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ABSTRACT

Two methods for frequency modulating magnetrons have been
investigated. One method employs voltage tuning or "frequency pushing"
vwhile the other utilizes a magnetron-type space charge to produce a
variasble reactance.

Voltage tuning has been experimentally accomplished using
two distinct types of tubes. A new type of mechanically-tunable magne-
tron has been constructed and operated giving a tuning range of 2.1.

Basic theory concerning the propagation of electromagnetic
waves in a magnetron-type space charge, the space charge equilibrium
in a magnetron and the dynamic frequency characteristics of the
magnetron space charge including frequency pushing and voltage tuning
have been developed in order to give a more complete understanding of
the problem.

The design factors and operating characteristics of eight
different types of tubes are presented as well as the special con-
struction techniques employed for one of these types. Progress made
towards the development of a new type of tube to be used for the
study of the magnetron-type space charge is glven.

A general outline of the new laboratory facilities of this
lsboratory is discussed. Suggestions are offered for the direction
to be taken in future research in this field. Aseembly drawings are
given for all tubes designed and comstructed in this laboratory in
the period covered by this report.
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THEORETICAL STUDY, DESIGN, AND CONSTRUCTION OF
C-W MAGNETRONS FOR FREQUENCY MODULATION
FINAL REPORT

I. INTRODUCTION

l. ose

Thie‘report summarizes the progress in the University of
Michigan Electron Tube Laboratory during the period from December 1,
1950, through November 30, 1951, on Contract No. DA-36-039 sc-5423 for
the Signal Corps. The general objectives of the program under this con-
tract are to increase the knowledge of space~-charge effects and frequency
characteristics in c-w magnetrons and to apply this knowledge to the
development of magnetrons which can be frequency modulated. Prior to
Merch 1, 1950, the emphasis had been in the 2000 to 2400 megacycle
range. The general technique adapted for f-m vas to employ a magnetron-
type space charge as a variable reactance element within the same vacuum
envelope as the oscillator magnetron. Three models of f-m tubes were
under development using this principle.

On March 1, 1950, & study of & new type of frequency modulation
vas initiated. Wilbur of General Electric Laboratories had discovered
that under certain conditions very wide frequency pushing at uniform
levels could be obtained at frequencies below iooo me. Frequency shifts

were observed between 1.5 to 1 and 15 to 1 depending on loading,
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efficiency, a.ﬁd cathode temperature. The loading conditions were quite
restrictive and consisted of a load placed directly across the terminals
of the tube producing a Q in ’the order of 10 dr less‘.

Since March 1, 1950, tﬁe objective on this phase of the program
was to obtain a sufficient understanding of voltage-tmia.ble operatioh in

order to be able to extend this type of operation to microwave frequencies.

2. Outline of Procedure

A. Status at Beginning of Period. Results obtained at the Michigan

Vacuum Tube vLabdratory prior to the period covered by this report were

presented in Technical Report Nos. 1 through 6. (See Major Reports

Issued to Date at the front of this report.)

The status as of December 1, 1950, was as follows:

a. The understanding of the magnetron-type space charge

- concerning its effects on frequency was fairly complete
based on theoretical and experimental observations presented
in Technical Report Nos. 1 and 4. The concept was also
based on & partially completed extension of this work
covering effects not presented in the above reports.

b. Factors influencing the design of interdigital magnetrons
for operation in the zero order mode were evaluated,
several tubes contructed and results presented in Techni-
cal Report No. 2.

c. A preliminary analysis of dynamic characteristics of the
- magnetron space charge was made and presented in Technical
Report No. 5. This work was concerned with initial concepts
including such phenomens as induced current, maximum current
boundary, frequency pushing, and voltage tuning. Low-Q
operation and temperature-limited conditions were also con-
sidered.

d. A new geometry for a single-resonant-cavity magnetron wes
developed and presented, along with experimental results of
such structures, in Technical Report No. 6. A tube using

- this new geometry was built to operate with an external
resonant circuit, lending & large degree of freedom to the
study and analysis of magnetron behavior. The first model
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f.

of this external-cavity magnetron was completed at the
beginning of the period covered by this report and was
expected to be a valuable tool for the study of voltage
tuning.

Three designs for frequency-modulated magnetrons employing
a magnetron-type space charge for a variable reactance was
developed. One of these models (Model 5) was discontinued
because of constructional difficulties. Several tubes of

the Model 6 design were constructed and sketchy modulation

- data were obtained on one. A preliminary model of the third

structure (Model 8), having both anode sets designed as
oscillators rather than one oscillator set and one modulator
set, was constructed and operated.

Work was started on the development of a smooth-bore diode
magnetron for experimentally verifying theories on the mag-
netron space charge. Tests indicated that changes were
necessary in the first model to eliminate distorted magnetic
fields which prohibit accurate alignment of an exploring
electron beam. This tube is called the "Trajectron” and is
Model 11.

B. Theoretical Program.

a.

b.

In order to arrive at a quantitative understanding of fre-
quency characteristics of the oscillating magnetron, namely
frequency pushing and voltage tuning and magnetron operation
in general, a program was initiated to theoretically analyze
these phenomena. Phase focussing and the resulting effect of
the magnitude of r-f voltage on the anodes were to receive
attention. This work would be an extension of the preliminary
anelysis of dynamic characteristics of the magnetron space
charge presented in Technical Report No. 5. It was to be a
largessignal approach to the magnetron problem.

Theoretical study of the propagation of electromagnetic
waves in a magnetron space charge was to be completed and
presented as a technical report. This study is applicable
to all magnetrons since it enables one to predict the effect
of the inner swarm of electrons on the operating frequency.
The above study alsois important in the design of f-m mag-
netrons using the magnetron-type space charge as a reactive
element.

A statistical approach to the problem of the space-charge
distribution in a d-c or oscillating magnetron in the non-
conducting (or approximately non-conducting) condition was
to be investigated. It was felt that this approach which
had not been attempted before would lend considerable
insight to a number of magnetron problems.
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C. Voltage-Tunable Tubes - Experimental. An experimental program

for obtaining voltage-tunable operation at microwave frequencieé was to
be undertaken using the coaxial Model 9 external-cavity magnetron. | With
a circuit external to the interaction space a study could be conveniently
made to determine the errect of the circuit on the magnetron operation.

In addition fo the above program an investigation was to be
started at a somewhat later date to d.etemiﬁe how an interdigital anode
structure operating directly into a waveguide could be used as a voltage-
tunable tube. It was planned to experimentally determine the effect of the
circuit on such a structure by using the Sylvania 3J22 magnetron and later
to design an interdigital tube which would eliminate undesirable charac-
teristics inherent in the 3J22 anode structure.

D. Variable Reactance F-M Tubes - Experimental. Effort was made to

continue the development Qf the ‘Mode‘l 6 coaxial resonator f-m magnetron
for operation in the 2000 to 2400 megacycle range employing reactance-
tube modulation. It was felt that the basic oscillator structure (Model
7) should be improved before incorporating the reactance tube structure
into the circuit. |

The Model 8 rectangular-cavity magnetron was to be developed
for operation in the 2000 to 2400 inegacycle range. This geometry has
possibilities for reactance-tube tuning, voltage tuning, mechanical
tuning or high-power operé.tion.

E. Experimental Study of Space Charge. Tubes were to be constructed

to experimentally confirm the theory developed in the study of propagation

of electromagnetic waves in a magnetron space charge. (See section 2Bb.)



The trajectron, & tube for experimentally determining the space-
charge distribution in a magnetron, was to continue to receive attention
at a reduced rate (1/3 man month per month). The results of this work

should lead to & more complete understanding of magnetron behavior.



II. BASIC THEORY

3. Dynamic Frequency Characteristics of the Magnetron Space ’Charge H
Frequency Pushing and Voltage Tuning (H. W. Welch, Jr.)

This section summarizes the results of theoretical and experi-
mental study of space-charge behavior in the oscillating magnetron. This
investigation has been directed toward the aﬁtainment of a quantitative
understanding of frequency characteristics of the oscillating magnetron,
namely, frequency pushing end voltage tuning. A report presenting the
results in detail has been issued.l What follows is, essentially, a
sumsary of the content of this report.

Posthumus ,2

in 1935, described qualitatively the mechanism by
which electrons are focussed into a phase positibn,‘ relative to the r-f
potential between the magnetron anode sets, which permits delivery of
energy from the electrons to the circuit. Since the first presentation

by Hartree and Stoner’ of the method for self-consistent fleld caleulations
of the space-charge distribution in the oscillating magnetron, it has been
theoretically possible to describe quantitatively the mechanism of phase

focussing of electrons in the magnetron.

1 H. W. Welch, Jr., "Dynamic Frequency Characteristics o. wue magnetron
Space Charge; Frequency Pushing and Voltage Tuning," Technical Report
No. 12, Electron Tube Laboratory, University of Michigan, Ann Arbor,
November 1951.

2 K Posthumus, "Oscillations in a Split-Anode Megnetron, Mechanism of
Generation," Wireless Engineer, Vol. 12, pp. 126-132, 1935.

5 This work is reviewed in detail by Walker in Chapter 6 of Microwave
- Magnetrons, Massachusetts Institute of Technology, Rediation Lebara-
tory Series, Vol. 6, New York, 1948.

«bm



The number of calculations required by the self-consistent field
method mekes prohibitive the application of the method to the quantitative
analysis of practically impqrtant magnetron characteristice such as fre-
quency pushing. Methods for small-signal analysis, such é.s that proposed
by Bunemanl cannot be extended to the large-signal problem. The works of
several other investigators have been studied and eva.li.:a.’ced.2 The con~

‘ ceptual picture of the space charge in the multianode ménetron under
Vlarge-signal conditions, which seems to be generally agreed upon, is that

" shown in Fig. 31 The anode segments which are‘ shown in this picture are
assumed attached to an external circuit which is not shown. The distribu-
tion of space charge shown in Fig. 3.1 corresponds to the nx-mode which is
so named because there exists a phase differences between the potentiais
on adjacent segments of n-radians. It is found to be possible to represent
this distribution of potential, which is stationary in spece, by the
Fourier sum of & number of travelling waves which proceed in opposite di-
rections around the interaétion space. For the n-mode of bperation
electrons interact primarily with the ﬁmdamental wave which is moving in
the direction of the electfon drift around the cathode. The velocity is
such that the maximum of the wave proceeds from one anode segment i;o the
next in one-half cycle. Electrons with this seme velocity are said to be
in "synchronism" with the wave. The synchronism anguler velocity is definea

by

n N (3.1)

1 Also described by Welker, op. cit.

2 See Section 1.3 and Bibliography of Technical Report No. 12.
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N = nuber of anode segments.

The space bounded by the anode segments and the cathode surface
is the region of interaction between the electrons and the fields. The
presence of thé d-c electric and magnetic fields causes the electrons to
have a drift motion parallel to the cathode and anode surfaces in this
region. The electrons are assuméd to leave the cathode surface with
zero initial velocities. The synchronism drift velocity must be reached
or exceeded at same point in the interaction region if energy is to be
delivered to the fundamental travelling-wave component. The conditions for
this to be the case have been established for the planar and cylindrical
magnetron geametry. In the planar magnetron the synchronism velocity is

given by

v, o= oxf (3.2)

where> xn/2 is the distance between centers of adjacent anodes.

Since the mathematics of electron behavior is considerably less
complicated for the planar magnetron than for the cylindrical magnetron,
both have been carried through with the discussion centered around the planar
magnetron gecmetry. The motion of the electron is determined through the
force equation which in vector form is

-
av

T (E + v x B) (3.3)

Blo

= Vector welocity of the electron.

Hi 4L

Vector value of electric field.
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B = Vector value of magnetic field.
e = Absolute value of electronic charge.
m = Mass of electron.

After a change of variables to the reference frame moving with

the synchronism velocity, resolution of the vector values into components,

and algebraic manipulation, the force equations in component form become

&

at 2 ¥ oy dt
dvg' . edf . Bedy
dt m9x m dt

in the planar system, and

at ®ra

d( w' + wn)r . e9d . [Be . (0
mde [m (w" + wp)

dat

(.].:mva) = ed0ay. Bé(v'+v) %

(%: "mvra) = e I—Be( w'+ wy) r - m(o +wn)2r] dr

(3.4)

(3.5)

(3 -6)

(3.7)

in the cylindrical system. ¢ is electric potential. The primed values °

refer to the moving reference frame, i.e.,

v, = v'+yvy
X X n

, .
w = w+wn

(3.8)

(3.9)

These equations can be integrated if vx' and w' are expressed as

. functions of distance y, or r. For the static magnetron the result is the

cutoff potential. The synchronism anode potential required to bring elec-

trons to the synchronism velocity mey also be defined (given by Eq 2.25 and

2.36 in Technical Report No. 12). It is shown that, if a large-signal r-f



potential is present, the electron tends to remain in synchronism after it

has reached the synchronism velocity. In this case
v.! = w' = 0.

By meking use of this condition and assuming thet the r-f field has negli-
gible effect on the subsynchronous electron it is possible to derive the
threshold Hartree potential equation. This potential defines the energy

which the electron must receive from the electric field to reach the anode.

It is given by
Bé = 238 .1 (3.10)
[¢) By
g = 1B y2 por the planer megnetron (3.11)
g, = 32w2r? for the cylindrical megnetron (3.12)
B, = i'e!-;-n for the planar magnetron (3.13)
a
- 2 m Wn . :
B, I.E_r_g for the cylindrical magnetron (3.14)
e

Vg = cathode-anode distance

ro/T, ratio of cathode radius to anode radius

The region of the interaction space which is accessible to the
electrons is determined by an approximate method. This method makes use of
the thresghold potential condition and of the fact that electrons may have a

component of drift velocity toward the anode when there is an appreciable



component of electric field parallel to the cathode surface. This is the case
when there is an r-f potential difference between the anode segments. Elec-
trons are found to drift toward the anode in the region where the r-f elec-
tric field is opposing the drift motion pearallel to the cathode surface.
In the rest of the interaction region, vhere the r-f electric field is aid-
ing the tangential drift, electrons drift away from the anode. Since all
electrons are presumed to originate from the cathode it is assumed that
electrons will not exist in the immediate vicinity of the anode in the
region where drift motion is away from the anode. Thus two conditions
determining the approximate location of the spokes of electrons are estab-
lished: a certain threshold potential must be exceeded at the anode, and a
drift velocity toward the anode must exist at the anode. Application of
these principles in a useful gra.phica.l construcfion is illustrated by Fig.
3.2,

The threshold energy level is represented by the line labeled
¢a.t » the actual anode voltage by the line §,. An r-f potential is re-
presented with peak amplitude ¢f. This is the peak value of the fundamental
travelling-wave component which appears stationery in the moving reference
frame. Fig. 3.29. illustrates the possibility that, even though the thres-
hold potential is not exceeded by ¢a » if an r-f potential exists, the
threshold may be exceeded during part of the cycle designated by the in-
terval A-B. In Fig. 3.2b the effect of the drift velocity condition is
iilustrated. The drift motion of the electroms is toward the anode in the
region C-E and away from the anode in the region D-C. Therefore, although
the threshold energy is exceeded in the entire region A-B s, €lectrons can

only drift toward the anode in half of this region bounded by C-B. In the
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region A-C electrons can only exist if they come fron the anode, and the
assumption is that all electrons are emitted from the cathode. The final
picture to be derived from this line of argument is shown in Fig. 3.2c.

Here the potential distribution is plotted over a diagram of the interaction
region. The width of the spoke ahd its phase angle relative to the r-f
potential are approximately determined. These quantities are defined by
the following symbols which are used when the current induced into the

circuit is to be calculated.

@ = phase angle between center of spoke and zero of r-f
potential in electrical degrees, negative as shown.

BN = width of spoke in electrical degrees.
B = half the actual space angle width of the spoke.
N = number of anodes.

There are N/2 full wavelengths (each 360 electrical degrees) around the
cylindrical magnetron structure. The width of a spoke in electrical de-

grees, therefore is

The real value in this diagram is in its determination of the
angle ©. © is shown to be equal to the phase angle between the current
induced in the circuit by the motion of the spoke parallel to the anode

surface and the r-f potential which is developed between anode sets. In
other words, for a particular set of conditions in the "phase focussing”
diagram, there is a particular circuit which can produce these conditions

since the phase angle and magnitude of the current induced by the spoke
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vill be determined once the anode potential, r-f potential, magnetic field
and frequency are determined.

The use of the phase-focussing diagram 1s illuétra.ted by Figs.
3.3, 3.4, 3.5, and 3.6. The phase-focussing diagram is in the moving
reference frame so that the anode structure which is at rest inthe sta-
tionary system may be thought of as moving to the left in Fig. 3.3. The
resulting currént is shown in Fig. 3.4. In Fig. 3.5, the phase-focussing
diagrams for a typical volt-ampere characteristic given in 3.6 are shown.
This illustrates space-charge behavior over a typical frequency-pushing
characteristic. The significant properties are the large change in fre-
quency and a relatively large change in anode potential. This is exactly
the behavior to be expected from operation with a high Q resonant system.

The quantities defined in Fig. 3.2 may be expressed analytically.
Using Fig. 3.2¢c we see that

-cosfN = co820 = éa_a_@& (3.15)
£

¢f » the peak value of the fundamental travelling-wave, is related to the
actual peak r-f potential between anode segments by a constant which de-

pends only on electrode geometry

b = KB oy (3.16)

A condition of particular interest arises when 6 = 0, i.e., when

resonance is reached. In this case

¢a = ¢at = ¢f ’
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and the spoke appears as in Fig. 3.3d or Fig. 3.5d. For higher d-c
potential the potential in the moving reference frame is greater than the

threshold value everywhere in the interaction region. It is no longer

possible to have good phase focussing, and debunching will be expected as
i1llustrated in Fig. 3.3e. The magnetron will not be expected to oscil-
late, therefore, when f, - ¢a.t >> ¢f.

Voltageetuning characteristics correspond to circuits for which
the phase angle does not vary rapidly with frequency and to magnetrons
with limited d-c current. These conditions are analyzed and it is found
that, as the anode potential is raised, (f, - ) Temains substantially
constant so that the frequency of oscillation is almost directly proportional
to the anode potential (through the threshold equation). If .]?. >> l‘ this
proportionality is very near exact. °

In order to calculate this current induced in the anode segments
it is necessary to estimate £he space-charge density in the spokes. Two
assumptions are made: the spoke density is assumed to be the average
density modified by the ratio of the total volume in the interaction space
to the volume occupied by the spokes; the potential distribution deter-
mining the average density is assumed to be square-law (this gives a con-

stant charge density). With these assumptions

N - b €o(fa - .1
%Eps Po [1+porc (Ra-Rn)] G-11)

space-charge density in spokes (coulombs/m3).

O
)
i

n Be
po = 2 €° -e-CUn (‘i— - wn) .

R, = 1'9‘/1'c .
R, = = /r r = radius where electrons reach synchronism
nc n angular velocity ( wy).



Application of the theory of induced currents to the magnetron
geometry, using the picture just described, yields finally for magnitude

of the current in the extermal circuit

Ig = K (3.18)
2+0 '
2 Ky cos20
cos@ K I
8 2
Ky, = B Lr,ct P F (@,N,RgR,) amperes
r.2 (R2 . R2
K = volts
2 €o T
N N
¥ a 1 Ra2+'g Ra2-%" Rn2+§ Rn2-"‘
sin
F(G,N,Ra,Rn) = —N'z—- - : = +. ]
5Q H _y. 2...!{ Q-H 2+He-§
2 2 2 2 2 2
Ry - By :
a = angular width of gap between anode segments.
L = length of magnetron cathode.
The potentials have been eliminated from this expression by
meking use of (3.15), (3.16), and
= _Ig | (3.19)
¢r-f F2Y (

absolute value of circuit admittance as seen between

Tpl =
T alternate anode sets connected in parallel.

The power in the load is given by

' K1 (3.20)
,‘ .
<§ *9 & cos20
7‘; Ir

= G
L T

T

cos



The d-c anode potential is given by

. k.2 K1
b, - ¢a.t = W ig : ’ cos 20 . (3.21)
2 Ky cos 20
cos 0 K IYTI

These equations have been applied to the particular case of the
simple resonant circuit and a non-resoment circuit to calculate typical
frequency-pushing characteristics and voltage-tuning characteristics. The
results agree well with experiment. A number of sets of experimental data
have been analyzed and compared with the theory. The effect of cathode
temperature on the magnetron behavior has been studied experimentally but
very little theoretical explanation is offered.

A general conclusion, resulting from the study, which is a useful
rule of thumb in predicting frequency-pushing behavior is the following.
The magnetron operating with a high Q resonant system (10 or greater) and
wder space-charge-limited conditions may be expected to begin appreciable
power generation at epproximately 1/10 maximm power at f, x -2 megacycles
below rescnance. f, is the resonance frequency in mega.cycles?L The range
of operation is from this point to between £o_ megacycles below resonance

2Qr,
and £.

L., The Propagation of Electramagnetic Waves in a Magnetron-Type Space
Charge (G. R. Brewer)

The study of the propagation of electromagnetic waves in a
me.gnetron-type space charge started on Contract No. W-36-039 sc-35561
wvas completed in this period and the results of this study have been

published as Technical Report No. 8.
This analysis was carried out in order to provide information

on the properties of a magnetron space-charge cloud as it affects the
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magnetron resonant circuit, Itwas an extension of the work first reported
on by H. W. Welch, Jr., in Technical Report No. 1 and is specifically an
attempt to determine the effective index of refraction of the space-charge
region as experienced by an electr’oma.g‘netic'wave propagating into or through
this region. A knowledge of the index of refractiom, and thus the dielectric
constant, as a function of the frequency of the wave and the magnetic field,
will enable theb calculation of the reactive (and in some cases also resis-
tive) effects of the space charge on the microwave circuit.  Welch treats
this p.foblem under the assumption that the space-charge swarm kmoved with
constant linear velocity independent of position. The present work is an
extension and refinement on the previous treatment in that the variation

of electron velocity with position in the magnetron is considered.

The results of this analysis are presented in a form enabling
predictions to be made of the effects of the space-charge cloud on an r-f
circuit. From this information, one could design structures for frequency
modulation, amplitude modulation, etc., of a microwave signal, using this
type of space charge.

The complete solution of the interaction of the waves in a
multicé.vity magnetron and space charge was considered too camplicated '
to yield results with any degree of generality. Therefore, the radial
and tangential components of the actual fields in the magnetron were used
separately in the analysis, each component 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 direction parallel to the magnetic field were desired so this problem

was also solved. Using these simplified types of fields, solutions were
obtained for both the plane and cylindrical magnetrons structures.
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The following cases are analyzed using small-signal, non-rela-
tivitic approximations:
l. Plane magnetron

a. Propagation of & plane electromagnetic wave in a direction
parallel to the applied magnetic field.

b. Propagation of a plane electromagnetic wave in a direction
perpendicular to the applied magnetic field and normal to
the anode and cathode.

c. Propagation of a plane electromagnetic wave of phase-
velocity=slow compared to that of light in a direction
perpendicular to the applied magnetic field and parallel
to the electron drift motion.

2. Cylindrical magnetron

a. Propagation of a TEM-type electromagnetic wave in a cy-
lindrical space charge in & direction parallel to an
axially applied magnetic field.

b. Radial propagation of a cylindrical electromagnetic wave
in a cylindrical space charge.

The Euler hydrodynamical equation,

av

BT+(V'V) = = % [E+vxB] - P) (k.1)

ElS

which is derivablel

directly from the Boltzmemtransport equation, are
used to find the equations of motion for this problem of electron wave
interaction.

In this equation,

v = electron velocity.

E

total electric field.

]

B steady magnetic field.

1 Chepmen and Cowling, The Mathematical Theory of Non-uniform Geses,
Cambridge, 1939, Chapter 3.
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i

number of electrons per unit volume.

electron gas pressure.

kel
L]

A term was introduced into this equation, in the form of frictionmal
force proportional to the electron velocity, which includes the effect of
collisions between the electroﬁs and gas particles in the space charge. It
is shown that the pressure gradient (Vp) term does not affect the final re-
sult, so that this may be ignored. The equation of motion of the electroms
in the spdce charge subject to the electric field of the propagating wave
and the applied magnetic field is then:

v
3t

+ (v.V) v+ gv =-§[E+va_] . (4.2)
From this equation the electron velocity, and therefore the
current, are obtained in terms of the applied fields. Substitution of the
current relations into the Maxwell field equations enables the determina-
tion of the complex index of refraction of the space-charge medium. It
has been shown that the effect of the electron motion is equivalent to the
electric energy storage in the medium in addition to the usual energy stor-
age in free space, given by Eaeo/z. Thus, the space charge can be consid-
ered, in so far as the wave propagation is concerned, as & dielectric whose
relative dielectric constant is & function of the ratio w/ w, between the
wave frequency (w ) end the magnetic field B = (“.é.) 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 & conducting material in which the wave is attenuated
upon entering.
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The results of the anaslysis are expressed in the following
equations for the effective dielectric constant and conductivity of the
space charge (The Hull-Brillouin equation for the space-charge density has
been used).

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

1 (%.3)

"
Y
{ ]

Plane magnetron: Cefp

Cylindrical maegnetron (r = cathode radius)

- 1s Ot by 02 0//2) (af woh - =) (ht)
l-r/ (w/w)2

c T ge (wc?/2) [( “’c2/2) (- rga/ra) +w8s (w: cj/ﬂ)vi' rc:2/r (k.5)
[Call) @ - 5242 -uf]

8e'f;ﬁ'

The above relation are plotted in Figs. 4.1 and 4.2 for r,/r << 1.

b. Propagation of a plane or cylindrical wave in the direction normsl
to the anode and cathode.

:élane magnetron: Eopp = 1"(_6?]77'52 | (4.6)
c

g = (Wg‘i?r (&.7)

The above equations are seen to be the same as those for the

plene magnetron in the case a, above.

Cylindrical magnetron:

z 2 b w2 = (weif2) (@ + M/
e 125 (10 ) | b | 0o




These relations are plotted in Fig. 4.3 for r,/r<<1.

The effective dielectric constant of & magnetron space charge
as presented in the above curves are determined exactly (for the Vsmall-
signal case) for the plane magnetron and the cylindrical magnetron with
vanishingly small filament. Since neither of these structures é.re used
in practice it is desirable to determine the dielectric properties of the
space charge as a function of the radius of cdthode and space charge.
Unfortunately the complete solution is laborious so an interpretation
was made based on limiting solutions already obtained and on & knowledge
of the variation of the space-charge density and angular velocity as a
function of r. From qualitative considerations curves presenting the
~ above variations as a function of r are giiren which are considered to be
reasonably valid.

¢. Propagation in the direction parallel to the steady electron
motion: Plane magnetron.

The propagation of electromagnetic waves in a direction parallel
to the steady electron velocity in a plane magnetron having a "slow wave"
anode was studied with the aim of contributing information leading to the
design of a magnetron amplifier.

A bagic differential equation representing the electric field
in the space-charge region is arrived at presupposing only that the veloc-
ity of the wave in the spe.ée charge is small compared with the velocity of

light.
-1 + 2 OEx - 2 -1 , = 0 . k.9)
[ﬂ z}?%ﬁ'é‘f [Bz%}z" (
where

iw

L = uu, [1+L_“3.d (k.10)
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The intensity interaction effects the place for velocities near synchro-

nism, therefore & solution was obtained for small values of ./

E oo . -:’-,-—,é [1+%‘-‘,€2 + 0.21,2!* +0.129.06 4 0.0966f8 + ]

a‘.2 ¢
+ 42 [1 +%,22+o.275 2% 4019146 + ] (4.11)

7 The electric field Ex in’ the space charge is plotted in Fig.
4.4 vs. the real part of £ from which certain qualitative information
concerning the space charge can be obtained.

The cathode of the magnetron is represented by the right hand
intersection with the abscissa of the curve corresponding to the particular
value of w/ Wy under consideration. The intersection at .¢ = o corres-
ponds to synchronism between the layer 61? electrons at that value of y and
the travelling electramagnetic wave. It is seen that this synchronous
layer of electrons becames an infinite admittance sheet in the space charge.
The portion of the curves to the right of .{ = o represents the field on
the region in which the electrons are moving slower than the wave and the
part to the left of £ = o the région in which the electrons are moving
faster than the‘ wave. It appears that the interaction space in a magnetron
is divided into two regions by this admittance sheet; the region between
the cathode and the infinite admittance sheet and the region between this
sheet and the anode. As the electrons are caused to increase in velocity
(e.8., by increasing the magnetic field) this sheet will be displaced
toward the anode.

Using the series expression derived above for the x-directed

electric field in the space-charge region, together with - 7Y Ey = .%.%x
the x-directed field can be determined.
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1 d
& - yer < 157

c

= la, [--i-‘)’- [1+%,£2+1.o5f1"+0.9 16+0-8718-+--~] (h.le)

+ [2,4 +2807 +1.65 45 + 15547 + 1474 e ]]

This series converges slowly so values were not obtained above
A = 0.9. The curves representing this series solution are shown in Fig.
4,5, It is seenbtha.\t the y-directed electric field also appears to in-
crease without limit near ./ = +1.

A plot of the susceptance of the electron stream as geen by the
anode was made employing an approximation and restricting the consideration
to values of electron velocity near the synchronism condition, that is, by
limiting ./ to small values ( £ < 0.4).

Fig. 4.6 shows the manner of variation of Im Ye (h) fér the
simple case of no time average energy exchange between electrons and
fields. These curves show the existence of the zero reactance sheet at
4 = 0 mentioned previously. They also show that the space charge appears

inductive to the anode circuit for Z > = -Y- and capacitive for ./ < = -

2wc 2wc

Electrons with velocity greater than that of the travelling wave appear
capacitive, but not so much as the synchronous electrons. As the space
charge expands due to an increase of the d-c anode voltage, the boundary
of the cloud appears inductive for 4 > w/2 w, and then capacitive.

The equation, presented in Technical Report No. 8, representing
the electronic admittance indicates that the magnetron space charge is
capable of delivering energy to the fields of an anode structure of the

proper characteristics. A definite answerto the question of amplification
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can be obtained only from a complete solution of the boundary conditions

imposed by the confining circuit.l
Experimental Results

Three experiments, described in Technical Report No. 8, were made
in an effort to determine the validity of the analytical expressions deter-
mined for the dielectric properties of the magnetron space charge. The

results of these experiments appear to confirm certain critical parts of the

theory.

5. _Space-Charge Equilibrium in a Magnetron - A Statistical Approach (G. Hok)

The results of the stﬁd& of space-charge equilibrium in a magne-
tron using statistical methods was presented in Technical Report No. 10.

As an iﬁitial state for the oscillating magnetron, the non-
¢onducting (or approximately non-conducting) condition of a d-c megnetron has
a considerable intérest and has received appreciable atten;bion, both of a
theoretical and experimental.nature. Nontheless, a satisfactory agreement
has not been reached about the shape of the electron orbits and the detailed
distribution of potential and electron density in such a space charge.

The solutions presented necessarily rest on postulates and assump-
tions that consititute idealizations of the real conditions. So does, of
course, all physica.l theory, but in this case well known factas have been
neglected with the Jjustification that their effect to be so small that the
approximate solution resulting will be close enough to be of value. Further-
more, the mathematical difficulties of a more rigorous approach appeared
prohibitive.

It has been the purpose of this study to reconsider the conven-

tional simplifications on which these solutions are based, to discuss

1 Macfarline and Hay found that amplification along the stream was
possible, but it is believed that the boundary conditions they used
are open to question.



whether or not they introduce appreciable errors, and to investigate the
feasibility of a solution from & more realistic set of assumptions. Since
the space charge ié essentially a gas formed by discrete electrons, classi-
cal statistical mechanics offered a logical approach to a fresh study of
the problem.

The conditions to be satisfied for thermal equilibrium in a
magnetron were considered; if the cathode of the magnetron is at a con-
stant temperature a.nd no current flows to the anode, no energy is received
or lost by the swarm of electrons in the tube. When a minute current flows,
on the other hand, the problem becomes & transport problem and a solution
is obtained from the thermal equilibrium by applying a small perturbation
to the distribution function for the electrons. As the current is
increased further, the diffusion of electrons through th_e space charge
from the cathode gradually changes to a steady flow of the whole space
charge to the ‘anode.' The intermediate conditions, with severely dis-
torted distribution function but no coherent flow pattern, offer the
greatest mathemtica.l aifficulties. Unfortunately, there are reasons to
believe that this is the actual state of affairs in a cutoff magnetron.

Fig. 5.1 indicates the space-charge distribution arrived at for
thermal equilibrium. It obviously does not resemble the distribution in
a cutoff magnetron, since it demnds emission of electrons from the anode
with the same temperature as those emitted from the cathode but with
considerably higher density. However, this equilibrium has & certain
interest since the difference between this distribution and the actual
distribution in any particular volume element in real space dictates the

amownt of diffusion that takes place in that element. A steady state



38

~®

\

AT TmTTT TR TRERERX

R ..

Q.

Ym

FIG. 5.1

SPACE-CHARGE DISTRIBUTION
AT THERMAL EQUILIBRIUM

<Y



is reached when the diffusion into every energy state is equal to the
diffusion out of the same energy state. If the minimum point of the
curve (y,) is néga.tive » it would then represent tempera.ture-iimited
conditions.

If one considers the representation of electron energy states
as points and orbite in phase space it is only necessary to consider the
space Py, Py and y. (px’ P - and p, are momentum space.) The energy
state of an electron is characterized by its energy and two of the compo-
nents of its mamentum, p; and p,, these three quantities being constants
of motion, as longas enargy and momentum are .congerved. On the othei" hand,
the component Py and the potential energy vary during the motion.

The accessibility criterion is obtained from:

2 2 : 2 2
amwW = pxa-l-pyo +p,° = (pg + €By) +;py2+pz - 2m eE

2 2 2.2
2 = + 2n eE - e°B2y° - 2py eBy

where py and Pyo have to be real quantities.

Fig. 5.2 shows a sketch of the boundary surface ‘between the
accessible and inaccessible part of py -py-y-space. It is, of course,
only qualitative since E(y) is not known but related to the space-cherge
distribution by Poisson's law.

The region accessible froﬁ the cathode is the space to the
right of the solid line while the region accessible from the anode is to
the left of the dashed line. The reglon inaccessible from the cathode has

a shape of a distorted cone with its apex on the axis Py = 0 but in
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general not at 0. The axis Py = 0 to the left of the apex is a
generatrix of the surface. It should be pointed out that the fact that
the inaccessible region reaches the axis does not mean that electrons
with Py = 0 and p, in this range can not escape from the cathode. They
do, but only tangentially to the px-py-plane.

The boundary for interception of the electrons by the anode is
indicated by the dashed line. Any electron to the left of this surface will
be removed by impact on the anode. The space-charge density can there-
fore be considered zero to the left of this boundery except where this re-
glon overlaps with the region accessible from the cathode.

| The volume between the two boundaries contains all possible
energy states whose electron orbits reach neither the anode nor the
cathode. This volume is referred to as the secular region since the

life of an electron energy state in this region is very long compared with
the period of the cyclic motion of the electron. It should be noted that:

1. Only an infinitesimal change in momentum is required for
an electron to cross the boundary into this volume.

2. - The electron population of this volume will continue to
increase until the current flowing to the anode through
the opposite boundary equals the current entering the
volume from the cathode-accessible region.

3. Whether the discrete electron-electron interaction is weak
or strong determines primarily the time required to reach

e steady state but not necessarily the final space-charge
distribution.

The above is important for it indicates that electron-electron
interaction, no matter how weak, is an important factor in determining the

space charge distribution and should not be neglected. ‘The effect of the
interaction, however weak, is cumulative.
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By inspecting the single-stream space-charge distribution
described by Brillouinl and the double-stream space-charge distribution

2 Page and Adeams ,3 ‘and others in phase space it

described by Slater,
becomes apparent that these distributions‘ are initial conditions only and
do not describe a steady state.

Fig. 5.3 shows the Brillouin single-stream distribution in
DPhase space. This is limited to the line AB and within this range is
independent of y. At first sight this distributio’n may appeer to be a
possible equilibrium state at 0°K temperature. However, it would be
strange indeed if all electrons occupied the same point in momentum
space, although lower energy states certainly are possible. The above
state could possibly be metastable, lacking a process whereby the un-
occupied energy states could be populated. However, such a process does
exist. The electric field at the edge of the space-charge cloud necessarily
fluctuates in magnitude and d.irect;lon in time and space since the space
charge is formed by discrete electrohs whose velocity varies with y. A
diffusion will therefore take place both out inté the unoccupied space
and towards the cathode. The energy required for this random motion is
supplied by the d-c electric field.

The double-stream distribution is represented by an approximetely
elliptic line charge in phase space (Fig. 5.4). In real space the space-

1 1. Brillouin, "Electronic Theory of the Plane Magnetron,"” Advances
in Electronics, Vol. 3, p. 85, 1951.

L. Brillouin and F. Bloch,"Electronic Theory of the Cylindrical Magne-
tron," Advances in Electronics, Vol. 3, p. 145, 1951.

2 J. C. Slater, Microwave Electronics, New York, 1950.

5 L. Page and N. J. Adams, "Space Charge in a Plane Magnetrem,"
Phys. R., Vol. 69, p. 492, May 19k6.
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charge density at the cathode and at the edge of the swarm is infinite;
& finite minimum is located at a.n intermediate plane. This is also at
0°K temperature distribution, since all the electrons have the same
energy although occupying & line rather than a point in mqnentmn space.
There can be no question in this.case about a metastable st&te since the
electron orbits intersect with consideresble relative velocity so that
exchange of energy and momentum is inevitable.

Twisg' has considered the modification in the initial spaée-
charge distribution produced by the initial ﬁlocities of the electrons.
His solution avoids the discontinuities and singularities of the two
distributions mentioned above, but is otherwise subject to the same
criticism; it is an initial state but not a steady state.

An attempt was made to arrive at a qualitative understanding of
the way in which a steady-state space-charge distribution is reached by
considering it as a diffusion problem. Technical Report No. 10 discusses
such complicating circumstances as the relationships governing the trans-
fer of momentum between the electrons, the irregular actual distribution
density because of the initially abrupt varietion at the accessibility
boundaries, and the distorted distribution density function caused by
increased electron temperature as the electrons diffuse to the higher
potential part of the space charge.

Figs. 5.5 and 5.6 present qualitatively the difference between
space-charge-limited and temperature-limited distributions in phase space.

As iIn Fig. 5.2 the ai'ea to the left of the solid line indicates the region

1l R. Q. Twiss, On the Steady-State and Noise Properties of Linear and
Cylindrical Magnetrons, Doctoral Thesis, M.I.T., 1949.
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accessible from the anode and the area to the right of the dotted line
indicates the region accessible fram the cathode. The lines p, = - eBy
and py = - !2: eBy are indicated to serve as a guide for comstructing the
center of gravity of the di‘atri'bution.

At the cathode with its large mass and thermal capacity it is
natural to assume that the temperature and distribution of the emitted
electrons are independent of the temperature and distribution of the
returning electrons. The energy and momentum of the electron cloud is
not conserved ﬁere 3 therefore the center of gravity of the distribution
must fall somewhere between the line p, = - eBy and p, = 0.

Between the cathode and the potential minimum the inaccessible
part of the phase space is likely to be small and not include dense re-
gions of the distribution. The potential and space-charge density then
falls off until roughly the Brillouin density is reached.

In real space the region betweexi the potential minimum and the
edge of the space charge is proba'bly the most interesting. In phase space
the cathode side boundary of the secular volume is probably not much
aifferent from that of the Brillouin solution and is likely to run paral-
lel to the y-axis. The space-charge density in the secular volume is
less than that required for ideal thermal equilibrium since the net
number of elgctrcms entering this boundary from the right should equal
the number leaving the left boundary. The space-charge density required
for steady—sta.té cpnditions is closer to the right boundary than to the
one on the left. This space-charge density is evidentally very difficult

to calculate, but it should be pointed out that it is by no means
negligible as far as calculation of space-charge distribution in real’

space is concerned.
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Electrons move into the positive ybdirectian'and gain kinetic
energy from the electric field. They also mofe towards the high energy
fringes of a distribution that; if it were complete, would have a much
higher space-charge density than at the cathode.

The high-energy electrons will be much closer to the center of
gravity of the actual distorted distribution than to the center of gravity
of the Maxwell-Boltzmann distribution, therefore the average energy or
"temperatume“ of the actual distribution will be much higher than at the
cathode,

The mathematical difficulties discourage any attempt to predict
numerically the space-charge distribution in a cutoff magnetron. Experi-
mental methods must therefore bé used. The work at the University of
Michigan discussed elsewhere in this report being carried out by Mr. W.
Peterson on the "trajectron" shows great promise as & method for deter-
mining the space-charge distribution. The Columbia Radiation Laboratory
is also attacking this problem experimentally employing a beam of helium

ions.



III. EXPERIMENTAL RESULTS

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

The Model 9 magnetron consists of & short hermetically-sealed
section of coaxial transmission line which contains a multi-anode struc-
ture consisting of six-equally-spaced vanes extending radially from the
-inner wall of an outer coaxial cylinder into six longitudinal slots in an
inner coaxial cylinder. The cathode is located symmetrically within the
inner coexial cylinder at the position of the multi-anode efructure. This
sealed-off tube is used to excite a TEM mode in an external coaxial cir-
cuit. An assembly drawing for one model of the insertion magnetron is
given in the Appendix (Dwg. B10,009 B).

Design parameters for the insertion magnetron are as follows:

‘A = 10 cm. E, = 280 volts
n. = 60 = 1400 volts
n = g = 6 B, = 554 gauss
T, = 0.317 cm B = 1662 gauss
rc = 0.190 cn i:—B' - 3

I = 0.6 °
e,

The experimental program for the insertion magnetron was carried
out with the following objectives in mind.

a. To determine the feasibility of operating the insertion tube as
a mechanically-tunable magnetron over a wide range of frequencies.

-148-
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b. To find out whether or not wide range voltage tuning could be
attained with this tube and its associated circuitry, and to
determine the limiting factors in this type of operation.

¢c. To determine the effect of loading on upper-mode-boundery
current and on frequency pushing.

d. To obtain design experience for the construction of higher-
power and higher-frequency ceramic seal tubes of similar
geometry.

The presentation of the experimental results is divided into
three parts; namely, high Q, intermediate Q, and low Q operation. The

Q referred to here is the external Q which is defined as follows:

Q = 2x energy stored in circuit (6.1)
ext energy dissipated in the load per cycle .

In practice it is found that an order of magnitude relation

between the space-charge effects on the frequency of oscillation is given

by
~2-% =z L (6.2)
We 2qr,

where Q‘L is the loaded Q of the circuit. Q,L is defined by the relation

= o energy stored in circuit . (6.3)
@ = energy dissipated in the load and cavity per cycle

The relation between the external Q and the loaded Q is given by

S e 5 (6.4)
Qext Q'L Qo
where Q o is the internal Q defined as follows:
> energy stored in circuit (6.5)
Q@ = 2% Gnerey dissipated in the cavity per cycle ’



In the material which follows we have made the tacit assumption

that
Q > @ =d Q. = § (6.6)

for both the high and intermediate-Q regions of operation. The error
risiné; from this assumption is not serious since Eq 6.2 is an order of
magnitude relation.
We can now state the three ranges of extermal Q in terms of the
space-charge effects on frequency as follows:
High Qg =" less than 1/28 frequency pushing,
Intermediate Qupt ~" between 1/2% and 5% fréquency pushing,

Low Qext -- greater than 5% frequency pushing.

The terms high-Q a.nd intermediate Q operation, as employed here,
imply that the frequency of magnetron operation is determined pr:unarily by
the properties of the cir‘cw.t. The term low Q operation, on the other
hand, implies that the frequency of magnetron oparation is substantially
independent of the circuit and depends primerily on the anode potential
and magnetic field. These two types of magneton operation appear to over-
lap at values of loa.ded.Q of the order of 5 to 10.

The coaxial cavities employed for high Q operation of the
insertion magnetron have been designated No. 1 and No.3, and are depicted
in the Appendix, Dwgs. B2050 and B2053, respectively. Cavity No. 1 was
subsequently modified to provide movable shorting slugs for tuning. Iﬁ
addition, a series of tapped holes were provided for facilitating changes

in the coupling probe position of the cavity.
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The first operating test on the insertion magnetron was made
using tube No. 39 in cavity No. 1, which was non-tunable at the time of
this test. The tube was operated with a 15 microsecond pulse haéving a
repetition rate of 60 pulses per second. Oscillation was observed at
10.7 cm, which corresponds to the 1/2-wa.velength TEM coaxial-cavity mode.
Oscillation was also observed at approximately 30 cm corresponding to
the 3/2-wavelength coaxial mode. The anode segments for both of the
above ca.vitj modes operate in the s-mode. The anode potential corres-
ponding to the 10.7 cm mode was approximately 900 volts with a magnetic
flux density of 1280 gauss.

An experiment was performed to determine the mixiimuxn wave-
length attainable as well as a tuning curve for the tunable version of
cavity No. 1. In this experiment the Model 9B, No. 43 (oxlde-coated
cathode) was operated under pulsed conditions. The conditions for this
experiment are listed below.

I = 2,25 amperes.

o
i

1200 gauss.
jl = 0.2 cm (distance of output probe from one tuner slug).

Ly = 1.2 cm (distance from right edge of vanes to output
probe).

13 = (variable distance from movable tuner slug face to
left edge of vanes).

The results of this experiment are given in Fig. 6.1 together
with a theoretical tuning curve.l The agreement between the calculated
and experimental plots should not necessarily be considered as a veri-

fication of the theory, since the computations do not include the effects

1 See J. S. Needle, "The Insertion Magnetron: A New External Cavity
Magnetron for Low-Power Electronically-Tunable Operation in the
10 to 20-cm Wavelength Range," Technical Report No. 11, Electron
Tube Laboratory, University of Michigan, Ann Arbor, August 1951.
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of the cathode circuit or the glass seals. However, it-is reasonable to
conclude that the general shape of the experimental tuning curve is pre-
dictable from the theory for this unsymmetrical case.

Cavity No. 3 was constructed in order to obtain further informa-
tion regarding the mechanical tunability of the insertion magnetron. One of
the important aspects of wide;range tming is the degree of variation of
upper-mode-boundary current with frequency. Figs. 6.2 and 6.3 give the re-
sults of two experiments which were conducted to determine the upper-mode-
boundary current es a funcfion of tuner position. The conditions for this
experiment using the same "{" notations as in the previous case were:

Puleed operation of Model 9B No. 43

jl = 0.318 en

/3 = variable

Ifil = 200 amps.
B = 1650 gauss.

The significant results of this experiment are apparent from
Figs. 6.2 and 6.3. Here we observe that when an external cathode
bypess causes an increase in operating wavelength, the upper-mode-
boundary current is reduced: whereas, if this shift is toward lower
wavelengths, the upper-mode-boundary current is increased with respect
to that obtained in the absence of the external cathode bypass. It is
important to realize that the cathode circuit consists of a section of
coaxial transmission line inside the eva.cuated envelope in addition to any
external circuit components. The foregoing results demonstrate the

feaaibility of operating the insertion magnetron in a mechanically-tunable
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cavity over a wide wavelength range with a reasonable upper-mode-boundary
current. The conditions in this experiment were not necessarily those
which would result in optimum upper-mdde-bounda;ry current for a given
bandwidth. It should therefore be possible to improve the mode boundary
versus bandwidth characteristics by further study of cathode-circuit
effects.

The c-w power output available from the insertion structure has
been as high as three watts with high Q operation. The following data are

typical for high Q, c-w performance.

Ey, (volts) I (wa.) Ipqq (amps.) B (gauss) A (cm) Py (watts)
600 20 2.0 1770 20.090 3.0

This information was obtained using the Model 9A No. 39 tube
with the arrangement of appara.tué shown in Fig. 6.4. The shorted-stub
tuner was adjusted to obtain maximum power output. Observation of the
signal on a spectrum analyzer indicated a noise level approximately 20
db below the signal level.

Model 9C No. 48 (see Appendix, Dwg. B10,009C) was pulse-tested
in cavity No. 3. This tube employs an oxide-coated cathode and may be used
with an external cathode bypess. All attempts to obtain tunable output
with this tube and cavity failed. Very low power was detected at a
wavelenth near 7 cm irrespective of the position of the movaeble short.
This is indicative of resomance in the vane-mode oscillation. The term
“vane mode" signifies a mode of oscillation characteristic of the vane-
type magnetron and is encountered with the vane-and-bar geometry when

the phasé difference between r-f potentials of adjacent vane-anode segment
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is n-radians. This is not the only phase difference which is associated
ﬁth the vane magnetron type of operation, but it is the most common one.
Within the limits imposed by this tube structure, changing the vane-mode
resonance wavelength can be acc‘omplished by changing the radial length of

the vanes or the angular displacement between vanes.

6.1. Intermediate Q Operation

An external circuit was designed for low Q operation, but was
modified to perform the following experiment, in which the external Q
my be varied fram approximately 10 to 100. An assembly drawing of
cavity No. 2 is given in the Appendix, Dwg. B2052.

A sketch showing the modified version of cavity No. 2, employed
in the following experiment, is shown in Fig. 6.4. Listed below are the

conditions of the experiment.

Model 9A, No. 39 Tube

[ ]
Pulsed operation.
Wavelength measured at both the high and low current ends of the
volt-ampere cheracteristic for each position "d" of the tunable
shorting stub.

Upper-mode-boundary current measured for each position "d" of
the tunable shorting stub. _

B = 1850 gruss -- constant.
Note: This insertion tube uses an oxide-coated cathode. A
cathode-line choke and bypass is contained inside the vacuum
envelope.

Fig. 6.5 shows the results of this experiment. It is interesting

to observe that the pushing (increase of frequency with increase in plé,te
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current), is positive for "d" less than 0.9 cm, negative at 0.9 cm,
positive from "d" = 0.9 cm to 1.5 cm, and zero for "d" = 1.5 to 1.6 cm.
Calculations of the shunt susceptance and shunt conductance
between adjacent anode segments as a function of wavelength were made for
some efthe values of "d" used in the experiment above. These calculations
are based on the assumption of a lossless cavity and do not take cathode-
line effects into aﬁccoxmt. The output circuit is assumed to be terminated
in its characteristic impedance, i.e., 50 ohms. Values used for the vane-
to-bar capacitance, and vane inductance were 2.0 upf and 100 wph,
respectively. The results of the calculations are shown graphically in
Fig. 6.6. If the wavelengths corresponding to the computed values of
zero shunt susceptance are plotted against the distance "dj one obtains
the solid curve shown in Fig. 6.7a. It is interesting to note that the
camputed curve 1s in close agreement with the average of the curve for
wavelength versus "d" for the maximum current readings. The variations
present in the experimental curve cog.ld easily be the result of an im-
properly matched, long output line. Assuming this to be true, we observe
upon study of both the computed shunt susceptance curves in Fig. 6.6
end the experimental results in Fig. 6.5, that the tube reaches the wave-
length corresponding to the maximum current when the circuit susceptance
tends to become capacitive. Furthermore, if the magnetron is oscil-
lating at some wavelength, say 11.8 cm, corresponding to the region of
negative pushing, & small increase in "d" tends to make the circuit
capacitive for thie wavelength. This can be seen with the aid of Fig.
6.6. It appears, from these observations, that the magnetron "prefers"

to operate with the circuit inductive and therefore changes to a longer
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wavelength at which the inductive susceptance predominates. It is perhaps
premature to conclude that the above speculation is correct without further
experimental and theoreticel study.

One further point should be mentioned with regard to the experi-
mental data presented ebove. If one plots the camputed circuit conductance
for the wavelengths and "d" positions corresponding to the point of upper-
mode~-boundary current the i'eéults indicate & direét correlavtionv between
this current and the computed shunt conductance. This is readily apparent
from Fig. 6.7bk. This correlati.on is in contrad:icticn to that which is
generally bbéerved for magnetron oscillators having Q's of the order of 10
or Iarger. One possible explanation of the correlation found here may be
inferred fram the computed curves given in Figs. 6.5. A study of the manner
in which the conductance varies with wavelength along a constant "d" line
shows that the magnitude of the conductance decreases as the wavelength
of operatinn‘ decreases toward fhe upper-mode-bomdary wavelength., This
differs from the more generally dbserved cases in which the conductance
is relatively constant over the range of frequency pushing. Hencé if one
considers the magnetron -ds & constant-current generator operating' into a
constant conductance, the r-f voltage across the tank and the r-£ power
output would increase rapidly as the resonb.nce frequency of the tank circuit
is approached. If, however, the circuit conductance decresses with an in-
crease in frequency, the power output would tend to rise more slowly than
it would for the conétant-conductance loed. This would take place in
spite of a rapid rise in r-f voltage which would in twrn result in stronger
(redial field) phase-focussing action. Under tﬁese conditions, the radial

r-f field phase-focussing action may be sufficient to prevent loss of



synchronism (between the space-charge spokes and the r-f potential travelling
wave) until the region is reached in which the conductance no longer de-

creases with increasing frequency.

6.2. Low @ Magnetron Operation

The first steps teken in attempting to attain low Q voltage-
tunable operation were directed toward the reduction of the Q of the cir-
cuits by means of lossy materials. Uskon cloth,* steel wool, and a sand-
and-carbon mixture were some.of the materiels used in the initial phases
of the investigation. All of these lossy materials were ‘successful insofar
as it was possible to attain a voltage-tunable signal from the insertion
structuré by using them. A typical arrangement employing a sand-aﬁd—carboﬁ
nixture as an absorption medium is shown in Fig. 6.8. With this arrange-
ment‘ it was possible to o'bfain c-w ouput from 11.8 to 20.3 cm for the
Model 9B No. 43 magnetron. The magnetic field used was 1200 gauss and the
filament current wes 1.67 amperes. Anode voltages were in the neighborhood
of 1000 vblts with plate currents reaching & maximum of 6 me at the low
wavelength end of the voltage-tunable rangs. No extensive data were taken
with this apperatus primerily because the output as viewed on a spectrum
analyzer indicated a tunable, broad, noisy signal with a bandwidth greater
than the meximum bandwidth of the analyzer, which in this cese was 40 mega-
cycles. The power output of the broad noise signal varied considerably
over the tuning range, and was estimated to be of the order of 100 milli-
watts at most. |

Cavity No. 2 was designed to permit low-Q operation with a

minimm of unuseble absorbed power. The output from this coaxial circuit

* This is cloth impregnated with carbon.
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was initially terminated in its‘characteristic impedance of 50 ohms.

Under thié condition the external Q of the system, which is given approximately
by “’oCA/Gsh’ is of the order of one or two. Although low Q operation wes
atteined with this direct termination into 50 ohms, the power output was

t;:o small to be measured a.ccuratelj on & power bridge.b It was possible,
however, to measure relative output énd wavelength by using a high-gain
emplifier to amplify the output from a crystal detector.

The modifications made on cavity No. 2 to increase the power output
aere shown in Fig. 6.9. The pu.rpcsé of the carbon iris was to increase the
resistive component of the impedance "seen" by the electrons. This was only
partially accomplished, since the effect of the iris was also reactive. The
aquadag coating indicated inside the upper portion of the coaxial structure
was empoyed to decrease the Q of this section of the line. Calculations
assuming a short circuit at the upper face of the carbon iris gave a cavity
resonance wavelength of 13.5 cm. The arrangements shown in Fig. 6.9 was
employed in order to obtain the volt-ampere characteristics and power out-
put for two differeﬁt filament temperatures. The experimental results are
given in Fig. 6.10 for the Model OA No. 39 magnetron. Here the magnetic
flux density was 1760 gauss for both sets of curves. The signal output as
viewed on a spectrum analyzer was s‘fili broad and noisy, so that frequency
measurements are not too meaningful. However, it is interesting to note
that the frequency of the broed noise signal decreased with increasing
cathode temperature. The sharp peak in power output is d.irectiy related to
the resonant properties of the coaxial circuit employed here.

A volt-;anq:ere characteristic for the Model 9B No. 43 inmsertion

tube is shown in Fig. 6.11. The external circuit employed to obtain this
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curve was the same as indicated in Fig. 6.9 except for the absence of
the aquadag coating, and the presence of an extemal cathode bypass.

The magnetic field was 1550 gpuss and the filement current 2.0 amperes.
The wavelengths and power outputs indicated on the volt-ampere cha.fa.cter‘-
istic represent measured walues for a broad noisy signal except near fhe
high-Q resonance region of 1% cm. We observe here a significant wave-
length shift from 17.0 cm to 13.21 cm with & small increase in output
power. The wavelengths corresponding to the two lowest voltage points on
the volt-ampere characteristic were not meaéureable with the arrangement
of apparatus employed to obtain these data. No reascnable explanation
can be presented, at this time, to account for the positive and negative
frequency pushing indicated along the upper horizontal portion of the
volt-ampere characteristic.

In the voltage-tuneble operation attained by Wilbur and his
group at the General Electric Company below 1000 megacycles, the relation
between frequency and operating voltage was found to éoincide closely with
- the Hartree relation. This group also found that a clean signal could be
generated only by using a temperature-limited emitter. Either pure tung-
sten or specially designed oxide-coated cathodes were found eatisfaétory.
Conventional oxide cathodes resulted in unstable or noisy operation. This
also turned out to be the case in the microwave range using the insertion
tube described here.

An experiment employing the Model 9B No. 49 insertion tube was
conducted to investigate the effect of a tungsten cathode on voltage-
tunable output. Model 9B No. 49 employs a pure tungsten helical cathode

and was provided with an external bypass in the cathode line for this
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experiment. The cathode supply consisted of storage batteries and the
anode potential was obtained from a serles of minimax batter_ies.v Dwg.
B2052 in the Appendix shows the extermal circuit employed to obtain the

clean signal voltage-tuning data given in Table 6.I below.

TABIE 6.1
(v?ite) (micf'ge@e ) (i%]s') ( cxt) (;uss )
740 80 6.76 18.210 1520
850 80 6.8 . 14.628 1520
oko 160 7.0 12.492 1520
1080 500 T.1 11.34 1520

In this experiment it was found necessary to adjust the cathode
cwrrent for each anode voltage in order to maintain a clean signal. The
frequency was sensitive to cathode current, decreasing with increasing
current. Fig. 6.12 shows & plof of the frequency versus anode potential
from Table 6,1. Note the close correspondence between the experimental
date and the curve.computed from the Hartree equation for a'magnetic field
of 1!409 gauss. It should be pointed out that the measured flu:ﬁ density
(1520 gauss) given in Table 6.1 is considered to be somewhat in error.
The output available in the form of a clean voltage-tunable signal
varied between 10 and 30 microwatts over the measured frequency range.

A different approach to the study of voltage-tunable operation
made use of.the arrangement shown in Fig. 6.13. The block diagram shown

in this figure illustrates how the insertion-tube magnetron was used as a
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local oscillator for an s-band spectrum analyzer. The frequency of the
insertion magnetron is swept at & 60-cycle rate with a sine-wave source

in series with the anode d-c supply. Since thehorizontal sweep of the
cathode-ray' oscillograph is obtained with the same 60-cycle euppiy, the
frequency of the voltage-tmxable insertion tube is proportional to the
horizontal deflection on the CRO. Z-axis blanking was employed to re-

move the signal output from the screen during the return trace of the 60-
cycle sweep. With this arrangement it was possible to measure the total
width of the frequency-ﬁodula.ted magnetron output by mechanically tuning

a8 reflex klystron signal geherator through the frequency range of the
magnetron local oscillator. Fretiuency measurements were obtained from the
klystron signal source for ‘differenfc settings of the mechanically-tunable
Klystron cavity. Fig. 6.lia shows the results of ane of the tests made
with the a.ppa.ratus‘described above. In this figure two separate oscil-
log'abh traces are presented, each of which shows the amplitude of the
intermediate-frequency amplifier output as a function of local-oscillator
sweep voltage (or frequency). The upper trace wes photographed with a

éoha mc/sec klystron signel-generator frequency. The lower trace shows the
results with a 1690 mc/sec external-signal input. The above frequencies
correspond to the positions lying.ﬁzidway between the vertical pips shown
in the upper and lower traces, respectively. The frequency difference
between two adjacent frertical pips corresponds to.ho mc, which is twice

the intermediate frequency of the spectrﬁm analyzer. The total voltage-tuned
" Prequency difference obtained from the local oscillator for this perticular

test was therefore 2062-1670 or 392 me/sec.

The conditions under which the me.@etron was operated are listed
below. : '
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Model 9B No. 49 Tube

This tube uses a pure tungsten helix cathode.
Cathode bypass used.

‘Cavity No. 2 through GR "L" comnector and one 37-in. section
of RG-21U GR cable to spectrum analyzer.

B,

Eac

860 volte.

226 volts peak to peak (60-cycle modulating voltage).

A polystyrene disk partially coated with aquadag was placed inside
the cavity 3 inches below the center of the tube.

L

Iy = 6.7 amps.

75 u samps. (average).

(o)
]

1580 gauss.

Fig. 6.14b depicts the output of the voltage-tunable local
oscillator versus frequency in the uppermost trace. The frequencies
corresponding to the two tall pips in the center trace are 1680 + 20 mc/sec.

The conditions used to obtain this picture are the same as given immedi-
ately above except for the following:

B, = 845 volts
Epe = | 390 volts (peak to peak)
I, = 10p emps. (average)
Ipsy - 6.3 volts

B = 1695 gauss

Note: The output from the magnetron was taken through a GR "L"
conmector and one 37-in. section of GR RG-21U cebles to a crystal
detector. The output of the crystal detector is displayed in the
top trace.



The oscillogram given in Fig. 6.l4c was obtained with the same
circuit conditions as for the preceding test except that here a cathode
bypass was not employed. The voltages, currents and magnetic field for

this case were:

E, = 860 volts

=
L]

226 volts (peak to peak)

TS emps. (average)

R

B = 1580 gauss
I = 6.7 amps.
(to;gi%ra.ce)
Ifil = 6.8 anmps.

(bottom trace)

These oscillogrems portray the effect of & long line on the power
output versus frequency of a tunable magnetron. The top trace is essentially
the impedance of a transmission line as a function of frequency when the
line is many wavelengths long. The lower trace shows the effect of a
slight increase in the temperature of the cathode. We observe that in
the lower trace, the output versus frequency no longer resembles the re-
sponse expected with a constant-current generator. Here we find a clue to
_the properties of voltage-tunable operation in magnetrons. Since the anode
voltage determines the frequéncy of the r-f output, and if the top oscil-
logram in Fig. 6.llc represents the output obtained with an r-f constant-
current generator, then it is reasonable to ascribe the r-f constant-
current properties of the magnetron mainly td the temperature-limited
operation of the cathode.

An attempt to determine the effect of magnetic-field distribu-

tion in the interaction space on the noise output of the insertion tube,



resulted in the oscillogram shown in Fig. 6.14d. The traces represent
the output through a crystal detector versus frequency for two magnetic- _

figld conditions. Listed below are the conditions of the experiment.

Model 9B No. 49 Tube

Cavity No. 2 - with a carbon iris 3.5 cm from the nearest vane
edge. The carbon iris 0.D. was 0.600-in. wide and .250-in. long.

Output - Through GR "L" commector and a 10DB GR fixed attenuator
pad to crystal rectifier and then to the oscillograph.

Megnetic field -
Top trace - Normal operation.

Bottom trace - Magnetic-field distribution changed with an
external iron bar.

Eb = TOO volts

E, = 382 volts (peak to peak) 60-cycle modulation
Ip = b450pu amps. (average)

:[f i1 = T.1 amps.
B = 1420 gauss

Although the exact magnetic-field distributions are not known
for this experiment, the field distribution which gave the results shown
in the bottom trace of Fig. 6.14d is presumed to be asymmetric with
‘respect to the anode axis. The study of the field distribution is com-
plicated by the presence of the vane-anode Kovar cylinder which forms

e magnetic shunt.

6.4. Conclusions

The results of the experiments employing the insertion magne-
tron in a mechanically-tunable high Q resonator definitely indica.t'e that

that mechanically-tunable magnetron operation in the 10 to 20 centimeter



wavelength range with power output of the order of one-half or more watts
is attainable. The probléms which still require attention are: (a) the
improvement of the signal to noise ratio (b) the develomment of more
easily tuneble high-Q resonators for th:ls tube structure. Since the
siéna.l-to-noise ratio is to a great extent & function of the Q of the
resonator, it can be improved by employing more adequate circuitry.

This investigation has further shown that with a combination’
of vefy low Q and critical emission limited cathode operation it is pos-
sible to obtain & “clean" voltage;tunable power output of the order of
10 to 30 microwatts fram 1600 to 2600 megacycles per second. This fre-
quency range is attainsble only if the cathode temperature is adjusted
for minimum noise output at intervals along the tuning ré.nge. If the
cathode temperature is not adjusted a.].::ng the tuning range the clean-
signal output is voltage tunable over approximately 300 megacycles.

The limitations in froltage-ttmable operation with the present
magnetron structure are: (a) low-power output and (b) the critical nature
of the cathode temperature required for clea.n-signa.l output. At this
time it appears reascnable to ascribe both of the above limitations at
least in part ot the properties of the cathode. 1In addition it should
be apparent that a low Q circuit which results in a high impedance
between adjacent anodes will increase power output as well as rednce
noise., Further study of cathode requirements for low-Q operation is
necessary if higher power clean-signal volta.ge-ttmé.‘ble operation is to
be attained.

The potentialities of the insertion magnetron as & tool for the

study of mode boundary and pushing have been demonstrated by the results



obtained thus far. The effects of the cathode circuit on upper-mode-
boundary current are of particular significance for high-Q meghanically-
tunable operation and the results obtained are very encouraging.

Experience geined in the design, construction, and operation of
the insertion tube will be extremely valuable for the development of higher
power, higher frequency tubes of similar design. It appears feasible, at
this time, to extend the upper frequency high-Q opera.tioﬁ of this tube -

structure to approximtely 6000 mega.cycles per second.

7. Model 8 Double-Anode Set Interdigital Magnetron (J. R. Black)

The geometry of the resonant structure of the Model 8 magnetron
provides a flexible structure for designing .ma@etrons for various uses.
This is due to the fact that the r-f,field distribution within this struc- |
ture is such thet it may easily be affected by external means.

Initielly, an effort is being made to adapt the Model 8 structure
to an f-m magnetron, as shown in Fig. 7.lb. One set of anodes with its
associated cathode will form the magnetron oscillator section, while the
other set of anodes with its associated cathode will form a reactance tube
employing & magnetron—jbype space charge as the variable réactance.

| To determine the characteristics of the Model 8 structure a
high-power tube, as shown in Fig. 7.la, is being studied. Thisarrangement
employs two oscillator a.ncxie sets with their associated cathodes operating
in a push-pull type operation. It is believed that over 1000 watts c-w
will be obtained from this structure operating at 2300 mec.

An easily tlma.bie me.gnetron could be built, as shown in Fig.
T.lc. One set of interdigital anodes w?uld form the magnetron oscillator

whilea mechanically-variaeble condenser would be placed at the other voltage-
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maxime position. A simge cup-and-rod variable condenser on cold tests
indicated a tuning range in the order of 1.5 to 1.

A fourth type of use for this structure is indic#ted in Fig. -
7}ld. This system is a means of loading down & magnetron structure having
no resonent circuit for use as & voltege-tunable magnetron having an out-
power in the order of hundreds of watts. One-half of the Model 8 structure
would be used feeding directly into & waveguide through & window. See
Section 6 of this report for further discussion of voltage tuning.

Originally, develomnﬁuﬂ:wae started on a high-power double-anode
set magnetron. It wes felt that such a strubture would lead to results
immediately applicable to the development of an f-m magnetron. Earlier
on & previous contract Model 8 No. 36 was constructed employing oxide
cathodes which operated in the full wavelength mode of 18.k4 cm.

A new tube was constructed having tapered anode fingers to re-
duce the anode capacity. This was designated as Model 8B. Carburized
thoriated tungsten cathodes were used with this tube each of which produced
four amperes of diode emission current. The'design factors for Model 8B

are as follows:

N = 16

rg, = 450 cm

r, = .269 cm

Bo = 320 gpuss

Eo = 175 volts

cavity = 2.12x h.2h cm

h = 1.016 cm cavity height
A o= 13.2cm



A photograph of this tube is given in Fig. 7.2 and the assembly
drawing appears in the Appendix. Due to & shifting of Jigs during brazing
the anodes were not inserted their full depth in the tube causing the
resonate wavelength to shift from the desired 13.2 cm to 12.3 cnm. |

Model 8B operated in two different modes, neither of which was
the desired cavity A mode. They were the cavity 2 A mode at A\ = 8.5 cm
(£ = 3530 mc) and a parasitic mode of \ = 14.9 cm (f = 2012 mc). The
parasitic mode was associated with the coaxial lines formed by the cathodes,

- the pole pices and the cathode chokes.

Fig. 7.3 shows three pulsed-performance oscillograms of the
Model 8B. The upper curve shows the voltage-current diagram for the No.

1 cathode only, the center curve is the No. 2 cathode performance diagram.
The lower curve of Fig. 7.5 shows the peformance curve for both cathodes
operating together.

| It of interest that the meximm-current bowndary for the
14.9 cm wavelength mode with both cathodes operating was considerably greater
than the total of the maximum-current boundaries for the cathodes opera-
ting individually. With both cathodes pperating together the maximum-
current boundary is 290 ma, as compared to 155 me when the cathodes are
operated individually. This is a factor of about 1.9 to 1 and indicates
that space charge, as far as the mode boundary is concerned, likes to
work into a high impedance.

In order to investigate the role played by the cathode chokes
in this strucfxzre it was deemed desirable to construct a tunable version
of the rectangular tube. This was designated as Model 8C. An assembly

drawing for this structure is given in the Appendix. The Model 8C No. 63
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FIG. 7.2
PHOTOGRAPH OF MODEL 8B
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employed an old cavity which was machined but never used. The dimensions
of this cavity were 3 x 6 cm by 1.02 cm high and if loaded by two sets of
anodes of the Model 8B variety would resonate in the desired cavity A mode
at 16.74 cm. The Model 8C structure used one set of anodes of the Model -
8B type and a variasble condenser of the cup-rod type at the position
normally occupied by the second anode set.

Fig. 7.4 is a tuning curve of thié tube presenting A vs 4
(the gap width of the varieble condenser). As indicated there appear two
fixed frequency modes coupled rather tightly to the tunable mode. The
fixed frequency modes are associated with the cathode structure and it
is believed that these can be removed from the tuning ra.nge.

The maximum mode-jump current in this tube is quite low varying
between 30 and 40 ma in the tunable mode and 75 me in the fixed modes.
The low mode-jump current is believed to be due to the high anode cepaci-
tance of 6.2 ppf. Power output in the tunable mode varied between 20 to
35 watts with efficiencies on the order of 33 to 45 per cent. 75 watts
power output was obtained in the fixed frequency mode at an efficiency of
52 per cent.

Plans for the future development of this tunable structure are
as follows:

1. Determine the cause of the fixed frequency parasitic modes
and eliminate them.

2. Reduce the anode capacitance to increase the mode-jump
current.

3., Determine the correct choke design for the f-m version of
the rectangular tube.

It should be pointed out that this type of tunable magnetron

holds great promise at frequencies above 5,000 mc. The physical separation
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of the tuning structure from the anode structure while maintaining tight
coupling between the two is an answer to the problem of obtaining tuning
ranges better than or 1.2 to 1 at these frequencies.v At high frequencies
the vane structures became too small to insert L and C rings while exter-
nal cavities coupled to one of the ’resona.nt structures are inherently

narrow-band tuning devices.

8. Model 6 and Model 7 F-M Magnetrons (S. Ruthberg)

The Model 6 f-m magnetron has a coaxial rescnant system, two
anode séts, and two cathodes. The cavity is electrically one wavelength
long for the desired mode of oscillation (A = 13 cm). Voltage maxima
appear at each anode set. The oscillator section consists of 16 anodes
and the modulator section has 4 anodes. An assembly drawing of .this
tube is given in the Appendix.

Eight Model 6 tubes have been constructed, all of which coupled
power out of the modulator cathode line. OQutput power as high as 190
watts at 4O per cent efficiency has been obtained with the modulator
cathode removed.

Problems concerning power leakage down the cathode line )
mode-jump current, etc., have been investigated using the Model 7 magne-
tron, which has a less camplicated structure, but which is identical to
the oscillaetor section of the Model 6. The Model 7 coaxial cavity reso-
nator is electricaliy one-half wavelength long and has no provision for
frequency modulation.

The objective has been to bring the study of this structure
to & point where work on it can be stopped but readily resumed at some

future date. This decision was made in order to devote more time to

voltage-tunable tubes.



A rather extensive study of three different tube structures has
been made to determine, if possible, the cause.of the erratic behavior of
the Model 7. These structures are the Model 7D, with large loop area, the
Model 7A, with external line on the cathode structure, and the Model TF, a
mechanically-tuned device. In addition, information on the modes of opera-
tion of Model TE (modified vane structure) is presented. (See Appendix

for drawings of these tubes.)

TE No, 45
The Model TE magnetron has been operated c-w. This tube is identi-

cal to Model 7B but has a modified vane-and-bar structure for the purpose of
equalizing the r-f voltage between the cathode and the anode segments by
balancing the capacitance between the bars and cathode with that between the
vanes and cathode. This geometry is giyen in Fig. 8.1. The cathode, used
in this experiment is oxide coated, and has no filter for preventing power
loss down the cathode line. Fig. 8.2 lists two representative volt-ampere
characteristics. Because of back-heating difficulties, the tube was not
operated at much more than 100 watts input power. Both examples given are
for a magnetic-field density less than that of the cyclotron frequency but
for two different c.athode-heater currents. Higher heater power and stronger
magnetic fields lead quickly to large back-heating. Information about the
verious modes found in the volt-ampere characteristics may be obtained by
use of the Hartree equation and the actual starting voltage.

This 1s done by the following method. If k represents the
number of r-f periods necessary for an electron to complete one revolution
of the interaction space, its angular velocity is onf [k, where £ is the

frequency of the r-f field. Then » in these terms, the Hartree equation is
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from which the value of |k| may be found. r,, r,, B, and f are respect-
able the anode radius, cathode radius, magnetic-field density, and frequency.
The quantity k is related to the number of wavelengths of the r-f field in

the circumference of the interaction space by
k = n+pN; P = 0,1,2,...

vhere n is the number of waves of the r-f field around the periphery and

N is the number of anode segments. n is called the mode number for the
ipteraction space. If p = 0, k = n, which indicates the electrons move in
synchronism with the ti'aVeling r-f wave. If p 74 0, the number of r-f periods
taken by the electrons to travel around the interaction space differs from
the time taken by the r-f wave to cover the same distance. If P > 0, the
transit time of an electron from gap-to-gap in the anode is p r-f periodé
greater than that of the r-f wave. If the electrons move from gep-to-

gap faster than the r-f wave, they would, on the average, not give energy
to the r-f field. p < O indicates the electrons are moving in the reverse
direction to the r-f wave but in such a way as to convert their d~c energy
tor-f. Sop 1! 0 leads to other volt-ampere characteristics than for the
case of k = n. These cases of p # O are called the Hartree harmonics.

The approximate values of k found by use of Eq 8.1 have been placed on the
volt-ampere curvesb of Fig. 8.1. The interesting renge of wavelengths is
in the A = 12.8 cm region, since this seems to include the main cavity
mode. For camparison, the ﬁa.rtree voltage for a given choice of k is

found to be greater than the actual sterting voltage and is in agreement



with the usual experience of finding the starting voltages less than the
Hartree voltages. These facts indicate that k = 8 for the mode appearing
in the 1300 to 1400-volt range s kK =9 in the 1100 to 1300-volt range, and
k = 10 in the 1100-volt range. Values of k for other volt-ampere charac-
teristics at different magnetic fields agree with those presented.

In the desired cavity mode (TEM) k=n=0N/2 =8 for n-mode

operation of the anode structure. The first Hartree harmonic would then

appear for p = 1 at k = 24, Apparently, the tube operates in the n = 8
mode for the 1300 to 1400 volt characteristic. However s the Hertree
harmonics for this mode do not explain the appearance of k = 9 or 10,
and as yet no convincing argumént has beeri devised to éxplain them. Pre-
liminary investigation indicates that a TEp mode in the cavity could
produce the k = 9 or 10 configuration within the interaction space, but
this a.nalysis is complicated by the vane structure. For this mode of
operation modal lines in the electric field occur along diameters in the
cavity. Such a cavity operation would give rise to pairs of anode po-
tential waves in the interaction space which are the components of a wave
of periodicity N/2 or 8 with an envelope whose vaeriation is that of the

field in the cavity. Thus, the pairs of waves for

vwhere s is the periodicity of the cavity field. Hartree harmonics cen

exist for each of these waves. Then k = 9 might exist as the fundamental

k =n = 9 or as the first Hartree harmonic of n = 7 or k = 7 - 16, However,

k = 10 demands a fundamental of n = 6., But one would expect the resonant

frequency for these TE modes to be quite different from TEM; for example,
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the resonant wavelength for a TE,, mode in a cavity of the dimensions of

11
Model 7 would be in the neighborhood of 6 cm when the vane and coupling

structures are disregarded.

7D No. 42
The performance chart of the Model 7D 42 tube given as Fig.

9.4 in Technical Report No. 6 issued in January 1951 shows large pushing
at high magnetic fields. Since this would be a desirable feature for

the oscillator section of the Model 6 f-m tube, this tube was re-examined
in the region of high megnetic fields.

The resultant performance (Fig. 8.3) was found to be radically
different from that previously obtained. (See Fig. 9.4 Technical Report
No. 6.) The new performence diagram indicated erratic behavior especially
in the appearance of frequency doublets. Wavelengths were measured with
a coaxial wavemeter whose output fed into a crystal. The doublets were
observed as a double meximm in the crystal current. Further examination
of such points of operation with a spectrum analyzer showed the output to
consist of meny frequencies. Also, the wavelengths increased as the mode-
Jump current was approached, which was quite the opposite in normal opera-
tion. This tube failed before more complete data could be obtained.

Cold tests on the tube showed three resonances in the range of
wavelengths from 10 to 15.5 cm. These are seen in the graph of voltage-
standing-wave ratios ve wavelength, Fig. 8.4. The resonance at A\ = 12.96
cm is an undercoupled case with a loaded Q of about 10. The other two
are overcoupled cases. The resonance at A = 1k.6 cm is given in more
detail in Fig. 8.k. Qq for this mode is about 41. A comparison is

made in this figure with the results found previously.
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The large discrepancy between the past and present results
indicates that some mechanical orelectrical change has occurred in the
tube itself so that the two sets of information are not comparable. How-
ever, due to the unusual behavior of this tube, these results have been

incorporated in this report.

TA No. 33
In order to study the effects of cathode impedance on tube opera-

tion, the Model TA No. 33 containing a small diamter cathode (anode-to-
cathode ratio = 2.47) and having no choke or bypass on the stem was operated
under pulsed conditions with an external coaxial-line stub tuner mounted
on the cathode. Without this external tuner the tube operatéd strongly
in the vane mode but weakly in any other mode. The external cathode-line
tuner did not cause a large increase in the upper-mode-current boundary
although emall variations could be observed. Both 1l and 16 cm modes
could be made to appear, but the 14 cm mode was intermittent. It is
believed that considerebly more information could be obtained using this
approach by incorporating & tuner which would produce & wider range of
impedances at the cathode. The d-c voltage isolation problem associated
with this tube makes a wider range of impedance difficult to obtain. The
problem will be studied further using a Model 9 tube. When & slotted line
was coupled to the cathode in place of a stub tuner, it was noted that
power could be coupled out the cathode at the vane-mode wavelength as well

as the 1% and 16 cm wavelengths.

No.

A mechanically-tunable Model 7 tube designated as ModelTF was
constructed to aid the study of the Model 6 structure. A drawing of this
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tube is presented in the Appendix. With this model the operating charac-
teristics may be studied as a function of frequency over a range of 1 cm
in the 1% cm wavelength region. The vene, bar, and cathode geometries are
those of the Model 7B, which has a single output loop, and a backing ring
on the vanes to reduce the vane-mode wavelength. The ratio of anode-to-
cathode radius is 2.1. In addition, the cathode-line structure has been
modified for better heat transfer.

The Model TF No. 55 magnetron tuned over the wavelenth range
of 14.8 to 17.1 cm. The mode-jump current was extremely low over the entire
tuning range with a maximum of about 15 ma. X-rays of this tube indicated
that the cathode was misaligned.

The cathode was realigned end the tube pumped down. Subsequent
cold and hot tests have produced interesting results. The loaded Q of
the resonent structure with cold cathode changes from Lo to 20, while the
unloaded Q goes from 70 to 30, as the length of the structure is varied.
These values are intermed.iat.e between those of previous Model 7 magne-
trons, except the 7D, and those of the Model 9 voltage-tuned magnetrons.
Data are given showing the frequency range over which the tube tumes,
both as a cold resonent and a hot oscillating structure. Mode-jump current
is given as a function of heater power. Further, under certain oper-
ational conditions, frequency doublets appear.

As is seen in the assembly drawing (see Appendix) one side of
the coaxial cavity is contained between 2 monel metal bellows, such tha£
the length of this side can be varied by the thrust-bearing and plunger
arrangement shown. The varia.t:lon’ in length is given arbitrarily as a

distance, d, measured as indicated in the insert of Fig. 8.7.
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Voltage-standing-wave ratios as a function of wavelength, A,
obtained for the tube as the termination of a 50 {) slotted line in cold
test are given in Fig. 8.6 for d = - .62 cmand d = - .02 cm. For d =
- .62 cm the resonant wavelength is A = 1L.65 cm; Qr, is about 40; Q,, 65;
Qg 140. This is an undercoupled cese with VSWR at the minimum point
being 1.6. The low internal Q is probably due to the loss in the bellows.
Although, initially, these had been copper plated, brazing operations
caused alloying of the copper with the monel. The Qp, decreased in magni-
tude as the tube tuned to larger wavelengths upon extension of the bellows.
This is shown in the dashed curve of Fig. 8.6 for which d = - .02 cm, where
resonant A = 16.1 cm, QL =27, Q, = 3k, Qg = 131.

The tuning curve of the cold resonant cavity is given as Fig.
8.7, curve a. The range is 14.7 cm to sbout 16.7 cm.

So, then, as the resonant A increases, QL and Q, decrease,
while Qe remains about constant. The structure is undercoupled over the
whole range.

Performance data at various cavity lenghts are presented in
Figs. 8.8 to 8.11. There are a number of observations to be made.

First, note the fact that frequency doublets are present. These
are found in the following way. Wavelengths are measured with a coaxial
cavity wavemeter in conjunction with a crystal detector. Ordinarily,
positions are found for which the crystal current is a maximm, where the
distance between is A/2. Represent these positions of the plunger for
maximum crystal current as lines as in Fig. 8.12a. When doublets are
observed, the situation is as in Fig. 8.12b, where the "dispersion"

between plunger positions increase with the 'order" of the position, i.e.,
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the distance between the lines at the second position is twice that of
the fi-st; the distance at the thid position is 3 times the first and 3/2

that of the second.

N>

FIG.8.12
WAVEMETER BEHAVIOR FOR SINGLE FREQUENCIES
AND FOR DOUBLETS SHOWING DISPERSION IN-
CREASE WITH PLUNGER POSITION

Now, then, it is noted that these doublets appeér with lerge
values of B and cathode-anode potential in the large current range for &
particular performance curve. Observation of the characteristic in Fig.
8.8, for which the average magnetic field density, B, in the cathode-anode
space is 770 gauss, shows that A at first increases abnormally then de-
creases in the normal fashion. It is noted that a dip in the curve appears

et this transition point. This same process is seen to occur in the next
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characteristic (B = 950) where 2 successive points have A = 14%.784 cm;
however, the next point is a doublet, each point being of A less than
14,784 cm. This takes place in the other curves also, but for B = 1240,
doublets appeared earlier on the curve with respect to mode jump such
that measurements were made for 2 successive points, where it is seen
that pushing has taken place for each part of the doublet. Fig. 8.9,
for which d = - .38 cm and Q, is less than for Fig. 8.8, shows a greater
number of doublets. The B = 1100 curve is the most interesting here.

A increases in the first portion of the curve, splitting then occurs,
each part of the doublet pushes, and, furthermore, the dispersion of the
doublet increases when approaching the mode-jump-current boundary.

When a doublet appears, the crystal current for each part may
be less than that for the single frequency of the preceeding point al-
though the total output power i1s greater. This behavior is like the
intensity due to 2 spectral lines which gradué.lly diéperse as shown in
Fig. 8.13.

___ WAVEMETER
RESPONSE

% ——— SIGNAL
% f
FIG. 8.3

WAVEMETER RESPONSE FOR CLOSE
SPACED AND SEPARATED DOUBLETS
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Note, too, that mode-jump currents decrease with lengthening
cavity, or decreasing Q.

The performance as a function of heater power is given by Fig.
8.1%. Doublets are seen to appear earlier on the performance curve as the
heater power increases. Both pushing for each part of the doublet and the
peculiar transition from increasing to decreasing A occur as current in-
creases. Fewér doublets appear as QL gets smaller with d larger than - .38
cm. Mode-jump current as a function of heater power is seen in Fig. 8.15.

Further analysis of this structure has been stopped in order to
devote more time to voltage-tunable tubes. The above information is pre-
sented for the record to enable the resumption of the problem at a later

date with the least amount of repetition.

9. Model 13 Low-Power External Cavity Interdigital Magnetron (J. Boyd)

In thQ study of the Modelk 9 structure for the application of
voltage tuning at microwave frequencies, Dr. J. S. Needle has shown
experimentally (Technical Report No. 11) and Dr. H. W. Welch theoretically
(Technical Report No. 12) that the circuit is ome of the important para-
meters which limits the power output of a voltage~tuneble magnetron. The
desirable circuit characteristice set forth in the above reports are low
conductance and an inductive susceptance which varies slowly with fre-
quency. It is concluded that if the electrons "see" the above circuit
characteristics in the interaction space the generation of significant
microwave voltage-tunable power is assured.

It has become apparent from the above considerations that a
wvaveguide structure would be a more desirable circuit for the magnetron

than a coaxial line. The Sylvania 3J22, an external-cavity interdigital
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magnetron which was designed for use in a mechanically-tunable resonator,
has been used in several preliminary experiments. These experiments were
conducted in order to determine the operating characteristics of this
interdigital magnetron with various circuit arrangements. These experi-
ments will now be discussed.

In the first experiment a mechanically-tunable rectangular
cavity was used. The dimensions of the cavity are 2-1/2" x 5/16" x 7-
1/2", the length is varied by movable plungers in both ends. The 3J22
was mounted in the center of this cavity and operating data taken for
various positions of the plungers. It was found that the frequency of
oscillation is determined entirely by the position of the plungers. The
tube was mechanically tunable from 12 to 18 cm with a maximum c-w power
output of 60 mw. This type of cavity has a high Q but does not meet the
requirements of having an iductive susceptance which varies slowly with
frequency. A magnetic loop-type coupling was used.

With the plungers removed and the cavity filled with steel wool,
with short circuiting plates beyond the steel wool s 1t was possible to
voltage tune the tube from 16 cm to 13.84 cm (7.8%4). This range of
tuning required only 100 volts change in plate voltage (from 700 to 800
volts). C-w maximm output of 140 mw was obtained. The lowering of the
Q in this manner thus makes voltage tuning possible.

In the second experiment the 3J22 was mounted in the center of
a 23-inch section of x-band waveguide. Magnetic loop coupling wes used,
the loop being placed very near the tube. The tube operated at a frequency
below the cutoff frequency of tile guide. Therefore the guide presented

en inductive susceptance to the tube. Even though this susceptance is not
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a slowly verying function of frequency it wes possible to voltage tune
the tube from 17.27 cm at 720 volts to 12.48 cm at 960 volts (25 per
cent). A maximum c-w power output of 1.6 watts was obtained at an
efficiency of 13.3 per cent; however, ;.n the region of 1% to 15 cm the
power output was too small to be measured. The fact tha.t‘ the wave was
attenuvated very rapidly in the guide was demonstrated by using shorting
plungers in the guide. As expected for operating frequencies below the
guide cutoff frequency, it was found that the plungers did not affect the
operation of the tube until they were brought very near the tube.

For experiment three the 3J22 was mounted in & section of 3"
x 1-1/2" waveguide, which was connected at each end to a tapered-ridge-
to-coaxial-line junction (Fig. 9.1). One of the output terminels was
connected through several feet of lossy line to a 50-ohm termination, and
power for measuring wes coupled out by meens of the other coaxial terminal.
On pulsed tests the tube was operated from 5.78 cm to 13.85 cm (41 per
cent). The tube was then tested c-w and found to have operated over
approximately this same range, with substantially constant power output.
An attempt was made to obtain camplete operating characteristics of the
tube in thia arrengement, however, the tube failed before these tests were
completed. Other tubes will be available in the near future. The in-
complete c-w operating data show that the tube tuned from 1%.02 cm at
1300 volts to 10.228 cm at 1500 volts (16.5 per cent), with a power
output of approximtely 0.35 mw. The power output could be doubled by
connecting the two output terminals together, utilizing a line stretcher

to adjust the phasing for maximm power.
Further tests with this arrangement are planned as soon &s more

3322 tubes are obtained.
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The circuit arrangement used in experiment three seems to possess
the characteristics necessary for voltage-tunable operation. With both ends
of the waveguide matched to a 50-chm coaxial line by means of a tapered-
ridge waveguide, the a.dmittancé as "seen" by the electrons in the inter-
action space is determineé. by the type of termination used on the coaxial-
line output terminals. The junctions used have a very wide band character-
istic. Therefore, when the coaxial line is terminated in its characteristic
impedance, "looking" into the waveguide the conductance is the characteristic
conductance of the wavegulde and the susceptance is & slowly varying func-
tion 61’ frequency. The waveguide strucfure offers a good possibility of
obtaining the desired low conductance. Another requirement is that the
capacity between anode teeth be as small as possible.

Plans are being made to design an interdigital magnetron which
will operate in an external cavity similar to that used in experiment tﬁree:

‘The following specifications have been set up for this tube:
E, < 3000 volts
B < 2000 gauss

P = 5 watts

Q
n

D 1 pput
A = 10 cm (center frequency)

10. The Trajectron, a Tube for Study of Magnetron Space Charge (W. Peterson)

The purpose of this experiment is to attain a more complete
understanding of the magnetron by studying the space charge in a smocth-
bore d-c magnetrom.

It is proposed to measure an electron's position as a function

of time after it leaves the cathode. The tube will be used for this
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work is a d-c sxhooth-‘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 & fluorescent screen. This
tube has been named the trajectron. A photograph of this tube appears
in Fig. 10.1.
| Theoretically, the Z-direction forces are independent of the r
and © displacements and veiocities, and the r and 6 forces are independent
of the Z-position kor velocity. Thus, so far as r and © are concerned, the
beam electrons move in the seme menner as the emitted electrons. To find
the displacement of an electron in T seconds, the beam velocity is adjusted
so that the beam electrons spend T seconds in the magnetron space charge.
The 'rband 0 displacements are read from the fluorescent screen.

| The first models of the trajectron were sealed-off tubes and
were not successful. Théy were difficult to build, and difficult to
modify. The kovar used in the glass seals on the early models seriously
distorted the megnetic field, meking it impossible to align the exploring
beam, and even interferred with the operation of the magnetron diode.
These tubes also became gassy after a short period of operation.

It was decided that the most expedient way of overcoming these
difficulties would be to use & continuously.pumped system with teflon
gasket seals. This has worked out well; the present tube is rugged,
easily constructed and can be modified readily. To change & cathode,
fluorescent screen, electron gun, or all three, requires only about an
hour plus the time required for activation of the cathodes.

When the trajectron was first rebuilt as a cont‘inuously-pmnped
tube, the kovar was removed only from the magnetron diode section. The
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FIG.10.
VIEW OF TRAJECTRON NO.3
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beam still could not be aligned satisfactorily, although there was a
great improvement. At this point it was noticed that the earth's magnetic
field definitely affected the beam and had to be taken into account. The
tube was rebuilt without any iron or kovar. In fact, there are now no
glass-to-metal seals in the trajectron. The tube was also mounted in a
manner so that the beam can be aligned by the following procedure: first,
with no magnetic field applied, the electron gun is mounted so that the
beam is parallel to the earth's megnetic field. Next, the voltage is
applied to the solenoid, and the solenoid is oriented in such a way that
it does not affect the beam, i.e., so that the beam is on the axis of the
solenoid. The magnetron cathode is inserted in the magnetron diode, and
thé diode aligned so that the beam just grazes the magnetron cathode. The
beam alignment is still not sim_pleA, but at least it can be achieved.

The magnetron diode of the trajectron is working well, and
Vo.vaxo-Current data have been taken for various magnetic fields. The
current cutoff is quite sharp, and it appears that it will be possible to
operate the magnetron with the space-charge cloud near the anode while the
electron beam is operating giving a fairly large pattérn on the fluorescent
screen.

The magnetron voltage-current curves indicated points of negative
resistance at voltages well below cutoff. Ueualiy a single voltage-current
curve contained several such points. These points scaled with various
magnetic fields in such a manner that they always occurred when fhé space-
charge cloud was at a radius between 1.8 and 2.75 Tge Fig. 10.2 shows a
typical volt-ampere curve and Fig. 10.3 shows points where negative resit-

ance hag been observed for & wide range of magnetic field. These points
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were taken with two different cathodes and with several cathode tem-
peratures. This experiment will be repeated, and also perhaps a change
in the character of the trajectories can be observed which may throw
light on the cause of this phenomenon.

The electron beam has been aligned quite well and observations
were made of trajectories with a dummy brass cathode in the diode section.
It was found that the spot enlarged considerably when it was deflected.
The trajectron was operated once with an emitting cathode, and this effect
was more pronounced. Some new electron guns which will produce a better
beam have been ordered. When the beam is as good as can be obtained from
a conventional gun, the tube will be aligned carefully and data taken. This

should certainly be during the first quarter under the ensuing contract.



IV. CONCLUSIONS

1l. Summary of Results

Due to the nature of the research being done under this contract
it is impossible to conclude by a given date every phagse of the work.
Only by a review of the results accomplished within a given period can
progress be accurately evaluated. The following are cansidered to be
the most importa.nt results of this project during the past year.

a. The study of the propagation of electromagnetic waves in a
magnetron-type space charge has been completed and the
results presented in Technical Report No. 8.

b. A statistical approach to the study of the space-charge
equilibrium in a d-c magnetron has been completed, the
results of which are presented in Technical Report No. 10.

c. The "insertion magnetron,' an externasl cavity magnetron of
new design has been bullt and operated. Voltage tuning has
been obtained with a coherent signal from 1600 to 2600 mega-
cycles per second. High-Q operation is also obtainable with
this structure. The initial results of the study including
the design and construction of the tube are presented in
Technical Report No. 1l. -

d. A study of the dynamic frequency characteristics of the
magnetron space charge including frequency pushing and voltage
tuning has been completed during this period. The results
of this work presented in Technical Report No. 12 have led
to a considerable insight to magnetron operation.

e. The possibilities of an external cavity magnetron of the
interdigital type have been studied and found encouraging.
As & result of this study a magnetron has been designed
principally for voltage-tunable use operating into a
waveguide structure.

f. The rectangular cavity interdigital magnetron shows great
promise as & high power, f-m or mechanically-tunable struc-
ture. The results obtained from the mechanically-tunable
tube lead one to believe that with this structure one may
obtain tuning greater than 1.2 to 1 above 7000 mec.

-122-
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g. The study of the coaxial f-m structure (Models 6 and 7) has
been brought to & point where this study may be conveniently
stopped to be resumed at a later date. This has been done to
allow more effort to be placed on voltage-tunable tubes. It
is felt that this structure holds promise for an f£-m tube a.nd
study should be resumed in the future.

h. The trajectron has been developed to a state where accurate

measurements can be teken in the near future. Less than one
third of an engineer's time has been devoted to this work.

12, Work in Prospect

The further development of voltage-tunable tubes will receive the
major attention of this laboratory. Problems involving the control of
noise of these structures and the increase of power output will be stressed.
The Model 13 interdigital structure for waveguide operation will be de-
veloped as part of this program. The Model 8 rectangular tube will con-
tinue to receive attention since it appears to have excellent possibilities
as an f-m structure, a high-power structure or a mechanically-tunable
structure. “The trajectron study will be continued at its present reduced
rate and is to be the only experimental work connected directly with the

general understanding of magnetron behavior.
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V. APPENDIX

13. Tubes Constructed Within the Period Covered by this Report (R. F. Steiner)

Tubes constructed in the period covered by this report are
presented in Table 13.1. Construction was started on twenty different
tube structures. Sixteen tubes were operated hot on the test bench and
fourteen are still operable. Three tubes were lost during construction
and one tube was only partially constructed for display purposes. Of the
two +tubeg  Wwhich were operated, but at present inoperable, one failed

due to an extremely small leak and the other has a burned out cathode.

14, New Laboratory Facilities (J. R. Black)

Two new rooms have been added to the University of Michigan
Vacuum Tube Laboratory space in this period. Each of the new rooms has
a floor space of approximately 260 square feet bringing the total floor
space of the laboratory to 2900 square feet.

Most of the laboratory facilities are described in Technical
Report No. T along with pictures of the equipment. Approximately two-
thirds of the equipment in the laboratory has been provided by the
University of Michigaxi while the remainder has been provided by the Signal
Corps. It should be pointed out that this laboratory enjoys the position
of being able to draw on the laboratory equipment and facilities of the
entire University.

Fig. 14.1 1s an overall view of one of the new laboratory

rooms in which the voltage-tunable magnetrons are tested. A close-up
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FIG. 14.1
GENERAL VIEW OF ROOM 3515

FIG. 14.2
MODEL 9 COAXIAL TEST BENCH
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view of the equipment to the right of this picture is given in Fig. 14.2
showing a test setup for the Model 9 tube series.

A higx-duty cycle pulser built at this laboratory is shown to
the right of Fig. 14.2. This pulser is designed to produce & substan-
tailly square pulse of 0.5, 1.0, 2.0, 20, 50, 100 and 120 microsecond
duration. The .voltage is continuousiy varieble from 0 to - 8000 volts
and the maximum current is 3 amperes.

At the center of Fig. 14.2 is shown an electromagnet a.nd
cavity for the Model 9 series of megnetrans. The electromagnet, built
at this laboratory, is capeble of producing 10,000 gauss across & 1"
fep using 1-1/2 inch diameter solid pole pieces. The gap width between
the pole pieces is variable between zero and 8 inchéa by means of the
wheel shown &t the top of the magnet yoke.

To the left of the electromagnet (Fig. 1%.2) can be seen a
resistance control box for the eiectromagnet and a coaxial wavemeter.

Fig. 14.3 shows & close-up view of a Model 9 test set employing
& parallel plane line for mounting the magnetron. This type of line is
described in the Proc. I.R.E. for March 19501am1 is & transformed coaxial
line. The advantage of uéing this form of line over the coaxial type
is .in its ease of mechanical tuning. An AFR-5-A and a filament supply are
seen on the bench alongside the parallel.plate line. In the foreground
is a General Electric regulated power supply used for the plate voltage
source.

Fig. 14.4 is a close-up view of the test equipment used for the

investigation of the operation of an interdigital magnetron in a waveguide.

1 W. B. Wholey and N. Eldred, "A New Type of Slotted Line Section," Proc.
I.R.E., Vol. 38, No. 3, March 1950.
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FIG. 14.3
MODEL 9 PARALLEL PLATE TEST BENCH

FIG. 144
WAVEGUIDE ARRANGEMENT FOR
INTERDIGITAL MAGNETRON
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This is the equipment shown at the rear of the room in Fig. 1h.1. A
schematic drawing of this waveguide circuit arrangement Vis given in

Fig. 9.1. On the bench in front of the electromagnet can be seen the
filament supply for the mgnetroﬁ. On the table to the left is a Hewlett-
Packard Bolometer Mount, Model 430A and a tumable Bolometer Mount, Model
475B. Beneath this table is & high voltage plate supply.

Figs. 14.5 and 1%.6 show the test equipment installed in room
3506-A. This room had been built into the assembly laboratory room and
originally was used for desk space when theoretical work was emphasized.

The test bench in Figs. 14.5 and 14.6 is arranged for either
hot testing or cold testing magnetrons. Two electromagnets are shown in
these photographs for use with the Model 8A double anode high power magne-
tron. A General Radio siotted line used for cold tests can be seen on an
adjustable r-f line carriage. This carriage mekes possible the con-
venient use of either the small cold test coaxial line, a high-power
coexial line or a wavegulde. Two combination filament supplies and megnet
controls are shown at the back of the bench. A Model ISS-4SE, Type 107
spectrum analyzer mounted on a movablq table to the left of the electro-
magnets is employed for cold tests. A Model TO7-B oscillator using a
waveguide structure tumer built at this laboratory can be seen in front
of the spectrum analyzer where it is used as & local oscillator.

To the far left of Fig. 14.5 is shown & portion of a power
supply used for hot tests which has a variasble voltage output up to
15,000 volts at 7.5 kva.

New space hes been acquired for welding facilities, the power

hack saw, the metal cutting band saw, the sand blaster, and for the storage
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FIG. 14.5
VIEW OF TEST BENCH IN ROOM 3506 - A

FIG. 14.6
TEST BENCH IN ROOM 3506-A
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of stock for the machine shop. The space made free in the machine shop
by this new storage space is utilized by a Monarch 10" tool mekers' lathe

and & LeBlond 16" lathe.

15, Construction Technigues (R. F. Steiner)

Most of theAconstruction techniques employed at the University
of Michigan Vacuum Tube Laboratory are of standard type well known to
the art. These are discussed in Technical Report Nos. 3 and 7. The
assenbly of the Model 9B, however, was thought unique and is presented

here:

Assemblgof Model 9B Insertion Magnetromn

An assenbly di'awing of this ‘tube 1s presented in the Appendix.

Brazing Operations

Three gold-copper solder (37% Au) brazes are required to assemble
this tube.

1st braze: Anode bars (Part 3) to kovar cylinder (Part 7) in
the 32 bottle.

2nd braze: Anode vanes (Part 5) to the outer anode ring (Part
2) are brazed at 1040°C in the vertical two-chamber
Hpy furnace.

3rd braze: The subassemblies from the first two brazing operations
are assembled together and the copper ring (Part 6) is
brazed to the ends of the bar anode. This final braze
is made ‘at 1020°C in the vertical two-chamber furnace.

In the first braze the parts are mounted on a pre-oxidized stainless

steel jig which holds them in accurate alignment. One ring of .015 inch

Au-Cu wire is used.

The second braze uses & stainless steel jig with accurately

mechined radial slots which align the copper vanes axially and
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longitudinally relative to the outer anode ring. One small U-shaped
.015 inch Au-Cu wire is dropped over each vane and forced against the
outer anode 'ring with U-shaped stainless steel wires to insure proper
wetting of the parts.

The final braze is accomplished by using & .0015 inch Au-Cu
washer between the anode bars and the anode cap. A stainless steel
alignment jig 1s used to keep the outer anocde ring assembly from touch-

ing the center conductor assembly, while the anode cap is being brazed.

Glassing Procedure

The glassing of this tube requires six steps. In the first
step (Fig. 15.1-A) the vane anode kovar cylinder is held securely by
means of a specially made split stainless steel Jig held in the headstock
of a Model F Litton glass lathe., The center conductor of the tube is
held accurately in a chuck at the tailstock end of the lathe.

A glass cylinder 1/16" long cut from standard 7052 glass
tubing to £it over the 5/16" kovar center conductor is sealed to the kovar
1/16" away from the copper of the bar anodes. Heat is applied mostly
to the kovar to insure proper sealing of the glass. Caution must be
taken in making seal to preveni: the copper anodes from the meit:l.ng.

The second step shown in Fig. 15.1-B uses the same jig for
holding_ the vane anode kovar cylinder in the lathe headstock while the
tailstock chuck is replaced with a wooden collet which holds the proper
size glass for sealing to this kovar cylinder. The kovar center conductor
is held in position by a longitudinally-slotted kovar cylinder which Just
fits inside the center conductor. A .050 nickel wire bent into an S

shape is spotted to one end of this slotted kovar cylinder to keep the
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far end of the kovar center conductor in line while the galss is sealed
to the vane anode kovar cylinder. The kovar is pre-oxidized on the
inside to a depth of approximately 1/8 inch. The glass tubing is then
tapered slightly on the end, placed inside the kovar which is then heated
wtil the glass wets to it securely. Care must be taken not to heat the
outer kovar near its center, since this would damage the AUPCu.braze‘Joint
to the anode vanes.

After the above described glass-metal seal is made the glass is
cut with a torch to about l/h inch length (see Fig. 15.1-C)bin preparation
for the fourth operation of sealing the outer glass cylinder to the glass
bead on the center conductor.

In this fourth step the tube is held as described in the first
operation. Scribed lines on thé center conductor and the outer kovar
cylinder facilitate azimuthal alignment. A split stainless steel jig
machined to simultaneously fit both diameters of the tube is used to
locate the scribed lines accurately. Longitudinal alignment is checked
with a dial indicator. The center conductor is pulled out .0l2 inch
beyond its final desired position to allow for differential expansion
while glassing.

After the glass has been brought to a workable temperature &
flat graphite paddle is used to lap the glass down to the glass bead on
the center conductor. When this point is reached heat is then applied
to the kovar near the glass bead to assure a good seal. Meanvwhile
paddling continues until & straight seal is reached. Uniformity of the
thickness of the disc seal can be controlled by applying heat where
thicker glass is needed using the speed of the lathe to throw the glass

outwardly or inwardly, whichever is required.
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This glass disc seal being a coampressive type seal is cooled
and annealed outward from the center conductor. This type of annealing
insures a very strong seal.

In order to accomplish the fifth step shown in Fig. 15.1-E a
glass disc is sealed to the slipt fit end of the center conductor kovar
cylindér. This is done by holding the kovar tubing in one end of the
lathe and a piece of glass tubing in the other end, sealing the glass
to the kovar, and blowing the glass out against a s_pecially made carbon
form held firmly on the lathe. The glass is then cut with a torch, to
form the disc shéwn.

_ The tube is now ready for the final step in assembly as shown
in Fig. 15.1-F. Two torches are needed in order to heat the tube pro-
perly and to amneal it. One torch is used to gently heat the center
conductor at the first glass seal. Meanwhile the second torch is
used to gradually heat the slip fit center conductor in preparation for
sealing fhe glass disc to the outer kovar cylinder. When the glass is
hot the torch i_s then :directed on the outer kovar cylinder which is
oxidized and heated to a bright red while the glass disc is pushed into
place. The glass wets the kovar and then is further heated to create a
uniform thickness throughout the disc seal.  The slip fit end is not
inserted all the way. A .012 gap is maintained here. Both torches are
used in the annealing process using the same method as that of step 4.
Anmnealing from the center conductors, to the glass, and then to the

outer kovar cylinder makes a strong compressive kovar-to-glass seal.

Chemical Cleaning of the Tube

The tube is placed in a warm solution of Oskite No. 32 for five
minutes, washed in distilled water and then immersed in a solution of
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bright dip (8 perts H S0y, 4 parts H N0, and 1 part of H,0) for one-half
minute. The tube is then rinsed in distilled water. If any oxide remains
the tube is again immersed into the oakite solution.

Finally the tube is thoroughly rinsed in distilled water fol-

lowed by a methanol rinse. Clean compressed air is used to dry the tube.



SECTION 16
ASSEMBLY DRAWINGS OF TUBES AND SPECIAL CAVITIES
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