the performance chart
of Fig. 10.4 was obtained.

After the problem of power leakage out the modulator cathode
line was encountered, it was decided to carry on the development with the
Model 7, which has the same oscillator section, and study the problems of
cathode leakage and mode jump, etc., without the complication of the modu-
lator section. This work is being carried out at present (see Section 8).

The nearest interfering mode is the 9.2-cm vane mode shown in
a characteristic taken from pulse data in Fig. 10.5. In the first Model 6
this mode was at 10.96 cm, and the tube jumped directly from the i}-cm
mode to the 10.96 mode. The backing ring, which is now included to shorten
the vanes, shifts the vane mode to 9.2 cm, and the tube jumps out of oscil-
lation before starting in the shorter-wavelength mode. It is believed,
therefore, that mode competition is not responsible for the low maximum-
current boundary in this tube. The long-wavelength mode occurringat low
voltage is not troublesome.

11. Model 8 Double-Anode -Set Interdigital Magnetron (J. R. Black, H. W.
Welch, Jr.)

The Model 8 double-anode magnetron was conceived as a structure
adaptable to f-m use. Due to difficulties encountered in the Model 5 and
Model 6 f-m magnetrons, a stronger emphasis was placed on the study of the

Model 8 structure in the latter part of 1950. A photograph and assembly
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drawing of the Model 8 are shown in Fig. 11.1 and in Dwg. No. B10,008 in
Appendix A. It is essentially a capacity-loaded full-wavelength rectangular
cavity having two sets of interdigital anodes, each placed at a voltage
maximum. The structure would form an f-m magnetron if one set of anodes
weredesigned as an oscillating magnetron and the other to form a variable
reactance. It is apparent that the power output of such a structure, having
both sets of anodes designed as oscillating magnetrons, would be consider-
ably greater than that derived from a single-cathode structure. It is
believed that extremely high-power magnetrons might be developed by length-
ening the cavity and employing several sets of anodes and cathodes.

A sketch of a brass Model 8 cavity for cold testing is shown in
Fig. 11.2. The ratio of length to width of the cavity was made exactly 2
to 1 in an attempt to eliminate complex resonances observed in an earlier
cavity. (See Section 13C of Final Report, Technical Report No. 3.) The
brass model was built with the same anode design as used in the Model k4
magnetron. The field was determined by inserting a small probe through
the seven holes evenly spaced along one side of the cavity. Fig. 11.3
shows the field patterns observed by means of the probe for the zero,.first,
second, and third-order modes. The two shaded areas indicate the positions
of the two sets of anodes. The desired mode for this model is the first
order mode at 16.08 cm; however, the zero and second-order modes could be
suppressed by short circuiting them in the center of the cavity where the
desired mode has a node.

A working model of this structure was constructed from the data

obtained from this cold model. A new interaction-space design was used in
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FIG. 1.1

MODEL 8 NO. 36 DOUBLE ANODE MAGNETRON
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the hot model which would be more efficient than that used in the cold
model and in Models 4,5, and 6. An attempt was made to scale the fre-
quency to 13 cm on the hot model.

The following are design parameters used for the Model 8 tube.

For symbols used, see Fig. 11l.k,

rg, =— .45ecm cavity — 3 x 6 cm
r, - .30 cm h - 1.02cm
rg/r, — 1.5 L — .90 cm
L — .72k cm d -~ .089 cm
R, =— .762cm N — 16
Cp =  |lppuf

In this tube both sets of anodes were designedas oscillatory structures in
order to check the possibility of push-pull (or parallel) type of operation
as well as f-m features of the structure.

Due to the fact that probes could not be inserted within the hot
model, 1t was most difficult to determine the exact frequency of operation
before the cathodes were sealed. The chokes were therefore designed to
operate at the expected 13-cm wavelength. Two output loops were used to
facilitate cold tests.

Because of the close spacing of the cathode glass seals to one
another in Model 8, the tube was designed so the glass seals could be made
by means of an induction heater. Stainless-steel spacers were utilized to
align the cathodes accurately within the interaction space.

Performance results of this tube are given in the next section.
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12, Performance of Model 8 Magnetron (J. R. Black, H. W. Welch, Jr.)

Model 8, Tube No. 36 was constructed using the design parameters
discussed in Section 11 of this report. The operation of this model indi-
cated clearly that the two sets of anodes lock in on the same frequency,
and the power input to the structure is approximately double that of a single
tube. Figs. 12.1, 12.2, and 12.3 show voltage-current curves of the tube
for‘these different magnetic fields under pulsed conditions. Curves are
plotted for each anode operating individually as well as both of them opera-
ting in parallel. These curves were taken from an oscilloscope with a vol-
tage scale approximately 330 volts per division. Fig. 12.4 is a d-c vol-
tage-current plot of the tube operating in a magnetic field corresponding
to that in Fig. 12.2. All the above curves were taken with a load placed
on only one of the two output connections.

As the above curves indicate, the tube did not operate in the
expected 13-cm mode;, preliminary cold tests of this model indicate that the
desired first-order mode is at 16.9 cm and therefore would not operate with
cathode chokes designed for 13 cm.

A crack developed under test in one of the cathode seals, limiting
further tests; however, extensive study of this tube is being planned for
the immediate future including f-m as well as the parallei-operation feature.

The operating characteristics of this type of structure indicate
that it holds great promise for the development of high-power magnetrons.

A geometry consisting of a wave guide bent to form a ring having several
sets of anodes and cathodes would probably be a desirable form for a high-

powered tube.
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A low-Q tube based on this structure will be studied in the
near future. It is proposed to employ one-half the Model 8 structure
coupled directly into a wave guide through a window. This structure would

be used in studies of the voltage-tuning phenomena.

13, Model 9 Low-Power Insertion Magnetron (J. S. Needle)

In order to achieve more flexibility in the experimental program
;fbr study of low-Q operation and to develop at the same time a tube usable
in this type of operation at microwave frequencies, a low-power insertion
magnetron was constructed in this laboratory. The assemblies for three
models of this tube are given in Dwg. Nos. B10,009, B10,009A, and B10O,009B
in Appendix A. The resonant system for this tube is the coaxial type dis-
cussed in Section 6 of this report. Only the capacitive portion of the
resonant circuit is"incorporated within the vacuum envelope of the tube,
allowing changes in external cavities to be readily made.

The Model 9 structure consists of six radial vanes attached to
the outer cylinder and protruding through six axial slots in the inner
cylinder. Thus a 1l2-anode set is formed with dimensions based on an inter-
action space designed for 1lO-cm operation. The cathode is a standard oxide-
coated nickel-mesh on nickel-base emitter.

Design factors for the Model 9 structure are given in the follow-

ing table.
A = 10ecm E, =— 280 volts
. -~ 60 E = 1400 volts
n = g ) B, = 554 gauss
rg =— J3l7T cm B — 1662 gauss
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ro — .190 cm B, — 3

—;-‘ci - 1.66

Three very desirable features inherent in the Model 9 magnetron
are valuable for the study of magnetron behavior: (a) the size and shape
of the external oscillator cavity can be easily changed; (b) the loading
can be easily changed; (c) the two halves of the anode may be operated at
different d-c potentials. This flexibility in structure suggests the
following possibilities in its application to work now in progress at the
University of Michigan:

a. to be used as basic geometry in the development of a widely-
tunable magnetron suitable for local oscillator or signal-

generator use,

b, a tool for a study of effect of. loading on maximum-current
boundary and pushing,

c. to serve for the investigation of the optimum shunt impe-
dance for higher-power coaxial-line oscillator structures,

d. to provide information as to the possibility of frequency
modulating the oscillator by employing a variable voltage
on one set of anodes with respect to the other (see G. E.
Report No. RL 341, April 1950),

e. to provide design experience for the construction of higher-
power ceramic-seal tubes of similar geometry.

Dwg. No. B10,009'in Appendix A shows the first model of this tube
(Model 9). This model reached the vacuum-pump stage in its assembly when a
leak in the glass-to-metal seal at one of the Kovar cups was discovered.
Several.attempts to repair this seal failed, and the leak was attributed
to the difference in axial expansion between the inner and outer anode

structures.
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In order to overcome the glass-sealing problem, the design of
Model 9 was modified and designated Model 9A (see Dwg. No. BLl0,009A in
Appendix A). The outer anode ring of Model 9A consists of a Kovar ring
to which the anode vanes are brazed. The inner anode of Model 9A differs
from Model 9 in that a sliding fit was Incorporated between one end of the
copper portion of the anode and its connecting Kovar cylinder. This
sliding fit overcomes the effects of the difference in axial expansion
between the inner and outer conductors of the coaxial line, thus removing
strain from the glass seals.

The choke and bypass system built onto the cathode stem to pre-
vent leakage of power out the cathode line was designed for 10 cm. Power
is to be coupled out of this tube by means of a probe or an inductive loop
placed in the external cavity.

Another model, designaféd Model 9B (see Dwg. No. Bl0,009B in
Appendix A) was designed to couple power out of the tube along the cathode
line. This was done to avoid the use of a relatively narrow-band choke
system which would limit the operating frequency range of the tube. This
type of tubé is desirable for wide-range frequency-pushing studies as well
as for a wide-range mechanically tunable tube. Model 9B differs from
Model 9A in that the cathode stem is longer in the 9B and the choke has been
omitted. Originally, a thin ring of beryllium copper was brazed on the out-
side at the center of the tube for holding it in the external cavity; how-
ever, this is now to be omitted on all future tubes and is replaced by

beryllium-copper fingers which slip over the outside of the shell.
Photographs of the partially assembled and the assembled tube

are shown in Figs. 13.1 and 13.2.
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FIG. 13.1
PARTIALLY ASSEMBLED MODEL 98B

FIG. 13.2
ASSEMBLED MODEL SA
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14. Model 9 Performance (J. S. Needle)

The Model 9A and 9B tubes were tipped off the pumps immediately
before the writing of this report, allowing little time to accumulate ex-
perimental data. The following are the initial results obtained from these
models:

The Model 9A No. 39 insertion magnetron has been pulse-operated
in ; coaxial resonator, and oscillations were cbserved in the 5/2-wavelength
cavity mode at 10.7 cm and also in the l/2—wavelength mode at approximately
30 cm. Pulsed-performance oscillograms for operation in the 10.7-cm mode
are shown in Fig. 14.1. These oscillograms show the effect of cathode
heater input on leakage current. The leakage current is presumably due to
end-hat emission. Cathode power input with 2.0 amperes of heater current
is 7.2 wafts. The anode voltage is approximately 900 volts for 1l0-cm
operation with 1300 gauss. No C-W data on this model are available at the
present time.

Model 9B No. 43 differs from the Model 9A insofar as it does not
incorporate a choke and bypass inside the evacuated portion of the tube.
‘This tube operated in the 1/2-wavelength cavity mode under pulsed condi-
tions, but no oscillations were observed in the 3/2-wavelength mode.

C-W operation with an external bypass in the cathode line gave an output
of 900 milliwatts at 15.5 per cent efficiency. This operation was at
17.75 cm in the 1/2-wavelength cavity mode.

Experiments with heavy loading will be started in the immediate

future.
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15. The Trajectron, A Tube for Study of Magnetron Space Charge (W. Peterson)

The purpose of this experiment is to attain a more complete under-
standing of the magnetron by studying the space charge in a smooth-bore
d-c magnetron.

The theoretical analysis of the space charge in a magnetron began
about 30 years ago. In 1924k A. W. Hull suggested the solution of the magne-
tron equations (which often bear his name) in which the radial velocity is
everywhere zero.l This is still widely used as a model for the actual space
charge because of its simplicity.

In 1941 the general solution for the plane magnetron neglecting
initial velocities appeared in reports by Slater.2

Allis then worked out an approximate solution for the cylindrical
case which showed c¢learly the nature of the solutions for this case.3

Dr. Brillouin, while he was with the Applied Mathematics Panel at
Columbia University, treated the magnetron in a manner similar to Lewellyn's
treatment of conventional tubes and found a method for finding the magnetron
voltage for a given current.u The equations could be solved for simple
currents in a plane magnetron, but in the cylindrical case the equations
had to be solved by approximate methods. Dr. Brillouin's reports include

some solutions obtained by using a differential analyser.

1 Hull, A. W., "Paths of Electrons in the Magnetron", Physical Review, 23,
112 (abstract), January 192k,

2 Slater, J. C., "Theory of the Magnetron Oscillator", M.I.T. Radiation
Laboratory Report 118, (V-5S8), August, 1941. Also: Slater, J. C., Micro-
Wave Electronics, New York, D. VanNostrand Company, 1950.

’ Allis, W. P., "Theory of the Magnetron Oscillator, Electronic Orbits in
the Cylindrical Magnetron with Static Fields", Radiation Laboratory Report
122, (V-9S) Section 5 (122), 19hl.

4

Brillouin, L., "Electronic Theory of the Plane Magnetron", 0.S.R.D. Report
No. 4510, A.M.P., Columbia University, 194k. Also: Brillouin, L., "Elec-
tronic Theory of the Cylindrical Magnetron", 0.S.R.D. Report No. 47.
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R. G. Twiss investigated the effects of including initial velo-
cities in the equations for the plane magnetron.l He finds that one cannot
consider only normal initial velocities and get a true picture of the
gpace-charge distribution. However, when thé tangential velocities are
considered, the solution is similar to the double-stream solution found
by Slater. Such things as current, time for electron to travel one loop,
and distance traveled in one loop are to a first approximation independent
of temperature. Consideration of initial velocities did not fully account
for the noise in magnetrons and the extremely high electron temperatures
observed. There are definitely questions which must yet be answered.

The recent experimental work on magnetrons includes some experi-
ments by Regnar Svensson, Stockholm, Sweden, who had moderate success
sending a beam of electrons through a magnetron. Reverdin and Marton, at
the Bureau of Standards, have also done some experiments on a d-c magnetron.
The results were presented at the Mexico meeting of the American Physical
Society in June, 1950, and are supposed to appear soon in the Journal of

Applied Physics. A project is underway at Columbia University to measure

space-charge distribution in a magnetron by a unique method. A beam of
helium atoms is to be injected into the space charge, and the number of
atoms excited to certain metastable states will be measured. It is felt
that there is certainly room for more experimental work along this line,
both to verify the theory which has been worked out and to point the direc-
tion for new theoreticel investigationms.

What we propose to measure is an electron's position as a function

of the time after it leaves the cathode. It is obvious, then, that from

Twiss, R. G., "On the Steady State and Noise Properties of Linear and
Cylindrical Magnetrons", Doctoral Thesis, M.I.T., 1949.
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these data we can calculate the electron velocities at any radius and the
trajectories of the electrons. The potential distribution can be calculated
from the conservation of energy relationship, using the electron velocities
from the experiment. The best way of finding the space~charge distribution
would probably be to use the fact that radial current must be constanp.
Thus, the space-charge density is inversely proporticnal to the product of
radial velocity and radius. This will not yield the tofal amount of space
charge, but this might be found from the potential distribution with fair
accuracy.

The tube which will be used for this work is a d-c smooth-bore
magnetron with an electron gun in the same envelope arranged so that a beam
of electrons can be sent into the magnetron space charge in an axial direction
Just grazing the cathode. The exit point of the beam will show on a fluores-
cenf screen. This tube has been named the trajectron.

Theoretically, the Z-direction forces are independent of the r
and © displacements and velocities, and the r and & forces are independent
of the Z position or velocity. Thus, as far as r and © are concerned, the
beam electrons must move in just the same menner as emitted electrons. To
find the displacement of an emitted electron in t seconds, we adjust the
beam Velocity 8o that the beam electrons spend t seconds in the magnetron
gpace charge. We read the r and © displacements from the fluorescent screen.

The first model of the trajectron, which was completed in Septem-
ber, 1950, is shown in Figs. 15.1 and 15.2. The assembly drawing of the
trajectron is given in Appendix A, Dwg. No. Bl1l,004. The large cathode on
this tube failed while the tube was being evacuated. It was modified and

the second model, completed in November, was lost in a freak accident in
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FIG. IS.1
TRAJECTRON

FIG. 15.2
TRAJECTRON VIEW SCREEN
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which the ionization gage broke while the trajectron cathode heaters were
on. It was rebuilt again and successfully evacuated. In initial tests

(as this report is being written) it was found that the Kovar, used for
glass seals, distorts the magnetic field so much that it is extremely
awkward to align the beam. Also, heating the large cathode to operating
temperature causes some gas to appear in the tube; but this condition has
not yet become bad enough to make the tube useless. Work is being continued

on this experiment.

16. Model 5 F-M Magnetron (H. W. Welch, Jr., J. R. Black)

The Model 5 f-m magnetron is a nontunable interdigital tube

$utilizing coupling to the cathode line in the zero-order mode to introduce
effects of the modulating space charge supplied by a second cathode. Dwg.
No. B10,005 shows an assembly drawing of the Model 5 magnetron. The inter-
digital oscillator, anode structure, chokes, and output assembly are the
game as employed in the Model 4 interdigital megnetron (see Interim Report).
The modulator anode is simply a smooth-bore anode placed 1/2 wavelength
from the oscillator-cathode surface. The upper cathode structures are
designed to form an r-f short between the two cathodes and are spaced by
means of a'lava insulator.

Extensive data on brass models of the Model 5 are given in Tech-
nical Report No. 3. These data correlated with results given on the Model
4B (see Interim Report) give a fairly complete basis for the present design.

The first model of this type was completed in January, 1950. It
would not oscillate in the zero-order mode, and sparking between the oscil-
lator end modulator cathode wes observed when pulsed voltages were applied

to the oscillator cathode. X-ray showed the modulator cathode to be
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distorted and making near-contact with the oscillator cathode in the bypass
sleeve between them. Upon taking the tube apart it was discovered that a
lava spacing insulator (not shown in the drawing) had been displaced
and wedged between the cathodes in such a way as to cause distortion on
expansion of the cathodes when they were heated.

The tube was reassembled without the lava spacer, and the results
of hot tests may be summarized as follows:

a. Oscillations were observed in the desired mode at 15.34 cm
only by unloading the tube to the point where power output was not measurable.

b. Rather strong coupling to both cathodes was observed at
15.34 cm. This is to be expected, since the cathode chokes were designed
for 14 cm. A check of data on the Model 4 magnetron, which has the same
oscillator section, indicates that the anode spacing should be .080 inch
instead of .050 inch as it is in the Model 5 for lh-cm operation. (See
Interim Report for details of Model 4.) In order to shift the resonant
wavelength of this particular tube the cathodes were removed and the chokes
(Part No. 10 in Dwg. No. B10,005) shortened by the insertion of a copper
sleeve, .75 cm in length, between the cathode stem and bypass sleeve at
the base of the choke. Effectively the cathode line, which is part of the
resonant circuit, is shortened 1.5 cm. This should change the resonant
wavelength about the same. amount; however, the tube was lost on reassembly.

c. No modulation data were obtained because of the erratic be-
havior of the oscillator. /

Further work on this model was dropped in Maréh, 1950, due to 1its
complex-structure and due to the promising results obtained from Models

6 and 8.
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17. Summary of Construction Techniques (J. R. Black)

Most of the tube-construction techniques employed in the Michigen
Vacuum Tube Laboratory are in general widely used in the art. Most of the
techniques have been discussed in Section 14 of "Theoretical Study, Design
and Construction of C-W Magnetrons for Frequency Modulation”, Final Report
No. 3. It should be stressed that nearly all parts have been constructed
at the University of Michigan Vacuum Tube Laboratory, starting from raw
stock.

All the tubes constructed to date are tipped off the vacuum sys-
tem before they are operated. Getters have been employed only in the tra-
jectron tube which has a relatively large volume; however, these are used
only as a precaution and have not as yet been flashed. The tubes undergo
severe bake-out while on the pumps and are tipped off at vacuums less than
5 x 10~7 mm Hg.

Most of the brazing on the tube body is done with gold-copper
(37 per cent gold) solder, which allows several successive brazes to be
made on the same tube without danger of previous brazes letting go. All
Kovar parts are brazed with this solder. Output seals are brazed to the
tube bodies after glassing, using the lower-melting point BT silver solder
(eutectic).

Pure copper and pure platinum are sometimes used as solders on
the cathode where high temperatures areinvolved.

All brazing is done in one of the four hydrogen furnaces listed
in Section 18. KXovar is brazed only in the small hydrogen bottle, where it
can be easily observed and the temperature reduced immediately after the

gold-copper solder flows. Oxidized stainless-steel jigs are used for

holding parts in position while being brazed.
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Tungsten and molybdenum parts are arc-welded in a hydrogen atmos-
phere to prevent oxidation. A carbon electrode is used with d-c power for
these welds.,

The glass-to-metal seals are Kovar to Corning 7052 glass. These
are made by our laboratory personnel on Litton glass lathes or by means of
a 20-kw induction heater. Accurate alignment is maintained to within .002
or .003 in. by machinists'indicators on the glass lathe and by jigs on the
induction hgater. Nitrogen which has passed over methyl alcohol is used for
blowing on the glass lathe to prevent oxidation of the tube during glassing.

Iron employed in the magnetic circuit within the magnetron is hot-
rolled SAE1020. Hot-rolled steel has less tendency to have axial cracks
than cold-rolled steel, thus assuring vacuum tightness. The iron is copper-
plated in a copper cyanide-Rochelle salt bath to provide low electrical
losses and to insure good brazing.

The oxide cathodes were of the triple-carbonate type applied to
grade "A" nickel mesh sintered to a grade "A" nickel sleeve. The tungsten
heaters are sprayed with an A1205 insulator mixture suppligd by R.C.A. and

fired in a hydrogen furnace at 1650°C.
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IV. LABORATORY FACILITIES

Most of the equipment and facilities of the Electron Tube Labor-
atory are shown in the d:awings and photographs on the following pages.
The laboratory is housed in three rooms on the third floor of the new
Engineering Building and has a total floor space of 2400 sq ft. One room
is devoted primarily to test equipment, one to assembly and processing
equipment, and one to the machine shop. Desk and work-bench space is
divided between the three rooms. Two offices, an electroplating room,
and a room for cathode work are built into the assembly room.

Each room has plug-in molding strips on the walls supplying
115-volt 60-cycle’power. Outlet boxes conveniently arranged about the
rooms supply a variety of outlets for 115 or 230-volt d-c, 230-volt 5—¢
60-cycle power and 115-volt 3-P 60-cycle power. All combinations of these
voltages can be connected to any outlet box by means of a master distri-
bution panel located in each room. Water, air, and gas are also furnished
to the rooms.

Approximately two-thirds of the equipment in the laboratory has
been provided by the University of Michigan, while the remainder has been
provided by the Signal Corps. It should be pointed out that this labora-
tory has the enviable position of being able to draw on the laboratory

equipment and the facilities of the entire University.

18. Test Laboratory (J. R. Black)

A floor plan of the test laboratory is shown in Fig. 18.1. Work

space for four or five sets of apparatus is available plus space for



=) -on‘oma

AYOlvy08YT 1S3l

NOILLYDISISSV1D

3iva

ansst

NVId ¥001d
0G-81-21 3iva |

w0-.1 =8/ Tvos |

A8 QINOUd

A8 aansisaa

29. -W

Ad3roud

NVDIHDIW HOBMY NNV
NVOIHDIJ\ 40 ALISY3AINGM

3LNLIISN| HO¥VISIY

% T UvINONY . 500 F IWWIDI0 T T IVNOILOVHS - SONVAITOL ¥ OL G13H 38 1SNW Q31415345 ISIMMIHLO SSIINA SNOISNIWIO TV

‘AYOLVH08VYT 1S3t
1004

39VHO1S

‘'8t 914
° o ° 43ILINO .ﬁkz«m
ERGZY 31VM ¥V SV9 wansy
Sv.LH0d mUz MOT3HILVM
AlddNS ¥3IMOd L3NOVA JNIS
T081INOD HON3E 1S31 1OH
T0MINGD | X A3NovH
ponl_J | ST T
Alddns
O INaWyTg 8 ¥3STINd
buiv  I3novW 78V
osvo
HON38
1831
10H
HON3E 1531
HON38
H3L3W
O mod ¥aivm is3al
A7ddNS ¥3MOd
O ns30
13NOVW .
HON3®
1831
39vH0LS 39VHOLS
HON3E
LNIWNYLSNI
HON38  Muom 318vV.180d

DWG. NO. C




8l

computation and for storage of equipment. A large portion of the micro-
wave equipment was built by this laboratory, partly because of lack of
availability shortly after the war, and partly because certain special-
purpose equipment was necessary.

The hot-test bench neer the door (Fig. 18.2) is used for hot-
testing magnetrons built in this laboratory. A magnetron under test can
be seen in an electromagnet, the controls of which are mounted on the panel
under the bench. This bench is equipped with a l-5/8-inch coexial line
with its associated taper, slotted section, and water load mounted on an
adjustable carrier. On the wallcan be seen a Schutte-Koettering water-flow
meter and a Foxboro differential thermometer for determining power delivered
to the water load. A filament power supply with a bridge to compensate for
back-bombardment power is shown to the left of the magnet. On the table
to the right of the picture is shown one of the two Model 15S-4SE, Type
107 spectrum analyzers designed by M.I.T. and built by Sylvania. Also,
on this table there is a TOTB signal generator with its power supply. All
the equipment shown in Fig. 18.2 was built at this laboratory except the
water-flow meter, the differential thermometer, and the spectrum analyzer.

Fig. 18.3 shows the hot-test bench setup in the corner of the
room. The box to the right contains a filamént supply and the control cir-
cuit for the electromagnet pictured to the leff of the box. A 1-5/8 inch
coaxial line with its taper, slotted, and water-load sections is shown on
an adjustable carrier, while on the wall can be seen a differential thermo-
meter and waﬁer-flow meter.

The present setup on the wall test bench near the work bench is

pictured in Fig. 18.4. The large power supply to the right has a variable



Fig. 18.2 Hot-Test Bench

Fig. 18.3 Corner Hot-Test Bench
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Fig. 18.4 Test Bench

Fig. 18.5 Large Electromagnet
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output up to 15,000 volts at 7.5 kva. This is one of the three war-surplus
power supplies in this laboratory which have been cut down to one-half their
original volume and rewired for convenient use in the laboratory.

The magnet in the center of Fig. 18.4 is pictured holding a Model
9 tube within its external cavity. A closeup view of this magnet, which was
constructed in this laboratory, is shown in Fig. 18.5. The water;cooled
coils consist of twelve separate coils which can be used in any desired
combination. Each coil produces one thousand ampere-turns, giving a total
maximum mmf of 12,000 ampere-turns which in this magnet will produce 10,000
gauss across a one~inch air gap using l-l/E-inch golid pole pieces. The gap
width between the pole pieces can be varied from zero to 8 inches by means
of the wheel shown at the top of the magnet yoke. A Fluxmeter (Model F,
Sensitive Research Company) is used to measure magnetic flux and proves
to be a versatile and useful instrument.

Three other electromagnets have been constructed for operation
at 220 voltsd-c, two having a maximum field of 2500 gauss and one of L4400
gauss across a 3/4-inch gap. The smaller type is that shown in Fig. 18.2,
while the larger is pictured in Fig. 18.3.

To the left of Fig. 18.4 is shown a resistance control box for
the electromagnet, a filament power supply, and a power bridge consisting
of a Hewlett Packard Bolometer Mount, Model 430A and a Tunable Bolometer
Mount, Model 475B.

A 2 x b-inch wave guide has been built by our shops with its asso-
clated water loads, dummy loads, slotted sections, coax-to-wave-guide match-
ing sections, probes, etc. This wave guide was built at the laboratory to
fit the special frequency range involved, since a suitable guide was not

available on the market at the time.



A rotary probe set for measuring field distributions in magne-
tron models was designed and built at the University and has proven to
be a most useful instrument.

Two signal generators, of the type shown in Fig. 18.6, using
type TOTB tubes in a coaxial-line resonator have been built in this
laboratory. They cover a wavelength range from 8 to 21 cm and have a power
output of approximately 75 milliwatts. One great difficulty with the above
oscillators is that they éperate in various modes making it impossible to
tune them continuously. As a result of this, four other signal generators
employing a wave-guide cavity and the 7OTB tube are being built. One is
gshown in Fig. 18.7. They tune from 8.25 to 17 cm with a power output of
approximately 100 milliwatts. The great advantage of this type of signal
generator is that no holes were observed in the frequency spectrum.

Three type 208 Dumont oscilloscopes, & Browning Laboratory Type
P-L4E Synchroscope, a Tetronix 512 Oscilloscope, a Ferris Instrument Company
Model 22A Signal Generator (85 kc to 25 mc), a General Radio vacuum-tube
voltmeter type T26A, an M.I.T.-designed Thermistor Bridge type TBN-3EV, a
1-mc modulator delivering 1 kw into a 500-ohm load built at this laboratory,
crystal and bolometer mounts, and various pieces of microwave plumbing com-
plete the equipment. Other equipment is, of course, available for use from

the Electrical Engineering Department stock room.

19. Assembly Equipment (J. R. Black)

The assembly-room floor plan is shown in Fig. 19.1. This room
contains a cleaning and plating room, a cathode room, processing equipment,
storage space, work-bench space, drafting space, and two separate offices

for desk space.



Fig. 18.6 Coaxial-Cavity Signal Generator

Fig. 18.7 Rectangular-Cavity Signal Generator
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A view of three hydrogen-atmosphere furnaces is shown in Fig. 19.2.
The smaller of the two horizontal hydrogen furnacesvplaced one on top of
the other in the foreground has a 1.5-inch manifold and is capable of
1650°C operation. The larger of these two furnaces has a 5.25-inch mani-
fold capable of attaining 1100°C and is automatically temperature-regulated.
The control board for these two horizontel furnaces is on the stand sup-
porting them. Water-jacket cooling sections allow continuous brazing
operations to be made in each of these furnaces.

The large vertical cylinder shown in the rear of Fig. 19.2 is a
new vertical hydrogen furnace having a 7-inch manifold and capable of at-
taining 1100°C operation. A quartz window is built into this furnace to
enable visual observation of the brazing operation. The work is supported
on a stand from the floor, and the furnace is lowered on rails over the
work. The furnace element is located at the top of the cylinder, while a
water-cooling chamber is located at the bottom. After a braze is com-
pleted, the furnace is raised part way to bring the cooling section around
the work. This arrangement permits many brazes to be made in a working
day, since the heating element is maintained at operating temperature through?
out the brazing cycle. The work remains stationary on its stand throughout
the brazing operation, thus minimizing misalignment due to shifting of Jjigs
and parts. A thermocouple leading up the stand and mounted on the work
measures the temperature; however, by viewing the work through the quartz
window, the work can be cooled immediately after the solder flows. This
procedure is convenient for silver-solder brazing as well as for brazing

Kovar with gold-copper solder.
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Fig. 19.2 Hydrogen Furnaces
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Fig. 19.2 also shows a portion of the 20-kw Ther-monic Induction
Generator, Model 1070. Transmission lines carry the power to the hydrogen
brazing bottle and to the brazing bench, where it is utilized for brazing
tube parts in a hydrogen atmosphere or for making glass-to-Kovar seals.

A portion of the cleaning and electroplating room is shown in
Fig. 19.3. Two cleaning baths, two electroplating tanks, and a wash tank
are visible in this picture. The rectifier for plating supplies 100 am-
peres at 6 volts. An exhaust fan is used for ventilating the cleaning and
electroplating room and the cathode room. These rooms are normally shut
off from the rest of the laboratory, air being supplied through dust fil-
ters.

A view showing a portion of the interior of the cathode room is
shown in Fig. 19.4. A spray booth and a chuck for rotating parts to be
sprayed are shown on the bench, while a three-jar ball mill is shown under
the bench.

The glass-working section of the laboratory is shown in Fig. 19.5.
The large glass lathe is a Litton Model HSA lathe, while the small glass
lathe is a Litton Model F lathe. A glass-annealing oven is shown on the
bench to the left of the Model F lathe. Machinists' indicators and jigs
are employed to align parts accurately to within 0.002 inch.

Temperatures in excess of 1800°C can be reached on small parts
in the hydrogen brazing bottle shown in Fig. 19.6. Parts are heated by
radiation from a molybdenum filament or by means of the 20-kw induction
heater. The molybdenum filament receives its power from the large variable
transformer sﬁown under the bench. A mercury manometer for indicating

hydrogen flow is pictured at the back of the table. The pyrex jar is



Fig. 19.3 C(Cleaning and Electroplating Room

Fig. 19.4 Cathode Room
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Fig. 19.5 Glass Lathes

Fig. 19.6

Hydrogen Brazing Bottle
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raised or lowered on a ball-bearing track and has a "weightless"-type
window-sash counterbalance.

The hydrogen-atmosphere-carbon arc welder is shown in Fig. 19.7.
An arm holding the carbon electrode protrudes through a hole in the heavy
glass window. A small fluorescent light in the hood provides illumination
for the work. An air cylinder controlled by a foot valve raises and lowers
the hood over parts to be welded. To the left are shown the hydrogen valves
and flowmeter as well as a timer which controls the length of time the arc
is on. Under the table (not shown in the picture) is a rectifier for sup-
plying power to the welder. High-melting-temperature materials are joined
together in this welder. ’

The stationary evacuation station is pictured in Fig. 19.8, show-
ing a tube sealed top the manifold. The upper right panel contains an auto-
matically regulated ionization-gage circuit and a thermocouple-vacuum-gage
circuit. The upper left panel contains controls for the station, i.e.,
gwitches for the pumps, oven, filament supply, and vacuum interlock as well
as the thermocouple meters and filament meters. The loﬁer left panel con-
tains controls for the oven, filament, and pumps. The large aluminum box
seen just below the upper panels is an oven to be lowered over the tube for
baking at 425°C. A small portable oven can also be used to bake the metal
portions of the tube at 625°C. An oil-vapor diffusion pump, having an acti-
vated-charcoal baffle, produces vacuums of the order of 5 x 1077 mm Hg.

Fig. 19.9 shows a portable vacuum station which uses a Litton 0il
Diffusion Pump and Charcoal Baffle, Series 250. The system is arranged for
bell-jar operation or for tube evacuation. The glass manifold to which the

tubes are sealed can be seen protruding above a transite heat shield which
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Fig. 19.9 Portable Vacuum Station

Fig. 19.10 Tube-Assembly Space
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protects the bell-jar plate. A portable oven fits over the tube and rests
on the transite heat shield for baking out the tubes. The top panel con-
tains an ionization gage and thermocouple gage as well as a poor-vacuum
interlock. The lower panel contains power circuits for the pump, tube
filament power supply, oven control and thermocouple temperature-measuring
circuits. Plug-in hoses for cooling water and a plug-in power source make
this station extremely versatile. Vacuums of the order of 2 x 10~7 mm Hg
can be obtained with this system.

A general view of the assembly-bench space, stationary vacuum
station, brazing bottle, and the glass—working space is given in Fig.
19.10. The exhaust fan for the cleaning and electroplating room and the
cathode room can be seen on the wall above glass storage cabinets.

A glass-cutting wheel, a l-kva spot welder with timer, a "hot"
box for storing tube parts, and an R.C.A. grid-winding machine are not

shown in this report.

20. Mechine Shop (J. R. Black)

The floor plen of the machine shop is shown in Fig. 20.1. Fig.
20.2 shows a view taken from the doorway down to the raw-stock rack. To the
left can be seen three drill presses. They are a Motor-Avery high-speed
drill press, Type C, a Walker-Turner l/2-inch drill press and a heavy-duty
Allen drill press. At the rear of the picture next to the raw-stock rack
is a 10-hp Hobart d-c-generator arc welder. To the right of the picture
are a No. 2 Brown and Sharp universal mill and a Bridgeport vertical milling
machine with a universal head and a slotting attachment.

Fig. 20.3 shows another view of the machine shop down the second

aisle. To the left is shown a Sheldon 10-inch lathe, an Ammco 7-inch shaper
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Fig. 20.2 Meachine Shop

Fig. 20.3 Machine Shop
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and a Walker-Turner metal-cutting band saw. Directly at the rear in Fig.
20.3 can be seen the oxy-acetylene welding equipment and to the right a
Mott sand blaster. A portion of a Norton hydraulic surface grinder can be
gseen behind a Majestic internal grinder on the right-hand side of the pic-
ture. To the extreme right can be seen a portion of a lh-inch Handy tool-
room lathe.

A close-up view of the 10-inch Monarch tool maker's lathe is
given in Fig. 20.L.

Not shown in the photographs are a 9-inch Ames speed lathe, a
Shaverkpolishing lathe, a Jeweler's lathe, a watchmaker's high-speed drill
press, a pedestal grinder, a bench grinder, a 24 x 24-inch surface plate,
a Toledo power hack saw, a hand bending brake, a filing machine, an arbor
press, and an engréving machine. Precision measuring equipment, such as
Johanasson blocks, height gages, Sheffield visual indicator, angle plates,

cubes, bench centers, micrometers, etc., complete the tool-room equipment.
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Fig. 20.4 10-inch Monarch Lathe



10k

V. CONCLUSIONS

21. Summary of Results (H. W. Welch, Jr.)

The nature of the research which has been carried on under this
contract is such that it is not possible to bring every phase of the work
to a satisfactory conclusion by a given date. However, progress is always
being made, and one may give evidences of such progress as a summary of
the results of working for a specified period. The following are consid-
ered the most important results of this project during the past year.

a. Definite progress has been made toward an increased theo-
retical knowledge of maximum-current boundary, frequency pushing, and
voltage tuning under heavily loaded conditions.

b. A new resonator structure for the magnetron has been studied
in considerable detail, both experimentally and theoretically. This struc-
ture has been incorporated with promising results in a l3-cm f-m magnetron
of the reactance-tube type (Model 6), a lli-cm C-W magnetron (Model 7), and
an insertion magnetron for use with a tunable external cavity (Model 9).
The first two of these have delivered power in the neighborhood of 200 watts
at about 50 per cent efficiency. Only two of the last have been built as
this report is written. One of them has delivered 900 mw C-W at 15 per cent
efficiency.

c. A second new resonator structure has had preiiminary tests.
This structure is the Model 8, double-anode, recténgular-cavity magnetron.
Two interdigital~anbde gsets have been operated singly or simultaneously in
the same cavity. It has been demonstrated that twice the power of a one-

anode set is produced by the two-anode sets working together.
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d. A new tube for study of the space charge by exploring with
a beam sent axially through the interaction space has been designed and
constructed. The first model, called the trajectron, will not give the
desired results, but enough data have been obtained to indicate the changes
which should be made.

e. The study of r-f properties of the magnetron space charge
has been extended to include effects not considered in the treatment of
Technical Report No. 1 (they were pointed out in Technical Report No. 4).
The work is not quite complete as this report is written. A comprehensive
report on this phase of the activity will be issued this spring.

f. Laboratory facilities have been improved primarily by equip-
ment acquired with funds supplied by the University. Construction tech-
niques have also improved, primarily due to increased experience, so that
time required from conception and design to completed tube has been greatly

reduced.

22. ' Proposed Future Activity (H. W. Welch, Jr.)

The main emphasis in this laboratory in the past has been on
obtaining an improved basic understanding of the theory of the magnetron
and of magnetron modulation. The assignment made last March by the Signal
Corps was in keeping with this emphasis in that an increased understanding
of the low-Q type of operation was desired so that it might be possible
to achieve such operation at shorter wavelengths, 3000 to 4000 megacycles.
As a result of these studies, several tubes have been conceived and started
in development. This development has suffered, however, because of the

emphasis just mentioned.
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In the future this emphasis will be changed in the following way.
Three tube geometries which look most promising will be studied carefully
in an ettempt to produce from them usable designs which can be frequency
modulated. Two approaches will be tried in each of the three models. These
are voltage tuning and reactance-tube modulation.

Theoretical study will be carried on at a somewhat lower level
of activity. This work should not be neglected because the results form
the backlog of future activity.

Specifically, the objectives are as follows:

a. The Model 9 insertion magnetron will be developed for opera-
tion in the 3000 - 4000-megacycle range with emphasis on voltage tuning.
Reactance-tube and mechanical tuning will be studied as a sideline. This
work will initially-be the immediate problem of Mr. J. S. Needle.

b. The Model 6 ‘coaxial-resonator f-m magnetron will be developed
for operation in the 2000 = 2400O-megacycle range with emphasis on reactance-
tube modulaiion. As a secondary acitivity, the basic oscillator geometry
of this tube (Model 7) may be used in an attempt to obtain high-power low-Q
operation (i.e., greater than 100 watts) with voltage tuning. This work will
be the problem of Mr. H. W. Welch, Jr.

c. The Model 8 reactangular-cavity magnetron will be developed
for operation in the 2000 - 2400-megacycle range. At present this basic
geometry has possibilities for reactance-tube tuning, voltage tuning or
high-power operation with several anode sets. This work will initially be
the responsibility of Mr. J. R. Black.

d. Theoretical and experimental study of voltage tuning and max-
imum-current boundary will be continued to supplement information given in

Technical Report No. 5. This work will be carried on by Mr. H. W. Welch, Jr.
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€. Certain fundamental aspects of magnetron space-charge be-
havior will be studied. Particularly, knowledge of the effect of the
cathode on this behavior is desired; it is quite important to the under-
standing of voltage tuning. This work will involve statistical theories
of the space charge and initially will be the direct responsibility of
Mr. G. Hok.

f. The study of r-f properties of the space charge will be
brought to completion by the latter part of March or early April. During
the time between now and then a very small portion of the project budget
will be used in this study. The work will be done by Mr. G. R. Brewer.

g. As a long-term project, the study of the space charge with
the trajectron will be continued by Mr. W. Peterson.

The persons named in the above program will not be limited to
work on the particular activity with which they are associated. The
priority of the activity, as it is presently rated, is approximately in
the order that they are listed. Every effort will be made to produce a
design for a useful tube and prototypes of the Modél 9 as soon as possible.

(Program described in part a.)
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