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ABSTRACT

The problems involved in frequency modulation of magnetrons by
means of the magnetron type space charge swarm have been investigated. The
technique of making impedance measurements on hot magnetrons has been used
extensively. Experimental results agree very well with the theoretical
analysis. This work, which is summarized in the present report, has been
discussed in detail in Technical Report No. 1 issued by the project entitlea
"Space-Charge Effects and Frequency Characteristics of C-W Magnetrons Rela-
tive to the Problem of Frequency Modulation."

The interdigital magnetron has been used as a basic structure for
the development of frequency modulation magnetrons in this laboratory.
Operation in the zero order mode is desired. Technical Report No. 2 entitled
"Operation of Interdigital Magnetrons in the Zero Order Mode" discussed in
detail principles of design and resulting performance of tubes of several
basically different designs constructed in this laboratory. This work is
summarized in the present report. The techniques used in construction of
interdigital tubes are described in considerable detail.

Three frequency modulation magnetron designs have been studied.
Preliminary tests have been made on an oscillating model of one of these de-
signs. The results of this development are not complete, but are presented
in their present form.

A general outline of the procedure used and the facilities of the
laboratory are discussed. The principles of tubes, based on the interdigital
principle, which might be applicable to magnetron amplifier, signal genera-
tors and high power magnetrons, are given brief attention. Suggestions are

offered for the direction to be taken in future research in this field. Com-

Plete drawings for one model and assembly drawings of all tubes designed in

this laboratory are given.
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THEORETICAL STUDY, DESIGN AND CONSTRUCTION.OF
C-W MAGNETRONS FOR FREQUENCY MODULATION

FINAL REPORT

I. INTRODUCTION

l. Purpose

The purpose of this report is to summarize the progress in the
University of Michigan Electron Tube laboratory during the period from July
1, 1946 through April 30, 1949, on Contract No. W-3%6-039 sc-32245 for the
Signal Corps. This contract stipulates that the program of work should con-
sist essentially of two parts as follows:

Part 1. A study of problems involved in the development of r-f
tubes and associated r-f circuits for communication equipment, the require-
ments of which are, in general, outlined in the following paragraph. The
results of this study are to be reported to the Signal Corps, listing the
problems involved and suggesting steps to be taken in further research.

The technical and operational characteristics to be used as a
basis for the above work are as outlined below:

a. Carrier Frequency Range and Stability. The equipment
shall require one r-f oscillator tube for both transmitter and re-
ceiver which shall be tunable for at least the range from 2000 to
2400 megacycles. The frequency stability with respect to all phe-
nomenon tending to shift frequency shall be comparable with that
of the most stable cavity which may be possible without unduly

complicating the size and weight of the equipment. The tempera-
ture range to be covered will be -40° centigrade to +60° centigrade.




b. Modulation. The type of modulation utilized in the equip-
ment shall be frequency modulation which is sufficiently wide and
linear to accommodate the intelligence modulation band of 0 to 5
megacycles with distortion of all types as small as possible.
(These distortion products shall be in the order of one-tenth of
one per cent or less for at least the first one-half megacycle of
the intelligence band).

¢. Operation. The transmitter power output shall be suf-
ficient to provide signal-to-noise ratios in the order of 50 to 80
db in the receiver when operating over a line-of-sight transmission
path 50 miles long. Sufficient margin for propagation difficulties
shall be included in this power output. (This margin may be in the
order of 30 to 50 db.) All vacuum tubes shall be capable of at
least 1000 hours of operation.

d. System Requirements. The resulting equipment shall be as
simple and light-weight as possible, as well as very efficient in
respect to power consumption. The antenna radiating and receiving
apparatus shall be capable of being mounted on a sectional mast
which shall have a total height of at least 50 feet. This antenna
system shall have provision for connection with the transmitting
and receiving equipment at the base and shall allow full duplex
operation (4-wire circuit with discrimination between transmitted
and received signals of the order of 70 db) with the simplest an-
tenna system possible (the antenna apparatus shall not exceed in
complexity a three- to four-inch diameter sectional mast and one
forty-eight-inch diameter reflector, or equivalent, except for
diversity reception facilities). Diversity reception facilities
preferably utilizing some form of radio carrier frequency mixing
shall be included in the equipment.

Part 2. Basic research on tube and correlated circuit problems.
The basic findings resulting from investigations under Part 1 are
to serve as a guide in the choice of problems.
Initial objectives of the Tube Research program are to be:
a. Achievement of a more satisfactory understanding of the

nature and causes of frequency pushing in magnetron
oscillators.

b. Attainment of means for controlling the frequency of
magnetrons by building them with amplifier properties
to permit the frequency to be controlled by external low
power stable frequency sources.

Initial objectives of the Circuit Research program are to be:



a. Study of existing magnetrons by making "hot impedance
measurements” whereby the r-f impedance of the tube is
measured as a function of d-c voltage (cathode heated
and the applied d-c voltage too low to initiate oscil-
lation).

b. Devising of a working combination of magnetron power
tubes, magnetron or other reactance tubes, and monitor-
ing tubes susceptible of either frequency or amplitude
modulation at a frequency stability suitable for com-
municating purposes.

The actual procedure which has been followed in conducting this
research is outlined in detail in Section 2 which follows. The program has
been essentially within tne limits outlined above, conditioned partly by the
findings resulting from study of existing knowledge of the subject and partly
by the desire to maximize in usefulness the capatilities of personnel, equip-
ment and funds available to the project. In order to limit the scope of re-
search the program has been limited to include primarily problems pertaining
to frequency modulation and frequency control of magnetrons. The choice of
a magnetron-type oscillator as a prime source of power is based on the be-
lief of the University of Michigan research staff that it has greater pos-
sibilities of maximum efficiency than other microwave devices, that there 1s
probably more room for new ideas based on the magnetron principle, and that
the Michigan research staff is better qualified to work with magnetrons than
other microwave tubes. This thought was, of course, more or less in mind at
the instigation of the project.

Magnetrons constructed for use in research have been entirely of
the interdigital type. This emphasis has been partly based on belief that
the interdigital magnetron holds more possibility of an incorporated frequency

modulation and control system and partly because there is more opportunity and

more need for improvement of this type megnetron than with vane magnetrons or



with split anode magnetrons. The conditions which must be placed upon the
resonant circuit and interaction space design of interdigital magnetrons to
favor operation in the zero order mode have been studied 1n considerable
detail. Several tubes have been built. The best performance observed'to
date is 500 watts output at 75 per cent efficiency.

An electronic system of modulation is necessary for the obvious
reason that the desired modulation band is five megacycles. Any other type
of system would have excessive inertia. Emphasis has been upon the place-
mept of an electronic modulating reactance directly within the oscillator
resonant circuit. This is as opposed to the system in which a separate re-
actance tube is coupled to the oscillator structure.

Electron beam type of reactance modulation using the cyclotron
resonance has been investigated by other laboratories in various types of
magnetrons., Use of properties of the magnetron type space charge cloud of
cylindrical geometry has, on the other hand, been more or less limited to
split anode structures and load impedance modulation devices. The interdi-
gital magnetron, because of the cylindrical geometry of its resonant cir-
cuit, is particularly adaptable to use with space charge reactance of cylin-
drical geometry. The properties of this type of space charge have been
studied in this laboratory by making impedance measurements on conventional
magnetrons in which a space charge cloud is present. The voltage applied to
the magnetron is kept less than the value necessary to support oscillation.
The effect of variation in voltage and magnetic field on resonant wavelength
and unloaded Q of the magnetron is observed. These effects are related by
theoretical analysis to properties of the space charge. A basic understand-

ing of the space charge cloud is thus obtained, meking possible intelligent



design of magnetrons for frequency modulation incorporating such a scheme
for changing reactance.

Frequency stabilization of a frequency modulated prime source of
power (as opposed to a low level source with amplifier) necessarily involves
a monitoring system with a stable reference. The resonant circuit of the
prime source cannot have a high loaded Q since low Q, of the order of 100 in
this case, is required to allow frequency modulation. If electronic frequency
control is furnished on the prime source (as is certainly the case if fre-
quency modulation is possible) the problem of stabilization by a monitoring
system is one of associated circuitry which has been proven practical in
several instances.

The laboratory facilities for construction and testing of magne-
trons have been built up to a point where the facilities compare very favor-
ably with other experimental electron tube laboratories in this country.
This has been accomplished as much as possible with the aid of University
funds, equipment and facilities.

Much of the theoretical and experimental work has been carried on
more or less simultaneously, depending upon the availability of time and
equipment. In the following pages, an attempt is made to summarize the ma-
terial logically, separating theory from experiment. The most important re-
sults having to do with frequency characteristics of c-w magnetrons and with
design of interdigital magnetrons for operation in the zero order mode are

discussed in detail in two separate technical reports.(l) The first of

(1) Technical Report No. 1, "Space-Charge Effects and Frequency
Characteristics of C-W Magnetrons Relative to the Problem of Frequency
Modulation", H. W. Welch.

Technical Report No. 2, "Operation of Interdigital Magne-
trons in the Zero Order Cavity Mode", H. W. Welch and G. R. Brewer.



these was published in November, 1948. The second appears concurrently with
the present report.

The principles discussed in these reports have been applied to the
design of two frequency modulation magnetrons. Initial magnetron performence
tests have been made on one of these, but no data on electronic frequency
control have been obtained at the writing of this report.

The work of this project is continuing under a new contract, No.
W-36-039 sc-35561, so some of the material presented herein pertains to un-

finished developments.

2. Outline of Procedure

In a research project of any magnitude and time duration, several
more or less independent activities must be carried on simultaneously with
occasional concentrated effort on one activity or the other. The purpose of
this section is to outline in a general way the procedure used in approach-
ing the problems defined for the project.

a. Survey of Existing Knowledge Pertaining to the Problem: The

first step in this phase of the activity was to estimate on the basis of the
technical and operational characteristics mentioned in Section I the approxi-
mate specifications of a magnetron which would be suitable to use with the
equipment. This being done, a survey of available literature in the form of
wartime government reports, magazine articles, and other postwar publications
was made with emphasis on papers related to design problems in c-w magnetrons
and theoretical and experimental analysis of frequency modulation of magne-
trons. A fairly complete bibliography of references was given in Technical
Report No. 1. Several laboratories working on similar problems were visited

and arrangements made to obtain recent progress reports. Through these



reports and subsequent personal contacts with engineers from other labora-
tdries, knowledge of current developments was kept up to date.

b. Construction and Improvement of Laboratory Facilities: This

activity includes the building up of a satisfactory machine shop, assembly
equipment, and microwave test facilities. A lack of space in the initial
location of the laboratory delayed the installation of part of the machine
shop and brazing equipment until late 1947. During this period the facili-
ties of the Physics Department machine shop were used and all brazing was
done in a hydrogen bottle. Most of the microwave test equipment was con-
structed in the Michigan Laboratory because of the unavailability at the out-
set of the project of commercially manufactured equipment in the desired fre-
quency range. War surplus equipment was obtained where possible. After in-
stallation in the new Electrical Engineering Building in late 1947, the time
spent on improvement of laboratory facilities was very small.

c. Theoretical and Experimental Analysis of Resonant Circuit

Geometries Applicable to Interdigital and Frequency Modulation Magnetrons:

In order to provide immediate familiarity with the various modes possible

in the interdigital magnetron, demountable brass models approximating the
structure to be used were built and subjected to extensive measurements be-
fore final designs for operable tubes were settled upon. A simplified theory
of the zero order mode was developed. This study included an analysis of the
effect of the cathode circuit upon performance which was more detailed thén
any previous work on this subject. As a result, several possible schemes

for frequency modulation suggested themselves. Brass models were built to
test experimentally some of the principles involved, and two of these were

subsequently used as the basis for design of frequency modulation magnetrons.



d. Theoretical and Experimental Study of Characteristics of Magne-

tron Space Charge: The emphasis in this activity was on study of effects on

frequency. In order to accelerate the program, initial measurements were
conducted on 10 cm commercially available c-w magnetrons. Most of the effort
was aimed toward an improved understanding of effects of magnetron space charge
in a non-oscillating structure. Theory was developed to explain quantita-
tively hot impedance measurements of this type. This theory was applied to
the results of experiments made on tubes built in this laboratory, with good
agreement at low r-f voltage. High r-f voltage measurements and measurements
on oscillating magnetrons were subject only to explanation which was partially
quantitative and partially qualitative. The results of all of this work were
discussed in Technical Report No. 1.

€. Design and Construction of Magnetrons to be Used for Research:

Three basically different interdigital magnetrons were designed on the basis
of the survey of existing knowledge and analysis of the r-f circuit. These
tubes served several purposes; as subjects of research on space charge charac-
teristics, as a check on scaling and resonant circuit theory, as a guide in
developing construction techniques, and as basis for subsequently designed
frequency modulation magnetrons. Two basically different frequency modula-
tion magnetrons were designed. The study of the performance of these tubes

will be the subject of future activity.

3, Limiting Specifications

In order to get an idea of the general electronic properties of a
tube which would fit into a system as described in the technical objectives
of the contract, an estimate has been made of the power output which will be

necessary. Using this figure, one can approximate the various voltages,



currents, etc., which determine the nature of the equipment to be built
around the tube, for test as well as use purposes.

The power output needed is determined by the following factors:

a. Distance between transmitter and receiver

b. Assumptions made about the transmission characteristics of

the path between transmitter and receiver

c. Type of antennas used

d. Signal-to-noise ratio desired 1i.. the receiver

€. Practical limitations on size anu weight of equipment
It will be seen that a compromise is necessary between the third and last re-
quirements and the other three.

The calculations are made assuming figures for antenna gain dis-
tance noise level, etc., commensurate with the figures listed in the techni-
cal objectives and other known limitations.

The initial assumptions are:

a. 20 mc bandwidth f-m receiver, 5 mc band out of second de-
tector at 50 db signal-to-noise ratio.

b. 50-mile transmission path.

c. antenna 5 feet in diameter.(l)

d. 6 db transmission margin in r-f systems of transmitter
and receiver.

€. no margin over "free space" transmission.

f. frequency about 2000 megacycles.

The receiver input noise is assumed to be 12 db above the theo-
retical minimum. The resulting noise power present at the receiver input

is found to be
Noise power present at receiver input = 132 x lO'lh watts

In order for peak signal amplitudes to equal peak noise amplitudes the sig-
nal power must be a factor of 10 greater than the noise power. Threshold is

defined as where the peak signal amplitude is equal to twice the maximum

(1) Recommended antenna size was increased after initial calcu-
lations indicated that power requirements were near to marginal values.
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peak noise amplitude. The threshold power is proportional to the square of
the amplitude. Therefore:

Required input signal at threshold for f-m (2)2 x 132 x 10713

508 x 10”12 watts.

After taking into account the noise reduction factor due to an f-m aetector

the resulting signal-to-noise ratio at threshold, for an f-m receiver

Signel _
Noise £-m 25.8

All calculations leading to the above mentioned figures are based on the
method outlined by Murray G. Crosby.(l)
The desired signal-to-noise ratio is 50 db. Thus, an additional

24,2 db or 263 times threshold power is required. Therefore:

Power required at receiver input for 50 db signal-to-noise ratio =

26% x 528 x 10”17

13.9 x 10~ watts.

6 db power loss is allowed for design compromises in the receiver and 3 db

loss in the receiver r-f transmission circuit. Therefore:

Power delivered by receiving antemna for 50 db signal-to-noise ratio =

8 x 13.9 x 1072

111 x 1077 vatts.

Assuming parabolas 5 feet (1.52 meters) in diameter (D) at both receiver and

transmitter, A = .146 meters and path length, L, of 50 miles,

(1) Crosby, Murray G., "Frequency Modulation Noise Characteristics",
Proc. IRE, April 1937.
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Ratio of transmitted to received power

Pp 2.8 212
Pr DE
11

7.2 x 10

Power delivered to the transmitting antenna is, therefore,

11 11

Pp = 7.2x 107 x 1.11 x 10

T 8 watts.

A 3 db loss is assumed in the transmitter r-f transmission cir-
cuit. Power delivered by the transmitting tube is 16 watts for free space
transmission at 50 miles.

Received field strengths at microwave frequenpies may be expected
to be subject to fades up to & maximum of about 30 db below free space values;
it is therefore desirable to provide a transmitting tube with a power output
in excess of that required for free space transmission. If a 30 db margin
is assumed, this makes the power requirement 16,000 watts, an impractical
value for a system as "simple and light-weight as possible”, as specified in
the system requirements.

500 watts is considered a practical tube power output suitable for
use in the system desired. For a tube power output of 500 watts

Excess power available over free space requirement
= 500/16 = 31.2 or 14%.9 db.
A total of 12 db loss was assumed for design compromises and r-f transmission
loss. Therefore, the maximum possible transmission margin over free space
requirements for a 500-watt tube would be 15 + 12 or 27 db.
Based on this result and consideration of other conditions imposed

by the system requirements, the following desirable properties are tentatively
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set up for magnetrons designed by the Michigan laboratory.

a. Frequency, tunable from 2000 to 2400 mc

b. Approximate power output, 500 watts

c. Frequency modulatable, 5 megacycle rate; 10 megacycle
deviation from center frequency

d. Minimum amplitude modulation

e. Frequency stability, .0l per cent after 5 minute warm-up
reriod for 4 hours operation

f. Plate voltage, 2000 to 3000

g. Plate current, .5 ampere to 1 ampere

h. Cooling: air

Boundary specifications for the proposed magnetron are given in
Table 1. These values are not to be taken as a range for a particular tube,

but satisfactory tubes are expected to fall within the ranges given.

TABLE 1

Boundary Tube Specifications

Filament voltage 6-15 volts
Filament current 10-20 amperes
Frequency range 2000-2400 mc

Typical Operation

Filament voltage
Anode voltage
Anode current
Power output
Efficiency

6-15 volts or less
2000-3000 volts
- .6 amperes
300-700 watts
40-60 per cent

Maximum Ratings

Peak anode current
Average anode current
Anode dissipation
Cooling*

1.2-1.8 amperes
.5-.7 amperes
400-800 watts
Forced air

* Note: Tubes built for experimental purposes are

all water-cooled for simplicity in structure.
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II. BASIC THEORY

4. Characteristics of Magnetron Space Charge

The analysis of magnetron space charge has been given in detail in
Technical Report No. 1, Sections 5 and 6. The results will be summarized
here, Two types of properties are studied; these are:

Type 1. Properties having to do with the distribution of angular
velocity, field, potential and charge density and defini-
tion of the space charge boundary.

Type 2. Properties having to do with the propagation of electro-
magnetic waves in the space charge distribution so defined.

The properties of the first type are analyzed for two important cases.

Case I. This case concerns space charge as it is assumed to exist
in a non-oscillating or static magnetron. In this case, a steady state con-
dition is assumed in which the electrons have no initial radial velocity and
no radial velocity throughout the space charge cloud (i.e., no radial cur-
rents). Individual electrons follow, therefore; circular trajectories around
the cathode. The angular velocity, field, potential and charge density are
functions of radius. The resulting picture is a rotating cylinder of space
charge with different layers of the cylinder traveling at different veloci-
ties and having different densities.

Case II. This case concerns space charge as it is assumed to exist
under conditions where all electrons in the region considered are moving
around the interaction space of the magnetron synchronous with an angular
velocity determined by properties of the magnetron resomant circuit. This

angular velocity in the case of the fundamental mode of oscillation of the

magnetron is given by
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(0))
Wy=7 (1)
W, = ano = 2x resonant frequency of magnetron
n= g = % number of anode segments in the magnetron

Space charge of this type, called synchronous space charge, exists if two
conditions are satisfied. An r-f voltage of the proper frequency must be
imposed upon the magnetron anodes; and the d-c potential on the magnetron
must be high enough that the outermost electrons of the static magnetron
space charge (Case I) shall have attained at least synchronous velocities.
Electrons which tend to revolve at higher velocities will be slowed to syn-
chronism by the r-f field in regions where they tend to go against the field,
moving outward until the energy abstracted from the d-c field just balances
that given to the r-f field. In regions where they tend to take energy
from the r-f field, the electrons are accelerated and sent inward by the
action of the steady magnetic field. Thus, synchronous magnetron space
charge tends to form in spokes outside a region of static magnetron space
charge.

A sketch showing these two types of space charge as they might
appear is given in Figure 4.1. Analysis shows that the condition for which
electrons in the spokes can just reach the anode is Just the condition de-
fined by Hartree for initiation of magnetron-type oscillation. The analysis
also shows that the density of the static magnetron space charge is consider-
ably greater than the density of the synchronous magnetron space charge. The
ratio of densities might be of the order of 2 to 1 to 10 to 1 in typical

magnetrons.

Other results defining the various distributions, voltages for which

space charge reaches the anode for the two cases, voltage for which outermost
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......

STATIC MAGNETRON
SPAGE CHARGE

SYNCHRONOUS
SPACE CHARGE

FIG.4.1

PICTORIAL REPRESENTATION OF SPACE
CHARGE WITHIN INTERAGTION SPACGE.

electrons in the static magnetron space charge reach synchronism, and boun-
dary of static space charge as a function of anode potential and magnetic
field are presented graphically in Technical Report No. 1. Curves are plot-
ted in dimensionless variables. Some of these, showing distributions in the
two types of space charge, are shown in Figure 4.2. The validity of some of
the theoretical results is borne out by results of experiments described
briefly in Section 12 of the present report.

Properties of the Type 2, that is properties having to do with the
propagation of electromagnetic waves in the space charge distribution, are
of great importance to understanding of the problems of frequency modula-
tion with magnetron-type space charge. For the purposes of this analysis,
the space charge cloud, as defined by analysis of the properties of Type 1,
is considered in the manner that we consider a free electron gas. Small
gignal strengths are assumed although experimental evidence indicates that

certain of the properties are not altered by the presence of large signals.
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If large signals are used, the losses introduced by cathode bombardment be-
come measurable. There 18 no damping term included in the usual treatment
of a free electron gas because complete energy transfer occurs in collisions
between electrons. In this sense, the free electron gas is not comparable to
a conductor because in the former the mean free path is practically infinite
and collision damping is negligible. Collision damping makes the conducti-
vity finite.

The space charge in the magnetron is considered as an atmosphere
of determined density and boundary given by the results of analysis of the
properties of Type 1. In this case, it is immaterial what system of coordi-
nates is used for the force equations. It is only necessary to discover
what happens to an electromagnetic wave at the boundary of the space charge
and within the space charge atmosphere. TFor this purpose the equations of
force on the electron are solved for velocity in the presence of the elec-
tromagnetic field. The velocity multiplied by the charge density gives the
resultant r-f current. A complex conductivity can be defined which is a
function of space charge density, frequency, and the steady magnetic field
in which the space charge is circulating. The space charge density, when
developed in the magnetron, is itself a function of magnetic field and
radius. The dielectric constant of the medium is in turn defined in terms
of the complex conductivity. This is the significant result for the purposes
of this analysis. The dielectric constant so obtained depends on the orien-
tation of the magnetic field and results are given for propagation perpen-
dicular to the steady magnetic field and parallel to the steady magnetic
field. The first case applies to the space charge as usually located within
the multianode magnetron. The second case applies to magnetron-type space

charge present in a coaxial line with wave propagation in the axial direction.
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If the dependence of the static magnetron space charge on radius
is omitted, these results are as follows:

For propagation perpendicular to the magnetic field

(_(‘_).0.)2 (@2 - w2
[OF 2

1
5 (2)
2 Cw? - 02, .72

iy 2)'2

(1+1)

For propagation parallel to the magnetic field:

1 1
€r=1“_

2
@ @

where
Gr = relative dielectric constant of space charge cloud
Be
@, = 7 (cyclotron angular frequency)
B = steady magnetic field
% = charge to mass ratio of

an electron

@, = 2xf where f is frequency of wave incident upon
space charge

These results are shown graphically in Figure 4.3. The double-valued di-
electric constant is not a new concept since similar results are obtained in
analysis of the ionosphere.(l) The electromagnetic field may be considered
made up of two circularly polarized waves of right and left hand polariza-
tion; the two polarizations having different orientations with respect to
the static magnetic field. This causes one polarization to propagate dif-
ferently than the other, resulting in two values of effective dielectric

constant.

(1) Mimno, H. R., "The Physics of the Ionosphere", Review of
Modern Physics, Vol. 9, No. 1, pp. 1-68, January 1937.
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There are three regions of interest in the graphs of Figure 4.3.
For values of a)f/ﬁvc less than .36, the relative dielectric constant is
negative in Figure 4.3a and negative or large positively in Figure 4.3b. An
electromagnetic wave will not propagate in a region of negative dielectric
constant, so total reflection occurs at the space charge boundary. The
presence of this type of space charge in a coaxial structure such as a mag-
netron would therefore increase the capacitance between elements. A large
positive dielectric constant as given in Figure 4.3%b will have the same ef-
fect for a different reason, of course. On the other hand, for values of
&%ﬂ’&% greater than 1.36, the relative dielectric constant in both cases is
positive but less than unity. The presence of such a space charge in a co-
axial structure would therefore reduce the capacitance between elements. The
reglon between @,/® - 36 ang @,/ @ = 1.36 contains several anomalies.
Very little experimental data are available in this region except in the im-
mediate vicinity of the cyclotron resonance, a>f/coc = 1. In this region,
the analysis based on dielectric constant is probably in error since the
electrons oscillate with very large emplitudes and the damping term is no
longer insignificant. The reason for this is that the natural frequency
with which the electrons traverse a circular orbit in the magnetic field co-
incides with the impressed electromagnetic frequency. ZElectrons therefore
move In phase with the impressed voltage and are continually accelerated.
This case has been analyzed in detail by Lamb and Phillips,(l) under the

rather restricting limitation that the thickness of the sheath of electrons

(1) Lamb, W. E., Jr., and Phillips, M., "Space Charge Frequency
Dependence of Magnetron Cavities", Journal of Applied Physics, Vol. 18, pp.
230-238, February 1947.
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surrounding the cathode shall be very small compared to the cathode diameter.
The effects of electron beams near the cyclotron resonance have been analyzed
and used experimentally by several groups.

The validity of this theory is also borne out by the experiments
discussed in Section 12 of this report. Detailed discussion is given in

Technical Report No. 1, Section 6.

5. Frequency Characteristics of Magnetrons Related to Space Charge; Origin

of Noise in Magnetrons

The analysis described in the last section yields results which im-
mediately provide a qualitative picture of several characteristics of the
magnetron related fo its oscillation frequency or resonance frequency. It
has already been mentioned that the voltage required for initiation of os-
cillation can be calculated using the concept of a synchronous space charge.
Voltages calculated in this manner agree quite well with experimentally ob-
served values. Frequency pushing, or variation of oscillation frequency with
magnetron anode current, can also be explained qualitatively on basis of the
synchronous space charge. The frequency at which oscillation is initiated
is always lower than the cold resonance frequency of the magnetron. This 1s
the case because oscillations tend to start at the lowest anode voltage, cor-
responding to the lowest angular frequency of the rotating swarm of electrons,
for which circuit losses can be accounted for by energy conversion of the
electrons. The frequency of the current induced in the magnetron anodes by
the gpokes of the electron swarm is less than the resonant frequency of the
magnetron; the magnetron as a result presents a positive reactance. The
spokes, therefore, tend to lag behind the r-f voltage wave as they progress

around the interaction space between cathode and anode. An anode voltage is
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raised, increasing plate current, the spokes tend to speed up, coming more
nearly in phase with the traveling electromagnetic wave. At the same time,
oscillation frequency increases so that a smaller positive reactance is pre-
sented corresponding to a reduced phase angle between r-f voltage and cur-
rent. The total change in frequency is of the order of magnitude of reso-
nant frequency multiplied by 1/QL’ where Qr, is the loaded Q of the magnetron.
The Q, however, is not the determining factor in the amount of pushing to be
expected. Other factors, including the shunt impedance presented by the
magnetron and the operating d-c voltage, have an effect on the pushing. The
relation of these factors which will give a quantitative evaluation of fre-
quency pushing on a particular magnetron is still undetermined.

Space charge effects on fiequency contours in the Rieke diagram
are related to the synchronous space charge in practically the same sense as
frequency pushing. Essentially, frequency of oscillation produced is re-
lated to the power output of the magnetron. The power output is determined
in turn by the load conductance. Oscillation frequency would supposedly be
determined by load susceptance; however, due to the effect which produces
pushing, oscillation frequency is also dependent upon load conductance. This
effect is observed in Rieke diagrams of magnetrons, where it is seen that
lines of constant frequency do not coincide with lines of constant load sus-
ceptance. In the case of klystrons, the frequency contours are straight
lines inclined at an angle to the constant susceptance lines. However, in
the case of the magnetron the relationship is not so definite.

The most important effects of the magnetron space charge on fre-
quency insofar as this project is concerned are those due to the static mag-

netron space charge rather than the effects due to the synchronous space
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charge. These effects are of two types. The resonant frequency of the mag-
netron cavity will decrease due to an increase in the capacitance between
anodes as the diameter of the space charge swarm is increased when the di-
electric constant of the swarm is negative. The resonant frequency of the
magnetron cavity will increase due to a decrease in capacitance between
anodes as the diameter of the space charge swarm is increased when the di-
electric constant of the swarm is positive and less than unity. The dia-
meter of the space charge swarm is increased in either case by increasing
anode voltage on the magnetron., The swarm in the first case has the same ef-
fect on frequency as would be produced by a conducting surface replacing the
swarm. The magnitude of the frequency change to be expected in the two cases
differs. The capacitance which is affected is that between anode and cathode
which is a small percentage, usually of the order of 4-6 per cent, of the
total effective circuit capacitance. In the second case, where the dielec-
tric constant is positive, but less than unity, the maximum conceivable ef-
fect would be a complete cancellation of the capacitance between anode and
cathode. This would cause a change in resonant frequency of 2 to 4 per cent.
However, in the first case, where the dielectric constant is negative, the
capacitance between anode and cathode can be increased indefinitely (in
theory), thus producing large percentage variation in frequency. Practically
speaking, the magnitude of this change is probably limited where high r-f
voltages are present as the swarm nears the anode. The linearity would cer-
tainly not be good for large frequency shifts. It is expected, however,
that frequency shifts will be obtained with a good linearity in a range of
1 to 3 per cent.

The diameter of the space charge swarm is limited if a voltage at

which oscillations may be initiated is reached, or if the magnetic diode cut-
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off (Hull voltage) is reached. In the first example, synchronous space charge
is formed which has a relative dielectric constant very near unity and ef-
fects on frequency are primarily of the type mentioned in the discussion of
frequency pushing. In order to prevent initiation of oscillation in a.struc-
ture to be used for frequency modulation, anode structures must be specially
designed. This problem is discussed in Section 8. 1In the second example,

the space between anode and cathode is filled with space charge and additional
effects due to further increase in voltage are of a secondary nature. In
both cases, d-c plate current is drawn.

The cyclotron resonance effect which occurs for a sharply defined
value of magnetic field is also usable in frequency modulation devices. The
natural resonance of the individual electrons can introduce quite large re-
active currents into the resonant system causing frequency shifts which have
been observed to be of the order of 1 per cent. This resonance can occur
either in oscillating megnetrons, in which case the efficiency is affected,
or in non-oscillating structures in which the observed resonant frequency is
shifted. This resonance effect has been observed in experimental work in
the Michigan Laboratory, but it is not intended under the present program
that it will be used to produce modulation.

The origins of noise in magnetrons have been the sub ject of much
investigation, theoretical and experimental. One interesting point arises
in this connection from the analysis of the assumptions and results arising
from the investigation of the magnetron space charge. The solutions ob-
tained in the simple steady state analysis of the static magnetron and syn-
chronous magnetron space charge require that electrons which reach the anode,

either at the magnetic diode cut-off or at the voltage for initiation of
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oscillation, have the minimum amount of kinetic energy of angular velocity
required for existence in a stable state at the anode radius. Thus, plate
current must exist at higher voltages. If current initiates at lower volt-
ages the electrons must have a smaller minimum kinetic energy and thus smaller
angular velocities. If this is the case, they must have been slowed down by
some mechanism in their transit to the anode. The only significant mechanism
by which the electrons can be decelerated is in a transfer of energy from the
d-c field to some electromagnetic field. Since noise voltages are experi-
mentally observed to exist in pre-oscillating magnetrons and static magne-
trons operating below cut-off, it is logical to assume that the production

of these voltages is the mechanism by which electrons give up their energy
and therefore reach the anode at lower than predicted values of d-c voltage.
Conversely, it is necessary, if noise is produced, that plate current be
drawn. This is true simply because if noise energy is to be produced by the
system, then energy must be given to the system by the power supply. The
noise probably originates in the cathode as thermal noise, etc., and is am-
plified by the process of continuous interchange of energy between the d-c
field and the noise through the medium of the electron swarm. On the basis
of these ideas, it is suggested that experiments designed to cast light on
the origins of noise produced by magnetrons should be made on non-oscillating
structures and correlated carefully with the d-c current drawn by the magne-
tron. It is also possible that an amplifier could be construc¢ted employing
the principle of interaction between layers of magnetron space charge tra-
veling at different velocities similar to the already constructed electron-

wave tube.
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6. R-f Circuit of Interdigital Magnetron

a. The Cavity: The principal resonant element of an interdigital

magnetron of the type shown in Figure 6.1 is a toroidal cavity, loaded at the
center by a set of N interlocking "fingers". The region of the toroid can
be thought of as a cylindrical cavity operating in the TM¢l0 mode. The elec-
tric and magnetic field configurations of such a cavity, in the modes most
often encountered, i.e., the zero order mode (¢ = 0) and the first order mode
LQ::I), are shown in Figure 6.2. It is seen that in the desired zero order
mode the only electric field component present is directed lengitudinelly,
parallel to the axis of the cavity, while the magnetic fields encircle the
center. There is no variation of the fields with angular position § or the
longitudinal directions, Z. |

In the higher order modes, there 1s variation in the electric and
magnetic fields with angle ¢ but as before, no variation in the Z direction.,
The fields in the first order mode are more concentrated toward the center
of the cavity, in close proximity to the teeth, as contrasted with the zero
order mode where they are more evenly distributed throughout the cavity. We
may form a rather rough analogy between the higher order fields and the zero
order fields modulated by a factor cos ([%) where f is the mode number. Then
there will exist nodal lines crossing the cavity; at each such line the fields
vanish. The magnetic field will be expected to be oriented in the ¢ direction
in such a manner thet the maximum flux emerges between the teeth between
which the voltage nodal line extends. This is shown in Figure 6.2.

The electric field lines in the interaction space corresponding to
the zero and first order cavity modes are shown in Figure 6.2. It is seen

that for the zero order mode the interaction spéce fields are similar to
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FIG. 6.2 FIELD CONFIGURATION IN ZERO AND FIRST ORDER MODES.

those present for a vane or hole and slot type magnetron when operated in the
n mode. In this cavity mode (TMO1lO), alternate teeth are necessarily of op-
posite polarity with 180° phase difference between them. In higher order
modes these fields can again be considered as similar to the zero order field
modulated by the factor cos (£9) so that there will be £ nodal lines around
the cavity.

This field configuration in the cavity prompts one to consider it
as a radial transmission line with the output terminated in a conducting sur-
face at radius R,. It is found(l) that the impedance looking into such a

transmission line is

Te = - 6.1
in J PRy COSGPQ =5,) ( )

(1) Ramo end Whinnery, "Fields and Waves in Modern Radio"”, John
Wiley and Sons, pp. 354 and L06.
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2xR

where the functional relationships between \P5 Zogs ©, and X

are given by
a set of curves in Report No. 2.
The condition for resonance in the cavity is then

A

3 ——-——-2mCA = Z4n (6.2)

That 1s, the capacitive reactance of the teeth, assumed a lumped capacitance,
is considered equal to the impedance seen looking outward into the cavity

from the boundary at outer edge of teeth. This method of analysis is obvious-
ly most accurate when the thickness of teeth is small compared with the depth
(Rc'Ra) of the cavity. From a knowledge of CA’ the tooth or anode capacitance,
and the cavity dimensions, the resonant wavelength of any such cavity can be
calculated. Formulae for the tooth capacitance are presented in Report No.2,
having been derived from parallel plate relations and the capacitance of con-
centric squares, together with correction terms for the fringing field.

b. The Cathode Circuit: It is seen from Figure 6.1 that the cathode

support structure forms a coaxial line from the cavity, terminated in a choke
and by-pass combination. In the experimental measurements of this tube, use
is made of brass models 1n which the choke and by-pass is represented by a
shorting slug in the cathode line. In this case the impedance Z, seen look-

ing from the edge of the cavity into the line is

21

"
0N
-y
=]

I

S
=

(6.3)

and

Z

21
Zo tan '):‘Cg

where g 1 and ?; o are the lengths of line from edge of cavity to shorting
plugs.
In actual tubes where the choke and by-pass is used in the cathode

line, if Z; is the impedance formed by the choke and by-pass in series:
3
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7 - Z-5 cos 5: + jZo sin B
27" %o Zocosﬁg + JZz sin B

(6.4)

c. The Complete Circuit: While, as stated previously, the prin-

cipal resonant element of an interdigital magnetron is a toroidal cavity
with interlocking "fingers", in any consideration of the complete r-f cir-
cuit of such a tube, the effect of the cathode support line must be included.
This can be understood by reference to Figure 6.3 in which an equivalent cir-
cuit is shown in comparison with a schematic representation of the tube. The
desired mode in the cavity involves a field configuration in which the elec-
tric field vectors are parallel to the axis of the cavity, resulting in op-

posite polarity, at any given instant of time, on opposite ends of the cavity.
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FIG. 6.3  SCHEMATIC AND EQUIVALENT CIRCUIT
OF INTERDIGITAL MAGNETRON.

This type of operation results in a voltage between each side of the cavity
and the cathode support and,therefore, in very close coupling between the
coaxial transmission lines, formed on each side of the cavity by the cathode

support structure, and the cavity itself. 1In the equivalent circuit of
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Figure 6.3, Zl and Z2 represent the impedances, at the edge of the cavity,
presented by the cathode lines. These impedances were evaluated in terms of
the length of line and terminating impedance in the previous section.

In higher order cavity modes there is an angular distribution of
voltage around the fingers so that on the average there are no fields which
can effect coupling between cavity and cathode lines.

In order to demonstrate the existence of the close coupling between
cavity and cathode line for the zero order cavity mode and lack of it in
higher order cavity modes, a brass model of an interdigital tube has been
constructed in which the cathode structure was represented by a coaxial line
shorted at equal distances on either side of the center line of the cavity.
The variation in resonant wavelength of the system with distance to the short
was measured for the zero and first order modes. As predicted, these mea-
surements show very little effect on first order mode wavelength, but a con-
siderable effect on zero order mode wavelength as the distance is changed,
demonstrating the relative amounts of coupling between cathode line and ca-
vity in the two modes.

As a result of the voltage across the cavity end of the cathode
lines, power can flow down the line and in the case of the filament end of
the cathode, can escape through the glass seal to be radiated from the ex-
ternal cathode structure. This radiation loss appears as a resistive com-

ponent in impedance Z,. and it is obviously desirable to minimize this loss.

2
As shown in Report No. 2, this can be done by making Zo & very high impedance.
An equation is derived in Report No, 2 from which can be obtained the proper

design of a choke and by-pass combination to make Z, very large. If we

consider the emitting surface of the cathode as a neutral point, in order
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for the voltage between this point and each tooth to be the same, it is
necessary to make Z; very large also; that is, Zl is made a very high
reactance.

The effect of improper choke and by-pass design is to place a low

resistance component in Z_,; in extreme cases, this may be great enough to

2
prevent oscillation in the desired mode by lowering the @ to an immeasurably
low value. By meking Q measurements on a tube which has an improperly de-
signed choke and by-pass, it is possible to determine the ratio of the power
dissipated through the cathode line to that coupled to the load through the
coupling loop. This ratio has been found to be as high as 82 per cent in

brass models of which the @ was measurable.

7. Problems in Design of Interdigital Magnetrons for Zero Order Mode Operation

The design of interdigital magnetrons for zero order mode operation
is a special problem because of the important part played by the cathode cir-
cuit. PFactors affecting interaction space design are no different from those
used in other types of magnetrons insofar as achieving maximum electronic
efficiency is concerned. However, limitations imposed by heat dissipation,
resonant cavity design, and mode separation must be considered in the spec-
ial relationships they have to the interdigital magnetron operation.

The problem of heat dissipation is mainly one of getting heat out
of the fingers. For this purpose, fingers should be made short and thick.
Making the fingers short limits the length of the anode and therefore the
length of the cathode, which in turn limits available emitting area. Making
the fingers thick affects the capacitance and therefore resonant circuit de-
sign. The present method of tuning, for which one set of anode fingers is
supported by a monel diaphragm, complicates somewhat the cooling problem

for this anode set.
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Factors which are believed to affect mode wavelength separation are
discussed in Technical Report No. 2. The evidence of experiments performed
in this laboratory on four tube models indicates that mode separation is pro-

R
portional to a factor CA RE—:E?E . Here Cp is the capacitance between

2
anode sets, R, is the outer cavity radius, Ra the inner cavity radius and Ty

the anode radius; gﬂ;%—fg is therefore the mean anode radius. Voltage sepa-
ration of modes is further dependent on the number of anodes, large N giving
the best separation.

The resonant circuit must be designed to meet all of these require-
ments. Essentially, the anode capacitance is determined by choice of N, Tos
tooth thickness and tooth length. The outer cavity radius is then calculated
using the method outlined in Section 6. The choke and by-pass combination
is then designed to have optimum effectiveness in the center of the tuning
range by the method also discussed in Section 6. The importance of various
factors affecting design has been studied by use of brass models and by de-
signing and building three basically different operating magnetrons. Assem-
bly drawings for all models are given in Appendix C. The design parameters
for these tubes are listed in Table 7.1. The model 1 magnetron, none of
which was completed, is exactly like model 2 except that no cathode chokes
are provided. Model 3A is like model 3 except for outer cavity radius. This
combination of model 3 and 3A was very useful in giving a wide range in wave-
length over which the effectiveness of the choke and by-ﬁass combination
could be tested. Cathodes for models 1 to 3 were obtained from Litton Engi-
neering Laboratories. The model 4 magnetron which uses cathodes built here

was intended to serve as a basis for the design of frequency modulation mag-

netrons. However, the mode separation is not good and the present by-pass
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design does not allow operation in the zero order mode. The basic design
for frequency modulation tubes may necessarily be patterned more on the lines

of model 3.

8. Frequency Modulation of C-W Magnetrons(l)

The approach used by this laboratory to the problem of frequency
modulation is to develop a structure with a single resonant cavity contain-
ing two magnetron anode structures. One anode structure, of the interdigi-
tal type, serves the usual functions as a capacitive element in the resonant
circuit and as a multianode structure which forms the electromagnetic field
with which the magnetron space charge interacts to produce oscillations.

The other anode structure, not necessarily of the interdigital type, serves
simply as a capacitive element in the system. The capacitance in this ele-
ment is varied by varying dimensions of a magnetron type space charge swarm.
A separate cathode is used for the modulation anode so that the swarm dia-
meter can be controlled by a voltage independent of the voltage on the oscil-
lator section.

For the greatest effect on frequency, the magnetic field in the
modulator structure must be adjusted to give a space charge swarm of nega-
tive dielectric constant as discussed in Section 5. If a multianode struc-
ture is used in the modulator section, the number of anodes is restricted,
since it is undesirable for this structure to oscillate. In order to pre-
vent oscillation and still have magnetic field large enough to give negative
dielectric constant, the number of anodes is determined by the following

relationship

r 1
;§—< —_— (8.1)

1 - =

(1) See Sections 8 and 9 of Technical Report No. 1 for details.
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Tg anode radius
T cathode radius

=2 o
1]

number of anode segments

In practical cases at the frequency and power level being consi-
dered, the number of anodes is limited, preferably, to less than 4, In

this case, r ’rc = 1.25.

a’

Assembly drawings for two magnetrons, model 5 and model 6, which
have been designed along these lines are given in Appendix F. A third pos-
sibility is discussed in Section 13. These three designs represent three
avenues of development based on the interdigital magnetron principle which
are represented in Figure 8.1.

In Figure 8.1a, the principle used in the model 5 is illustrated.
In this case, the strong coupling to the cathode line is utilized to intro-
duce the reactance of the space charge into the system. In Figure 8.1b,
the principle of model 6 is illustrated. Here the cavity of the interdigi-
tal magnetron is extended axially to provide space for a second set of anodes.
The interdigital structure is modified to permit support of the center post
in the cavity. The number of anode segments in the oscillator section is 16,
in the modulator section, 4. In Figure 8.1lc, the cavity is extended later-
ally to permit introduction of a second anode set. Again the modulator sec-
tion has four anode segments. This tube has not been developed beyond the
brass model stage, although it has some desirable features such as ease of
cooling, tunihg possibilities and possibilities for use with glass envelope
tubes. One model 6 has been constructed and operated without the modulator
cathode. Parts for model 5 have been constructed but will not be assembled

until the model 4 interdigital tube, upon which the model 5 design is based,

is made to operate satisfactorily.
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FIG. 8.1 BASIC GEOMETRIES FOR FREQUENCY MODULATION
MAGNETRONS DEVELOPED IN THE UNIVERSITY OF
MICHIGAN ELECTRON TUBE LABORATORY.

NOTE: MODULATING SPACE CHARGE INDICATED BY DOTS.
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Techniques, such as spiral beam modulation and other uses of the
cyclotron resonance which have received emphasis in other laboratories, are
not being considered. The use of dielectric properties of the magnetron
space charge has not been developed to its maximum usefulness and it is be-
lieved that the combination of this technique with geometries based on the
interdigital magnetron principle will yield frequency modulation over band-
widths heretofore unattained, possibly as much as 3 to 5 per cent. The lin-
earity which can be achieved may be good only for bandwidths of the order of
1 per cent. Experimental information on operable models will give more basis

for analysis of this problem and better knowledge of the limitations.
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ITI. EXPERIMENTAL RESULTS

9. Measurements on R-f Circuit of Interdigital Magnetrons

The theoretical characteristics of the r-f circuit of an interdi-
gital magnetron have been given in Section 6. In this section experimental
verification of these statements and formulae will be presented.

a. The Cavity: 1In order to determine the field configurations and

resonant wavelength in the cavity, brass models were made with dimensions
adjustable. 5Small holes were placed around the surfaces through which probes
could be inserted to measure the relative intensity of the electric field at
various points. An indication of the magnitude of the r-f voltage as a func-
tion of angular position in the interaction space was obtained by means of a
rotating probe replacing the cathode. The results of these various experi-
ments are presented below.

The formulae and curves used in the calculation of resonant wave-
length of an interdigital cavity are presented in detail in Report No. 2 and
will not be repeated here, However, Table 11.1 in Section 11 summarizes the
results of measurements on several cavities and compares the computed wave-
length value with that obtained experimentally. It is seen that in some
cases the agreement between experimentally measured resonant wavelengths and
calculated values is good and in others there is some variance., This agree-
ment or lack of agreement is dependent on the relative thickness of teeth as
compared with cavity diameter, for reasons explained in Section 6a. This
table includes only the zero order cavity mode; for results of work on the
higher order cavity modes, reference is made to Report No. 2.

Figure 9.1 shows the variation in resonant wavelength of the cavity

as the outer cavity diameter is changed, for the first and zero order modes.
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The difference in slope between the lines corresponding to the first and
zero order modes can be readily'understood when the field patterns shown in
Figure 6.2 are examined. It 1s seen that the fields in the first order mode
are concentrated more toward the center of the cavity, encircling the teeth
80 that less effect of the outer conducting surface will be present.

The tuning of the interdigital cavity is accomplished by varying
the distance between the ends of the fingers and the end walls of the cavity.
When the teeth are of the same cross-section along their length, the princi-
pal effect on capacitance (CA) will be the change in end spacing so that the
capacitance variation with anode spacing would be expected to be approximately
a rectangular hyperbola. This limits the tuning range to the region of small
anode spacings and is shown to be true by the typical tuning curves of Fig-
ure 9.2. In order to increase the tuning at large anode spacings, various
modifications have been tried. For example, tapering the back surfaces of
the teeth will result in a tuning curve which is similar to that of 9.2 ex-
cept the flat portion slopes downward, resulting in increased tuning range.

b. The Cathode Circuit: In Section 6 of this report the condi-

tions for resonance in the system were given and the importance of the cath-
ode circuit as a wavelength determining factor was emphasized. Figure 9.3
shows a comparison between the measured resonant wavelength of a brass
model of an interdigital tube as function of cathode line length and the
value calculated from the resonance relation of Equation (6.3). It is seen
that the agreement is very good, providing confirmation of the equivalent
circuit shown in Figure 6.3.

An experiment was also performed in order to determine whether a

choke and by-pass could replace the shorting plugs in a brass model and yield



42

WAVELENGTH OF RESONANGE —GM.
3

| 2 3 4 5 6 7 8
PLUG DISTANCE FROM GCAVITY GENTERLINE —CM.

F1G6.9.3

COMPARISON OF CALCULATED AND OBSERVED
EFFECT OF CHOKE LENGTH

the same agreement. It was found that this is possible and that a properly
designed choke and by-pass is equivalent to the shorting plugs over a wide
range of wavelength even though the choke and by-pass are designed for only
a fixed wavelength.

Most of the experimental observations concerning the effect of the
cathode line were made in the course of a study of the frequency modulation
possibilities by means of the cathode line so that these data will be pre-

sented in Section 13.
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10. Construction of Interdigital Magnetrons

Assembly techniques employed by the Michigan Tube group will be
discussed below. In Section 14, the special methods used in the comstruc-
tion of the novel model 5 and model 6 f-m tubes will be treated separately.
The constructional methods employed by this laboratory have necessarily
been of the "laboratory" type and are not necessarily the best suited for
mass production. The Michigan group has, however, kept in mind at all times
techniques and methods for mass production of these tubes, a problem which
is felt to be of great importance.

In order to eliminate the problem of cathode construction in the
early stages of this project, thoriated tungsten cathodes were purchased
from the Litton Engineering Laboratories and employed in the first three
models. As the facilities of the laboratory improved, a rugged tungsten
cathode was built here and employed in all of the later tubes. A cathode
of the thoria dispenser type will probably be used in future models.

Table 10.1 gives the history of the 19 tubes which underwent
construction at this laboratory. O0f the 19 total tubes starting construc-
tion, 8 were completed and operated successfully. Neglecting three tubes
(serials No. 1, 4 and 11) which were lost due to an incorrectly calibrated
thermocouple, dropping on the floor when partially constructed and lost in
the first braze, the record is a shrinkage of 50 per cent which is felt to
be quite good considering some of the tubes were constructed simultaneously
with the construction of laboratory facilities.

a. Materials Used in Tube Assembly

Solder: All solder employed in the comstruction of the tube body

(tube, except for the cathode) is gold-copper (37% Au, 63% Cu) solder except
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Serial Model

No.

1

No.

1

Assembled

May 1947

June 1947 -

October 1947

October 1947

November 1947

January 1948

February 1948
March

February 1948

TABLE 10.1
History Operated
Overheated glass to point No

of collapse in bake out.

Long history on pump with No
cathode slumping troubles,
Rebuilt vacuum pump and

tipped off 10/6/47. Tip-

off seal cracked in clean-

ing bath.

Leak in diaphragm. Ap- No
peared due to extensive
bake on pumps.

Accidental damage caused No
by visitor before glass-
ing cathode

Completed and operated in Yes
pulsed condition. Arc-over

due to misaligned choke

prevents c-w operation.,

Tube lost trying to re-

pair.

Leak developed in dia- No
phragm due to oxidation

caused by extended bake

out.

Output seal cracked. No
Serial No. 8 was pumped

vhile this was repaired.

Tipped off pumps March

1948, Tip off seal cracked

with filament 1it before

data could be obtained.

Extensive tests made on Yes
this tube. Over 500 watts

c-w have been obtained at
greater than 70%

efficiency.

Present
Condition

Unusable

Unusable

Unusable

Unusable

Unusable

Unusable

Unusable

Usable



Serial Model
No.

9

10

11

12

13

14

15

16

17
18

19

No.

3A

ha

Assembled History

May 1948 Operated and tested hot.
Test and x-ray showed mis-
aligned cathode. Cathode
realigned but leak appear-
ed in diaphragm in second
bake out on pumps.

June 1948 Brazed in new furnace. Leak
appeared in output seal.
Attempts to repair leak
failed.

July 1948 Lost in brazing due to
faulty brazing jig.

July 1948 New assembly technique was
tried on this tube and it
‘was lost in brazing.

August 1948 Leek developed while on the
pump due to a faulty dia-

phragn.

October 1948 TIeak appeared due to faulty
braze. Easier to build new
tube than repair present one.

November 1948 Operated for several days.
Output seal cracked in
setting up an experiment.

December 1948 Operated but was lost on
test bench due to cathode
failure from back bombard-
ment while operating in
wrong mode,

January 1949 Operated
February 1949 Operated

April 1949 Operated

Yes

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

L5

Present

Operated Condition

Unusable

Unusable

Unusable

Unusable

Unusable

Unusable

Unusable

Unusable

Usable
Usable

Usable



46

1100

1000 —
\\ Lt o< ]
900 \‘%\\_
« T
(&)
soLip o€
w
@
a 80
<
' 4
a
s 5
w
[

) N\

20

& B.Y 6.

100

o 10 20 30 40 50 60 70 80 90 100
PER CENT GOLD - BY WEIGHT

FIG. 10.] GOLD- COPPER CONSTITUTION DIAGRAM
( FROM AMERIGAN SOGIETY FOR METALS 1939 )

for the eutectic BT silver solder (melts at 778°C) braze joining the out-
put assembly to the cavity.

Gold-copper was chosen because it allows one to make several
successive brazes on the tube without the danger of previous brazes letting
go. The constitution diagram of gold-copper, Figure 10.l, shows that a
solid solution forms from O to 40 per cent gold by weight. Between 40 and
89 per cent gold, several phases may occur while only a solid solution forms
above 89 per cent. It is best to keep out of the 40-89 per cent region
since this solder is rather brittle and also there is a possibility of leaks
occurring along the crystalline boundaries. For the sake of economy, it is
best not to work in the 89-100 per cent region. One is, therefore, limited
by the above considerations to the 0-40 per cent region. The melting point
varies about 80°C as the solder varies from 37 per cent to 10 per cent gold.

Using 37 per cent gold solder and brazing at 1070°C the solder dissolves
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some of the copper body and forms approximately a 10 per cent gold solder
whose melting point is about 1070°C. A second braze is possible using 37
per cent gold solder and a brazing temperature of 1060°C. Other brazes can
be made at 10°C lower temperature steps with 1000°C being the lower limit of
the braze. If purely mechanical and electrical brazes are required with no
vacuum requirements imposed, the brazes can be successfully made down to
970°C.

The above technique is important in research work where expensive
and complicated fixtures cannot be justified due to the small number of tubes
constructed of each model.

BT silver solder (eutectic) is employed for brazing the output as-
sembly to the tube body. This was chosen because of its lower melting tem-
perature which enables one to easily replace the output seal if it becomes
damaged.

Pure platinum solder is employed on the cathode structure where high
temperatures are encountered.

Copper brazes are made wherever two pleces having melting tempera-
tures above Cu are joined and where the temperature problem is not severe.

Copper: Oxygen Free High Conductivity (OFHC) copper is employed
entirely in all of these tubes. Due to its low oxide content, it is per-
missible to braze this type of copper in a hydrogen atmosphere and still
maintain a dense non-porous leak-proof body.

Steel: Steel is necessarily used inside the vacuum envelope due
to magnetic circuit considerations. Hot rolled SAE 1020 is used since there
is less chance of axial leaks forming in the rolling process with this ma-
terial than there would be for cold rolled steel. No leaks have been dis-

covered to date in steel parts.
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The steel is copper plated before brazing to provide high electri-
cal conductivity and ease of brazing. A Rochelle salt-cyanide bath is em-
ployed for copper plating to a depth of approximately 0.0005 inch thick.

Monel: The diaphragm was constructed of 0.007 inch sheet Monel
which is an excellent material for diaphragm use in vacuum tubes. It is
vacuum tight, easily brazed, non-corrosive, and retains strength and some
springiness after the brazing operations.

Kovar: The glass to metal seals are Kovar to 7052 Corning glass
and all seals were made by 'the laboratory personnel on a Litton type "F"
glass blowing lathe. The Kovar was first cut to length, polished with
Axolite (320 grit), degreased, annealed in H2 atmosphere at 1100°C for 10
minutes and then glassed.

Cleaning Solutions:

Copper bright dip:

HyS0, - 8 parts
HNOB - 4 parts

The above solution is used to clean copper parts.

Oakite No. 32:

Oakite No. 32 diluted 1l:1 with water is used hot to
clean Kovar and parts constructed of different materials
vhich would ordinarily plate one on another by electro-
lytic action in a cleaning bath. Kovar requires mechani-
cal rubbing between dips to clean,

Hydrochloric Acid:

50% HC1 is used to clean steel parts.

Sodium Cyanide:

Solution (5 oz/gal) is used for cleaning steel parts
before copper plating.
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Sodium Hydroxide:

Electrolytic cleaning of tungsten and molybdenum
using carbon electrodes and 11 volts a-c.

Anodic Cleaning, using iron cathodes, is used for de-
greasing very dirty parts.

Carbon Tetrachloride is used hot for degreasing.

Distilled Water, Alcohol and Ether are used for rinsing
and drying parts.

Copper Plate:

Steel pole pieces are plated by means of a Rochelle
salt copper cyanide bath.

b, Tube Body Construction

Drawings referred to in this section are given in Appendix D of

this report.

Anodes (Dwg No. A-5003, A-5004): The anodes are turned and milled

from OFHC copper with the critical tolerances held to +.001 inch. The hob-
bing technique would be a most useful method for producing these parts in

large numbers.

Cavity (Dwg No. A-9010): The cavities are turned out of OFHC cop-

ver bar. In the early models the hole for the output seal was tapped with a
3/8-24 thread. In later models this is left as a smooth bored hole into
vhich the output assembly is snugly fitted. In production, the upper sup-
port portion (non-evacuated section) above the diaphragm could be eliminated
from the cavity and incorporated in the tuner piece, thus greatly simplify-
ing this part.

Chokes (Dwg No. A-9006 and A-9014): The chokes are turned out of

solid bar OFHC copper since no tubing is kept in stock. In production these
probably could be easily made in two parts, a tube and a washer brazed

together.
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Pole Pieces (Dwg No. A-9007 and A-9013): The pole pieces are

turned from hot rolled steel, cleaned and copper plated. The plated (.0005
inch thick) pole pieces are stored in a "hot" box until assembly.

Diaphragm (Dwg No. A-9016): The diaphragm is made out of .007

inch monel metal stamped in single face to rubber pad dies. A typical die
is shown in Figure 10.2. The material is first formed (Figure 10.2a) with
the center slug in the base on an 80-ton hand press. It is judged that ap-
proximately 60 tons is required in the forming operation. After forming,
the center slug is removed from the base and the trim and piercing operation
is carried out (Figure 10.2b). The die is designed so the rubber comes down
first, clamping the formed monel piece to prevent its slipping while it is
trimmed and pierced.

The above die lends itself admirably to experimental work since it
is simple and cheap to build. The diaphragms have proved to be quite satis-
factory for experimental work, giving a total travel of .15 inch. None have
failed as yet due to fatigue; however, it is estimated that the maximum num-
ber of cycles any diaphragm has as yet undergone is only about 50.

A compound die would probably be better for producing large num-
bers of these tubes,

Output Assembly (Dwg No. A-7001l): The output assembly employed

in these tubes was chosen because of simplicity and ease of production. In
later tubes, we hope to use a ceramic-to-metal output seal. The present
seal has held up with outputs exceeding 500 watts when working into a rea-
sonably flat line.

The outside taper (Dwg No. A-T7001-1, Appendix D) is turned from

OFHC copper using a boring tool shaped to form the correct taper (30°). The
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outside Kovar piece (Dwg No. A-7001-2) is cut, polished, cleaned in Oakite
solution, annealed and brazed to the outside taper in a H2 atmosphere using
gold-copper solder. This braze is made in the hydrogen brazing bottle so it
cen be watched carefully and cooled immediately after the solder flows. Pre-
vention of overheating keeps the solder from alloying deep into the crystal
boundaries of the Kovar which would cause stress and finally a crack through
the Kovar when subjected to a few temperature cycles. This is due to the
large difference in the coefficient of expansion of the Kovar and the solder.
The inside taper (Dwg No. A-TO0l-3) is turned from OFHC copper and
brazed to the inside Kovar piece (Dwg No. A-7001-4) with gold-copper solder
using the precautions taken with the outside taper braze. A ring of .020
inch solder is placed on the inside and outside of the Jjoint for this braze,
The processes in the glassing operation are shown in Figure 10.3.
First, the outside Kovar is oxidized and a slight taper made on the glass
(Figure 10.5&) so it will fit snugly all around inside the Kovar and extend
inside approximately 5/16 inch. The Kovar is heated at its end with the
glass lathe running full speed so that the glass is thrown out firmly against
the Kovar when soft. The glass is blown and pulled slightly to form a wall
of even thickness and then cut to length after cool (Dwg B, Figure 10.3b).
A glass bead is formed on the inside Kovar plece centered 5/8 inch from the
end. The Kover is first oxidized and then a 1/h-inch long glass tube is slid
into place where it is melted onto the metal (Figure 10.3c and Figure 10.3d).
The inner and outer tapers are then glassed together as shown
(Figure 10.3, e and f) by paddling the outside glass onto the center bead.
Care is taken to produce a fairly sharp bend in the seal which tends to re-

duce strain on the seal. By blowing and pulling the glass wall, thickness
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is evened. The pieces are aligned axially by means of jigs. The glass dia-
meter is kept slightly less than the outer diameter of the outside Kovar.
The seal is then annealed in an oven.

The coupling loop (Dwg No. 7001-5) is made of OFHC copper, turned
to the proper diameter and then rolled to form a flat band. The part is
ready for bending when the material is milled off the edges of the rolled flat
section. The loop is bent in a jig which holds the dimensions of this part
quite accurately. A torch is applied to the copper to keep it in the anneal-
ed state while bending. The loop is cleaned in bright dip.

The formed loop is jolned to the output assembly by tin soldering
the loop to the inner conductor and brazing with phos-copper to the outer
conductor. A small piece of pure tin is placed in the hole of the inner con-
ductor before the loop is placed into position. When the loop is phos-copper
soldered to the outer conductor the tin will melt forming a good electrical
connection to the inner conductor. Care is taken in brazing with phos-copper
to make sure that most of the phosphorus is driven out of the solder. This
raises its melting point to approach that of copper and insures against this
joint melting when the output assembly is silver soldered to the tube body.
The presence of the high vapor pressure tin within the tube gives no trouble
since it is well hidden and remains fairly cool.

In another method of assembly the above mentioned technique using
tin permits a simplification in the bending and construction of the loops by
allowing one to braze one end of the loop directly to the bottom of the cavi-
ty with gold-copper solder at the time the main body is brazed. Thus, only
one bend is required to form the loop and the phos-copper braze is eliminated.
The tin braze of the center conductor is made at the time the output assembly

is silver soldered to the tube body.
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c. Assembly of Tube Body

The tube bodies are assembled in four steps:

lst Braze: Brazing Kovar sleeve (Dwg No. 9015), cathode pole piece
(Dwg No. A-9007), cathode choke (Dwg No. A-9006), cavity anode (Dwg No. A-5004%),
cavity (Dwg No. A-9010), diaphragm (Dwg No. A-9016) and the diaphragm anode
(Dwg No. A-5003) together in one operation.

2nd Braze: The tuner screw (Dwg No. A-9013) and tuner choke (Dwg
No. 9014) are gold-coppered together at the same time the first braze is made.

rd Braze: Here the tuner slug and choke assembly of the second
braze are gold-copper brazed to the main assembly of the first braze.

Lth Braze: This operation consists of brazing the output assembly
(Dwg No. A-7001) into the main tube body, thus completing the tube body.

The first braze is made in a hydrogen furnace on a pre-oxidized
stainless steel jig which holds all of the parts in accurate alignment. The
Jig is pictured in Figure 10.4 and consists of three main parts. The choke
and pole piece are held in alignment by means of the larger bottom section.

A small cap fits over the top of the bottom section of the jig and holds the
anodes concentric to each other and concentric to the main body of the tube.
The output hole is aligned with reference to the anode teeth by means of
scribe lines on the cavity and cavity anode. The spacing between the teeth
is held by means of stainless steel wires of the correct diameters placed
between the teeth. In order to clearly picture this jig, it has been divided
into two sections in Figure 10.4. In actual use all the parts are placed on
the jig and brazed together in one operation.

The usual precautions are taken to insure cleanliness of the parts

before assembly and cotton gloves are worn in the assembly operation. Gold-
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copper solder is used entirely for this braze which is done in the hydrogen
furnace at 1030°C for 12 minutes. The tube is then stored in a hot box until

its next brazing operation.

CHOKE ALIGNMENT JIG — VENT HOLE

27

TUNER SLUG -7___,_ TUNER CHOKE

X
o
| S

ZZ

BRAZE POINT

STAND

FIG. 105 2 w. BRAZE JIG

The second braze is made in the furnace at the time of the first
braze. It consists of brazing the tuner choke to tuner slug. A small ring-
type jig holds the free end of the choke concentric with the slug and is
shown in Figure 10.5. Holes drilled in the ring provide adequate entrance
for hydrogen to the otherwise sealed-off space between the choke and slug.
After brazing, the assembly is stored in the hot box until used in the third

braze.

The third braze joins the sub-assemblies of the first two brazes

together. This is done in the hydrogen furnace with gold-copper solder at
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1020°C for 10 minutes. No Jjig is required for this braze since it is done
in an upright position and the parts fit snugly. Gold-copper must be used
for this braze because of its proximity to the upper anode which gets hot
enough to melt silver solder during bake-out on the pumps. .

The fourth braze, done in the hydrogen brazing bottle (Figure 10.6),
solders the output assembly to the main body of the tube. The lower melting
silver solder (BT) is used for this braze allowing one to remove easily the
output seal for replacement in case of damage. The output assembly is a-
ligned by means of scribe lines so that the loop is oriented vertically in
the tube with the inner conductor side facing downward. An .080-inch dia-
meter molybdenum filament is used for heating the parts and is wound so that
it is only about 1/8 inch distant from the cavity. A heat shield of 1/8-
.inch transite is placed over the output seal to keep direct radiation from
the filament from the glass seal. The tube is first flushed with hydrogen
before the brazing to make sure no oxidation takes place inside the tube.
Heat shock to the output seal is reduced by gradually increasing the fila-
ment temperature until the solder flows, whereupon the filament temperature
is immediately reduced.

A glass seal is made inside and outside the cathode Kovar ring and
glass tubulation sealed on for leak testing with a G.E. helium mass spectro-
meter leak detector. After testing for leaks, the tube (without the cath-
ode) is sealed to the pumps where it is "pre-evacuated". This pre-evacuation
procedure, due to the large diameter and constriction-free tubulation, quick-
ly removes the major high vapor pressure materials which might have found their
way into the structure and greatly shortens the final pumping time. The en-

tire tube is baked at 425°C until the vacuum reaches 5 x 10'6 mm/Hg and then
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only the metal portion is baked at 625°C until the above vacuum is obtained.
The tube is then ready for insertion of the cathode.

d. Construction of Cathode Parts

Drawings for the cathode used in model 4 magnetron are given in
Appendix E of this report. It is a pure tungsten center-tapped bifilar fila-
ment. Temperature limited emission characteristics are shown in Figure 10.7.

Filament (Dwg No. A-8003-14): The filament is wound on a stain-

less steel jig (Figure 10.8) with grooves cut on it to take the tungsten
wire. The filament is set by baking in a hydrogen atmosphere at 1000°C for
4 minutes and then removed from the jig using alcohol as a lubricant.

Center Support (Dwg No. A—BOOS-j): The center support is ground

from .110-inch tungsten rod on an internal grinder set up especially for
external grinding of this part. The slot is groynd into the top by means
of a small wheel set up in a milling machine.

Upper End Hat (Dwg No. A-8003-1): The upper end hat is turned

from molybdenum rod. Especial care is taken to keep the top surface of this
piece parallel with the under surface.

Lower End Hat (Dwg No. A-8003-2): The lower end hat is turned and

drilled from molybdenum rod.

Upper Cathode (Dwg No. A-8003-8): The upper cathode is turned and

drilled from molybdenum rod. The large hole is drilled to deérease the

weight of this structure.

Slug (Dwg No. A-8003-13): The slug is turned and drilled from

monel. The two outer holes are fitted with beryllia insulator sleeves held

in place by prick punching the edges of the monel.
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Stem (Dwg No. A-800%3-12): The stem is cut and drilled out of 3/8-

inch Kovar tubing. Ten holes are drilled in this part to allow pumping of
the tube. One end is polished inside and out with Aloxite No. 320 grit cloth.

Cup (Dwg No. A-800%-7): The cup is turned out of a drawn Kovar

cup and polished with Aloxite No. 320 grit cloth.

Lugs (Dwg No. A-8003-9): Two lugs are cut and polished with Alox-

ite cloth from 3/8-inch Kovar tubing.

Connectors (Dwg No. A-8003-%,5,6): The connectors are turned from

copper and threaded to take special parts designed to screw to the connectors
furnishing good electrical contacts to the cathode and protecting the glass
seals,

Leads (Dwg No. A-8003-10,11): .050-inch nickel leads are bent on

Jigs to shape. Molybdenum leads .040-inch diameter are later spot welded to
these to carry the heater current to the filament.

e. Assembly of Cathode

The filament, center conductor and upper end hat are arc welded to-
gether in a hydrogen atmosphere using a carbon electrode. The parts are held
in position by Jjigs shown in Figure 10.9. The stand is made of stainless
steel and holds the center support vertical. A small cylinder of molybdenum
slides between the filament and center support accurately holding the fila-
ment in alignment. A splitspacer of molybdenum clamped between the two end
hats holds the top end hat perpendicular to the centef support. The arc is
maintained long enough so the metal flows down into the slot anchoring the
filament to the center support.

The next step is platinum soldering the upper cathode part to the

filament sub-assembly. This is done in the hydrogen brazing jar where
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platinum melting temperatures can be obtained. The parts are shown aligned
by the Jjig in Figure 10.10. The jig is made of stainless steel and has two
holes having a common axis machined in it. The upper cathode is held in the
top hole while the filament sub-assembly is held in the bottom holes by means
of a stainless steel slug. One turn of .015-inch Pt wire is placed at the
Joint and it is heated by means of an .080-inch diameter molybdenum filament
spaced very close to the joint.

The lower end hat is then platinum soldered 1in the hydrogen braz-
ing jar using the molybdenum split jig employed for aligning the upper end
hat. This jig correctly spaces the end hats and holds the lower end hat per-
pendicular to the center support.

The connectors and leads are gold-copper brazed to the lugs in a
stainless steel Jjig shown in Figure 10.11.

Figure 10.12 shows the stainless steel jig used for gold-copper
brazing the upper commnector and cup to the stem. The brazing of the lugs
and stem is done in the hydrogen brazing Jjar where the solder can be care-
fully watched so the parts can be immediately cooled after the solder has run.

Inside-outside glass beads are next put on both ends of the lugs,
on the cup and on the stem. Glass tubulation is sealed to the lower end of
the bottom lug and a tip-off constriction formed in it near the lug. .040-
inch molybdenum wires are next spot welded to the nickel leads before lugs
are glassed to each other and to the stem. No glass is required for this
glassing operation other than that already in the beads. This stem assembly
is annealed in the annealing oven and later cleaned in Oakite No. 32 solution.

The monel slug and filament assembly are then copper brazed to the
stem assembly. These two brazes are done simultaneously. Care is taken to

have the molybdenum filament leads align with those of the filament.
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The leads are next arc welded to the filament in the hydrogen at-
mosphere carbon arc welder. The filament leads are aligned in the holes of
the lower end hat by means of small glass beads which were hand drawn to
size from a small glass tube. The beads are formed to just slide over the
tungsten wire and fit snugly inside the lower end hat hole. The tungsten
filaments are then arc welded to the molybdenum leads and the glass beads re-
moved by means of hydrofluoric acid.

The cathode is cleaned, rinsed in alcohol, dried and lighted in a
hydrogen atmosphere for final clean-up before sealing in the tube. The cath-
odes are stored in the hot box until used.

f. Assembly of Cathode to Tube Body

The tuner pole piece and yoke (Dwg No. A-9012 and A-901l) are sil-
ver soldered together by means of a hand torch and screwed to the tube cavi-
ty. The tube is held in the glass lathe by the tuner pole piece in a four-
jawed chuck. It is centered accurately in the chuck by means of a special
indicator shown in Figure 10.13. A test indicator is mounted on a lever
bar and is calibrated to measure the end movement of the bar in thousandths
of an inch. The bar can extend into the tube enabling one to indicate the
anode fingers and align them accurately in the lathe.

The cathode is held by its stem in a wooden collet and is aligned
by heating and bending the glass stem. A standard dial indicator is used to
test the alignment of the cathode. The depth of cathode insertion is gaged
by means of the jigs shown in Figure 10.14. The stop which is screwed onto
the middle connector of the cathode is adjusted to length by means of an ac-
curately measured jig. This sets the stop to a predetermined distance (dis-
tance from the center of the cavity to the lower outside edge of the cavity,

plus three inches) from the center of the filament. This operation is shown
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FIG. 10.14 STOP ADJUSTMENT

WA A\
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FIG. 10.14 CATHODE GLASSING DEPTH FIXTURE
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in Figure 10.1%, part A. When glassing the cathode to the tube body the
cathode is inserted until the stop just hits a spacer (three inches long)
placed between the stop and the bottom end of the cavity (Figure 10.14D).
Thus the cathode is aligned concentrically and axially with the tube.

Nitrogen which has been passed over methanol is used to flush
the tube before glassing and is also used for blowing. The alcohol in the
nitrogen unites with any oxygen remaining in the tube, thus preventing
oxidation of the tube and cathode during glassing.

g. Evacuation Procedure

The evacuation procedure given below is used successfully for
tubes having thoriated tungsten filaments.

l. Seal the tube to vacuum system stem down, vertical position.

A carbon heat shield is placed over stem to keep the tip-off £lame awey from
the lower Kovar-glass seal.

2. Pump until ion gauge reading is less than .2 microampere
(approximately 3 x 10’6 mm Hg).

3. Heat entire tube in large oven at 425°C for 2 hours or until
ion gauge reads .2 microasmpere. Determine temperature with two thermocouples,
one on tube body and one on glass seal.

Ik, Heat metal body of tube 7 to 8 hours at 625°C in small elec-
tric oven.

5. Turn filament up slowly to 20 amperes after ion gauge reading
gets below .1 microampere (approximatgly one hour).

6. After 5 hours of heating and again just before end of runm,
flash the filament to 26 amperes for 30 seconds and then run at 23 amperes

for 2 minutes.
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Figure 10,15  Interdigital Magnetron and Parts

1. Tuner screw 6. Outside taper 11, .Cathode pole pilece
2, Tuner choke 7. Outside Kovar 12, Cathode choke
3. Diaphragm 8. Inside taper 13, Kovar gleeve
L, Diaphragm anode 9. Inside Kovar 1k, Puner pole plece assonbly
5. Cavity 10, Cavity anode 15, Cathode assembly
16. Water cooling tubes
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7. Turn off filament and remove small oven; bake whole tube in
large oven at 425°C for 3 hours.

8. Turn oven off, heat metal body to 625°C for 2 hours, filament
at 20 amperes, ion gauge reading should be down to about .05 microampere
(between 10~6 and 1077 mn Hg).

9. Remove oven, flash filament to 26 emperes for 5 seconds, 5
times, 2 minutes apart; hold at 18 amperes between flashes; then run at 20
amperes for 30 minutes.

10. Run plate voltage for 1-1/2 hours. Set filament at I, = 18
amperes and set plate voltage so that approximately 300 watts is dissipated
in the anode.

11. Spark with Tesla coil to remove points of cold emission.

12, Flash and season as in step No. 9.

13. Seal off pumps while tube is still hot. Gradually heat glass
so any gas given off is pumped out. Flame anneal tip-off.

h. Final Assembly

Copper tubes for cooling the tube are soft soldered to the lower
end of the cavity and to the upper anode. A thrust ball bearing assembly
(Nice No. 1005) is placed over the tuner screw and the tuning nut (Dwg No.
A-9004) is screwed onto the tuner screw. The tube is now ready for inser-
tion into the magnet and for operation.

A photograph of an assembled magnetron and parts is given in

Figure 10.15.

11. Performance Tests on Interdigital Magnetrons

The details of performance results are discussed in Technical Re-

port No. 2, Section 7. The experimental results agree very well with pre-
dicted performance. Of the seven interdigitel tubes which have been operated,

three are still operable. The results may be summarized as follows.
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a. Model 2 Magnetrons: Two model 2 magnetrons were operated.

Maximum Sbserved efficiency was 22,5 per cent. Predicted efficiency is 32
per cent. Mode jump current was low. Tuning range of these tubes was from
15.5 cm to 17.5 cm. One tube was lost before any measurements other than
wavelength were made. Apparently the cause was destruction of the cathode
from excessive back heating during moding.

b. Model 3 Magnetrons: Two model 3 magnetrons were operated. One

was restricted to pulse operation because a misaligned by-pass sleeve caused
arc-over when steady voltage was applied. The other has been operable for
a year and a half. Maximum observed efficiency is 72 per cent at 500 watts
c-w output. Predicted efficiency is 70 per cent. Operable tuning range of
this tube is from 16.4 cm to 19.5 cm. Back heating is very slight; mode
Jump current is high over high efficiency portion of the tuning range. This
tube has been used in measurements on space charge clouds and cyclotron
resonance.

¢c. Model 3A Magnetron: One model %A magnetron was operated. The

cathode was slightly misaligned,causing intermittent shorts on the long
wavelength end of the tuning range. Maximum observed efficiency was 42 per
cent at 100 watts c-w output. Operable tuning range on this tube was from
14.9 cm to 16 cm. The results on this tube combined with the results on
model 3 give a broad picture of the performance of the cathode choke and
by-pass combination.

d. Model 4 and Model 4A Magnetrons: One model 4 and one model LA

tube have been operated. Neither tube will oscillate in the zero order mode.
Oscillations were obtained in the first and second order modes at 7 cm and

10 cm. Model 4 and model 4A are different in the axial spacing of the by-
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pass sleeve from the anode base. Cold tests show that the by-pass is not
spaced closely enough to the cathode. This is being corrected on a second
revision. Both tubes oscillate in the first and second order modes. Less
than fifty watts output is observed. Extensive quantitative measurements
have not been made because efficiency is poor. Both tubes are still operable.

e. General Results: Table 11.1 swummarizes the results on four

models. Measured wavelength is from 3 to 6 per cent greater than predicted
wavelength. This is in part due to neglect of the effect of capacitance to
cathode in the calculation, and in part due to over-simplified approach to
the equivalent circuit. This latter is especially the case for the model 3A
tube. 1In this tube, the tooth thickness is nearly equal to the radial cavi-
ty thickness (outer cavity radius - inner cavity radius) so the assumption
that the capacitance is lumped is probebly not valid.

Predictions based on interaction space design, such as Hartree
voltage and electronic efficiency, check very well with results.

Effect of the cathode line on the performance of all tubes agrees
with theoretical analysis. Both model 2 and model 3 exhibit a maximum ef-
ficiency at a point in the tuning range corresponding to maximum impedance
of the cathode line. These facts were discovered first by experience and
later by analysis.

Factors influencing mode separation are fairly well indicated by
the experience with four models. Factors affecting mode jump current ap-
pear to be shunt impedance, interaction space design, cathode emission and
mode separation. In a given magnetron, for instance, mode Jump current can
generally be increased by increasing shunt impedance, emission and mode
separation. The function of all factors depending on interaction space de-

sign is not yet clear, although it is fairly certain that, in a given tube,
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higher voltage, lower current operation demands higher shunt impedance.

12. Experimental Study of Magnetron Space Charge

Experimental measurements on the space charge have been designed
to determine the effect of the space charge on resonant circuit character-
istics under various conditions of magnetic field, anode potential and r-f
voltage. Most of the meésurements were completed before the theory outlined
in Sections 4 and 5 was fully developed. BHowever, the magnetic fields used
were widely enough separated to yield results falling in regions of both
rositive and negative dielectric constant.

The measurements taken are of four types as outlined below.

a., Impedance Measurements at Constant Magnetic Field and R-F

Voltage, Anode Potential as Variable Parameter: Data of this type have been

recorded on QK59 magnetrons obtained commercially. Unloaded Q, resonant
wavelength and input conductance are measured as a function of anode poten-
tial using é constant r-f voltage and magnetic field. For the same magnetic
field, the same kind of data are then obtained for other r-f voltages. High
r-f voltage is obtained by using a second magnetron for a signal generator.
An attenuator is placed between the signal generator magnetron and the mag-
netron under investigation. This attenuator serves both as protection for
the signal generator magnetron and as a means of varying the r-f voltage.
Typical data of this type are shown in Figure 12.1, These experiments il-
lustrate: (1) sharp rise in Q and drop in conductance Jjust before tube
starts oscillating as electrons contribute energy to balance losses in the
system; (2) wavelength shift with voltage as electron swarm of negative di-
electric constant expands; (3) lowering of the entire § curve as r-f voltage

is increased due to increased losses caused by back bombardment.
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b. Impedance Measurement at Constant Magnetic Field and Anode

Potential, R-F Voltage as Variable Parameter: Data of this type have also

been recorded on QK59 magnetrons at anode potentials about half of the value
necessary to start oscillation. Data are recorded just as in (a). The anode
voltage selected is about half of the voltage necessary for oscillation.
Typical curves are given in Figure 12.2 This experiment shows that when r-f
voltage exceeds a moderate value, losses increase rapidly due to back bom-
bardment, and that resonant wavelength is not materially affected. Plate
current is negligible in both (a) and (b).

c. Resonant Wavelength Measurement at Low R-F Voltage for Different

Magnetic Fields, Anode Potential as Variable Parameter: Data of this type

have been recorded on a model 3 magnetron. Resonant wavelength and input
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conducténce only were measured. The primary purpose was to find the effect
of magnetic field on wavelength shift with applied d-c voltage. Typical data
are shown in Figure 12.3. Calculated values of the wavelength shift to be
expected in these experiments agree very closely with the observed values.

In the case illustrated by Figure 12.3a, the dielectric constant of the space
charge is positivé. The calculated shift in wavelength up to the Hull volt-
age is .021 cm. The observed value is .025 cm. Anode current (Ig) is drawn
above this point and the space is filled with electrons so that no further
shift in wavelength is to be expected unless due to changing cloud density.
In the case illustrated by Figure 12.3%b, the dielectric constant of the space
charge is negative. The calculated wavelength shift is .095 cm. The ob-
served value is 0.11 cm. The wavelength shift is limited in this case to
the value corresponding to the voltage at which oscillation begins.

d. Resonant Wavelength Measurement at Low R-F Voltage and Con-

stant Cloud Radius, Magnetic Field as Variable Parameter: Cloud radius is

kept constant by keeping the ratio E/BQ (anode voltage to square of the mag-
netic field) constant. Data have been recorded on a model 3 magnetron in
the vicinity of the cyclotron resonance. A typical curve is given in Figure
12.4, This illustrates the effect of the resonances of the individual elec-
trons. More data are needed in this region to give a clear picture of the
electron behavior. Reference to Figure 4.3 will show that very complex be-
havior is expected in the region of the cyclotron resonance.

The major importance of these experiments is that they conform to
the ideas based on the effective relative dielectric constant of space charge
swarms, and show that the simple solution for the magnetron space charge
based on the rotating swarm hypothesis with no radial velocities is suffi-

ciently accurate to predict quantitatively the results of certain experiments.
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This last statement is based on the fact that the boundary of the swarm which
must be calculated to determine the wavelength shift is known only through
measurement of anode voltage. In order to relate this boundary to anode volt-
age, it is necessary to use the space charge density within the swarm. This
density is determined on the basis of the rotating swarm hypothesis. We are
thus provided with a rather firm basis for design of frequency modulation
magnetrons. The effects of high r-f voltage are not yet calculable, but
these experiments indicate that, although losses will increase, it may be
possible to operate at a constant loss on the plateau of a curve similar to

12.1b and thus achieve a minimum of amplitude modulation.
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13. Measurements on R-F Circuit of F-M Magnetrons

As has been pointed out previously, one of the advantages of the
interdigital magnetron is the possibility of obtaining frequency modulation
by means of varying the reactance coupled into the cavity from the cathode
line. This effect has been used in the design of an f-m interdigital magne-
tron. Two other forms of interdigital magnetrons designed for frequency
modulation have also been studied. All of these designs involve frequency
modulation by means of expanding & cylindrical space charge cloud in a region
of the r-f circuit of the tube where the change in reactance can be coupled
with the oscillating section to produce a change in frequency. Measurements
made on brass models of these tubes are discussed below.

a. Model 5: It has been shown by means of Figure 9.3 that the re-
actance coupled into the cavity by means of the cathode line can be used to
give a considerable resonant wavelength shift. This effect has been used in
the design of an f-m interdigital magnetron, shown together with its equiva-
lent circuit in Figure 13.1. It is seen that the cathode circuit is a co-
axial line approximately one wavelength long with the oscillator cathode in-
serted in one end and a modulator cathode in the other end so that their
emitting surfaces are at high r-f voltage points. The cavity is placed at
one high voltage point and the modulator anode at the other. The voltage
distribution along the cathode line is shown in Figure 13.2, which demon-
strates the correct placement of modulator anode, etc. The model used in
these measurements is shown in Figure 13.3. The tuning is achieved by
varying the impedance Z, presented at the cavity by varying the diameter of
a rotating space charge cloud at the voltage maximum point. As was dis-
cussed briefly in Section 5, it can be shown that under certain conditions

of applied magnetic fileld relative to signal frequency used, the outer
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surface of a rotating space charge cloud will appear as a conducting sheet,
Thus, this circuit may be considered as three transmission lines connected
together, the Zq of the center line being varied as the space charge cloud
expands.

In order to determine from cold test measurements the effect of
this expanding space charge cloud, a brass model of the tube was used. The
cathode line was fitted with several thin concentric brass sleeves at the
point where the space charge cloud would be in the hot tube. Since it is
planned to use a value of mégnetic field on the modulator cloud such that it
has the same effect as would be produced by a conductor,Athese measurements
should duplicate actual electronic performance.

The condition for resonance in the system is

A A
2nckL 2n

- 21cCy = O (13.1)

Thus the magnitude of the frequency modulation obtainable is proportional to
é’ o and should be a maximum approximately when Zl = = 2, tan -Qi’lt o In
order to check this effect and the amount of tuning obtained by the use of
the concentric %rass sleeves in place of space charge cloud, a set of mea-
surements were taken of A\ versus diameter of brass sleeve, with distance
§'2 as parameter. The results are shown in Figure 13.4, Plotting the value
of AN for given dlameter versus C}y curves 1 and 2 of Figure 13.5 are ob-
tained. It ié seen that the magnitude of A\ obtainable is affected by
changes in Ce. No data were obtained for §2>5 cm. In order to determine
the effect on other tube parameters such as Q and shunt impedance, Q measure-
ments were made as czzwas varied. The results of these measurements are

shown in curve 3 of Figure 13.5. It is seen that from a standpoint of Q,
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the circult should be satisfactory for C'Q as great as 8 cm, giving a value
of A\ as great as 1.25 cm. Of course, for such large shift this analysis is
not exact but should seem to indicate the variables which must be considered
in the design of a structure of this kind for maximum frequency modulation.
Using the data of Figure 13.4 of A\ versus diameter of space charge cloud,
together with the known Hull relation between diameter of space charge cloud
and voltage applied, the magnitude of A\ versus voltage can be computed. This
was done and reasonable linearity of AN versus modulating voltage can be ob-
tained up to M2"Z .06 cm. Consideration of the properties of the space charge
cloud and the capacitance change of concentric condensers reveals that the
linearity should be limited to regions where the edge of the cloud is not
close to the modulating anode. This is so since the capacitance change is
greater per unit change in radius as the anode is approached, and also the
change in radius with voltage is greater as the anode is approached.

Parts have been machined for an operating model 5, but assembly
has not been completed for reasons discussed in the next section.

b. Model 6: The model 6 magnetron uses a novel type of resonant
cavity which stems essentially from the interdigital principle. As shown
by Figure 13.6, the model 6 f-m magnetron consists of a coaxial cavity which
is electrically one wavelength long, loaded at each high voltage point by a
set of radial vanes, the ends of which penetrate into slots in the inner con-
ductor. One set of vanes is intended for use for frequency modulation, the
capacitance between vane and inner conductor being changed by the expanding
space charge cloud. The other set of vanes is intended as the oscillator sec-
tion. The cathodes are inserted inside the center conductor.

In order to determine the capacitance introduced by each of the

vanes, & series of measurements were made of cavity length versus resonant
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wavelength for only oscillator vanes, with each shorting plunger symmetrically
spaced from the vanes. These readings were repeated as each pair of vanes
was added, alldwing an accurate determination of the capacitance per vane as
0.35p £. The capacitance of the modulator vanes was also determined in this
way with and without the cathode in place. Since the modulator vanes are in-
tended to change the circuit capacitance, the area of vane exposed to cathode
is greater and spacing of end of vane to cathode is less than the oscillator
vanes so that while very slight effect of the presence of the cathode on os-
cillator circuit resonance is noted, an appreciable effect is seen for the
modulator vanes. The results of these measurements are shown in Figure 13.7
which enables the desigh of a tube of this type to be made for any desired
wavelength.

In the search for a suitable output coupling system for this cavi-
ty, several designs of probes and loops were tried. It was found that for
effective coupling, the output wire must be connected directly to the inner
conductor of the coaxial line forming the cavity. In order to find the
proper position along the line to place the coupling for desirable Q and
circuit efficiency values, measurements of external Q and circuit efficiency
versus length of line from shorting plunger on oscillator end to the point
of coupling were taken. From such data, the optimum position was chosen.

One of the brass models used in these experiments is shown in Figure 13.8.
This model is the basis for the model 6 tube as finally constructed (see
next section).

Some idea of the amount of frequency modulation to be expected is
given by reference to Figure 13.7. The insertion of the cathode causes ap-

proximately a 10 per cent shift in wavelength corresponding to a 20 per cent



89

.
G

& e
- ..

. » e
e e ?&s&“é\}iﬁx@?

.
\%&\‘gﬁ
.

.

e o i S
e e e e e
. .
- -
S s
o - L
. ‘?%@2@ - - - . .
o : - ;\@\\% e Q\‘\\y%‘,s\.z\)\\@»w\\@ -
e S
L
L
L

=
=

5
S > S
= \\\‘)\»\\@") e ,\\«\«\‘\@,\ \}Q@ S o
- - o

- =
. . . .
naaw e

o = &
L - T
- A . L
. . .
e . L
G L
-
e

e e .
. g L
o o S

N e TS
... -
L L
o . '
- S e
e = . S

Tigure 13.8 Brass Model of Model 6 Magnetron Used in Cold Tests
(1) Oscillator anodes; (2) Modulator anodes

change in capacitence. The capacitance to cathode is ageily changed 25 per

cent by the presence of the space charge swarm. The frequency modulation
can therefore be expected to be 2.5 per eent or greater,

There are severs) factors in the design of a tube of this type
which were brought out in the cold testing. First, by reference to the end
view shown in Pigure 15.6, it is seen that the outer venes can resonate of
themselves, as does a vane magnetron; in this cese, the inner conductor slots
and bars will act only to increase the lumped capacitence across the ends.

Such a resonance was observed and it was found necessary to reduce the outer

to inner conductor diameter ratio so as to shorten the vanes, In this way,

the resonant wavelengbh of the vane mode was reduced to below elght centi-
meters, far from the desired operating wavelength of the tube,
The other factor to be considered is the rather low unloaded Q of

this type of structure, The measured values of Q, on a brass model averaged
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about 260. On a soldered copper model, this may be expected to be somewhat
higher but this type of structure has an inherently large surface to volume
(i.e., energy storage volume) ratio so that normal Qo values of the order of
T00-1000 would probaﬂly not be obtained.

A tube of the model 6 design has been constructed without the modu-
lator cathode and is discussed in the next section.

c.: The third design of f-m magnetron consists of two interdigital
tooth structures placed at the voltage maxima of a rectangular, electrically-
one-wavelength-long cavity. The arrangement is shown in Figure 13.9. Mea-
surements of the intensity of the fields at various positions along the line
vere made on the model with dimensions as given in Figure 13.10. The field
patterns corresponding to the one-wavelength and one-half-wavelength modes
in the cavity without tootﬁ structures are shown in Figure 13.11; they are
seen to be symmetrical as expected. Figure 13.12 shows the pattern for the
one-wavelength mode with teeth in place. It is seen that the originally sym-
metrical pattern of Figure 13.11 has been distorted and concentrated near
the teeth. Three modes seem to be present, two of which are probably due to
approximately the same field distribution (at approximately 19 cm). The
third mode at 17 cm is another field distribﬁtion which has the same general
form when investigated at the limited number of points made available at the
holes.

This structure is planned to produce frequency modulation in much
the same way as the previous two designs. One of the interdigital structures
would be used as a modulator where an expanding space charge cloud would
change the capacitance and therefore the resonant wavelength of the cavity.

The other set of segments will act as oscillator.
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1%, Construction and Performance of Frequency Modulation Magnetrons

Assembly drawings of models 5 and 6 f-m magnetrons are shown in
Figures 14.1 and 14.2. To date, model 6 has been constructed and operated
and parts have been machined for model 5. Both tubes have two cathodes and
two sets of anodes; one set is to be used for the generation of radio fre-
quencies while the other set is to be used to provide modulation. Cold tests
on duplicate brass models of these tubes were described in the last section.

Model 5: The assembly drawing of model 5 is given in Figure 1k.1.

The oscillator anode structure, end pole pieces, chokes and output
assembly are the same as model 4. Since efforts to make the model 4 tube
oscillate in the zero order mode have thus far been unsuccessful, assembly
of model 5 has been delayed. Parts have been constructed and assembly will
be completed as soon as the oscillator design is corrected. The modulator
anode is simply a smooth bore anode. The upper'cathode.structﬂres are de-
signed to form an r-f short between the two cafhodes and are to be spaced
by means of lava beads (not shown in the assembly drawing).

It is planned to braze the body of this tube together in four
operations. The first operation will consist of brazing the oscillator
anodes, cavity, pole piece, output loop and choke together using a brazing
fixture similar to that discussed and shown in Section 10 of this report.

The second braze will join the center pole piece, modulator anode,
modulator pole piece, Kovar and choke together.

The third braze will join the sub-assemblies of the first two
brazes together.

The fourth braze will silver solder the output assembly to the

tube body.
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Care must be taken in cathode assembly to insure alignment of the
upper end hats with that of the filaments and stem.

Model 6: The tube body of model 6 is brazed together in five main
steps, using gold-copper solder except for the output seal assembly braze
to the tube body. The vanes (part 8) for the oscillator anode are stamped
out of sheet OFHC copper by means of a die and brazed with gold-copper sol-
der to the cavity body (part 1). The vanes are held in place by means of a
slotted stainless steel jig similar to those used to braze the vanes in a
vane magnetron. The anode pieces (parts 3 and 7) and Kovar rings are brazed
to their respective pole pieces (parts 2 and 6) at the same time the vanes
are brazed to the cavity body. Jigs hold the anodes in alignment with the
pole pieces for this braze. The anodes are turned and milled from OFHC cop-
per and look quite similar to those of an interdigital magnetron. At the
same firing of the above brazes, the two copper rings (parts 4) are brazed
to the center pole piece (part 5). The above brazes are made in & hydrogen
furnace at 1065°C.

The oscillator anode-pole piece assembly is next brazed to the
cavity body assembly and the center pole piece assembly is brazed to the
oscillator anode. Scribe lines on the oscillator pole piece and cavity
body align the oscillator anode with respect to the oscillator vanes. Two
stainless steel jigs fitting into each end of the center pole piece align
this part with respect to the tube body. The above braze is made at 1055°C.

Modulator vanes (part 11) are next brazed to the cavity body be-
ing held in a stainless steel jig and aligned with respect to the oscillator
vanes by means of scribe lines on the cavity body and on the modulator vane

jig. This braze is made at 1040°C.
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The final gold-copper braze consists of brazing the modulator anode-
pole piece assembly to the tube body and to the center pole piece assembly.
The modulator anode is aligned with respect to the modulator vanes by means
of scribe lines on the anode body and on the modulator pole piece. This braze
is made at 1025°C. |

The output assembly (part 13) which is similar to that discussed
in part 10 of this section is then silver soldered to the tube body in the
hydrogen brazing Jjar.

The cathodes are assembled and inserted into the tube using the
technique discussed in Section 10. A steady rest is used on the Litton glass
lathe to maintain alignment of the body when the cathode is glassed.

The tube body without the cathodes has 25 metal parts brazed in
accurate alignment with each other and shows the ease in which such compli-
cated structures can be constructed using the gold-copper solder technique
as discussed in Section 10 of this report. The first attempt to build this
tube was successful, producing a good hard tube with accurately aligned
parts. The assembled tube is shown in Figure 14.3 without the modulator

cathode.
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Initial tests on this tube have been made. Operation is obtained
in the desired mode only by inserting a reflector in the test line. Under
these conditions, weak oscillations are obtained at 12.7 cm. Some power is
coupled out the cathode line. Without the reflector in the line, the tube
oscillates in a higher order mode at 9.8 cm. A volt ampere characteristic

copied from the oscilloscope screen is shown in Figure 1h.k.
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IV. MISCELLANEOUS RESULTS

15. Magnetron Amplifier Possibilities

The study of the properties of magnetrons as stable amplifiers of
microwave power is included in the program for this project. At about the
same time as this program was written, Dr. A. Nordsieck of the Columbia
Radiation laboratory in a letter to Lt. Col. H. Zahl pointed out the surpris-
ing fact that practically no attention has been given to the possibility of
devising a magnetron amplifier despite the obvious desirability of such a
tube. This letter was circulated as Appendix III to the minutes of the
meeting of the R-F Power and Oscillator Tubes Subcommittee of the Vacuum
Tube Development Committee, August 7, 1946, This section gives a brief
discussion of this problem and attempts to indicate along what lines a solu-
tion can be sought. In addition, two tentative amplifiers are described.

The applications and the requirements for a magnetron amplifier as
referred to in the program are similar to those of a Class-C power amplifier
on lower frequencies. A small power applied to the input terminals determines
the frequency of the output, but the relation between input and output volt-
age is not necessarily linear. The amplifier is primarily characterized by
its power gain, power output, efficlency, and bandwidth.

It is well known that the magnetron oscillator and the traveling-
vave amplifier are closely related. In a magnetron amjlifier we would at-
tempt to combine some of the most important features of both: the high
power output and efficiency of the former with the high gain and possibly
the broad frequency band of the latter.

An essential feature of the magnetron oscillator is the fact that

the electrons may revolve a large number of timee round the cathode before
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they reach the anode. When we look at the magnetron as a traveling-wave -
tube, this means that its effective length is many times the circumference
of its inter-electrode space. This indicates that the anode structure of
a megnetron amplifier must differ considerably from the anode structure of
the conventional maegnetron. An additional reason is the difficulty of avoid-
ing power transfer from the output point to the input point of a single-loop
transmission line of cavities. Theoretically, the obvious solution then is
to arrange the anode segments in a helical instead of circular fashion and
to give the electrons a small axial velocity component. However, along a
helix with a large number of turns the 1r-f field experienced by an electron
will not be essentially different from the field along an axial arrangement
of equal sections, each similar to a conventional magnetron anode.

The design of a magnetron amplifier along these lines offers a
number of problems which are difficult but do not appear to be insoluble.

a. The Electron Optics of the Tube: The electrons should be given

an axisl velocity component in addition to their magnetron motion in a plane
perpendicular to the axis, in such a way that this magnetron motion is dis-
turbed as little as possible. Obvious methods of attack are (1) insertion
of dummy cathodes or end hats such as to produce an axial component of the
electric field (Figure 15.1); (2) shaping of the pole pleces so that the
magnetic field diverges slightly in the direction of axial electron motion;
or (3) a combination of both of these methods.

b. The R-F Circuit Design: Each section of the anode along the

axis resembles a conventional magnetron anode, maybe a vane structure or an
interdigital system. A certain regenerative effect is therefore inherent, but

the electrons do not remain long enough in one section to cause instability.
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The r-f voltage in the section becomes progressively higher toward the
output end of the structure. It is therefore important that no power is
fed back toward the input end and self-sustained oscillations are prevented
from building up. This can be accomplished in two different ways: (1) by
eliminating virtually all electro-magnetic coupling between the sections,
so that they are coupled only by means of the electron stream; or (2) by
forming a transmission line out of the sequence of sections and terminating
this line in an impedance equal to the characteristic impedance of the line.

Figures 15.1 and 15.2 are rough sketches of magnetron amplifiers
embodying these ideas. In the amplifier of Figure 15.1, only two anode
sections are incorporated. They are of the multivane type, and the electro-
magnetic coupling between the two systems 1s eliminated by turning one system
90 electrical degrees with respect to the other. The reason why a third sec-
tion is not included is of course that such a section would necessarily have
gome coupling to one of the previous systems. It is possible, however, that
if the coupling to the second section by the same method is made zero, the
coupling to the first section can be made small enough for stability with a
reasonable gain. ZEach section would be tuned to operate in the n-mode.

This type of amplifier would be expected to have an efficiency
and a power output comparable to those of a magnetron oscillator but the
small number of sections may make gain and stability low. It is a narrow-
band amplifier. In the tube shown in Figure 15.2, the anode system is formed
by a cylindrical wave guide with a number of circular irises each carrying
a finger system like that of an interdigital magnetron. The input frequency
is far below the resonance frequency of each cavity between two irises, so

that the structure operates as a low-pass filter excited in its pass band.

The load at the output end should be so adjusted that this filter is terminated
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in its characteristic impedance, so that reflection of power toward the
input is avoided. As in the traveling-wave tube, some attenuation along
this artificial line may considerably improve the stability of the amplifier.
This is a broad-band device but there is some doubt as to the effi-
ciency and power output obtainable. The phase difference between consecutive
irises is considerably less than 180°. Consequently, the voltage between
fingers attached to opposite sides of the same cavity is comparatively small.
These two examples do not exhaust the possibilities of circuit
design for a magnetron amplifier along the lines discussed in this section.
They only serve to illustrate the contention that specific designs can be
worked out where these general ideas can be applied with a reasonable expec-

tation of success.

16. Possible Developments Based on the Interdigital Magnetron Principle

During the course of development work on magnetrons involving the
interdigital tooth structure, several other structures involving this method
for producing the interaction fields have suggested themselves. Two of these

will be described here.

a. Signal Generator: A set of interdigital anodes or fingers can
be inserted in series in the high voltége end of the center conductor of a
coaxial resonator to form a widely tunable magnetron signal source. A
schematic drawing of such a tube is shown in Figure 16.1 in the form of a
A4 or 3\/4 long coaxial line loaded by the capacitence of the fingers at
one end and tuned by means of shorting plates moved along the line. The
entire unit or possibly just the electronic portions could be contained in
the vacuum., The former structure would involve the difficulty of transmitting

the tuning motion into the vacuum with bellows, etc. The latter possibility
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may allow the use of a "plug-in", vacuum-contained cathode and interdigital
anodes, permitting easy and inexpensive replacement of expendable portions
of the tube. This type of resonator would give relatively mode-free opera-
tion, the A/4 length being advantageous in this respect over the 3\/4 cavity.

Any of the standard mechanical frequency modulation methods could
be used with this tube or the cavity can be made x/é or A\ long with inter-
digital anodes at both ends, allowing electronic frequency modulation by the
use of an expanding space charge cloud inside one set of anodes, as described
previously in this report.

It is believed that the advantages offered by the relative freedom
from moding, wide tunability, and possible replacement of cathode and finger
structure make this tube very well suited for use as a signal generator.

b. High Power Magnetron: The interlocking finger type of magnetron

anode also lends itself to the construction of a high power magnetron. A
set of anodes may be placed at each high voltege point along the length of
a rectangular resonator as shown in Figure 16.2. Other types of resonators
are of course possible. In this way presumably as much power as desired
could be obtained by merely increasing the number of such anodes. Practically,
however, moding difficulties would place an upper limit té the number used.
Separate cathodes would be required for each set of anodes, as each would
oscillate separately, contributing its share of the total power. This is
advantageous since one of the major limiting factors in high power tubes is
availability of cathode/emission. Suggested possible applications of such
a tube include use as a power source for a particle accelerator. The tube

would be only slightly tunable.
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The model with two anode sets built for the tests described in
Section 13c could be used as a basis for development. Two anodes would
produce a "push-pull" type of oscillation which might provide a simple way
for easily doubling the output for the same anode voltage with existing

interdigitel anode designs.
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V. LABORATORY FACILITIES

Most of the equipment and facilities of the Electron Tube Labora-
tory are shown in the drawings and photographs on the following pages. The
laboratory is housed in three rooms on the third floor of the new Engineering
Building and has a total floor space of about 2400 square feet. One room is
devoted primarily to test equipment, one to assembly and processing equipment
and one to the machine shop. Desk and work bench space is divided between
the three rooms.

Each room has plug-in molding strips on the walls supplying 115 volts
60 cycle power. Outlet boxes conveniently arranged about the rooms supply a
variety of outlets for 115 or 230 volts d-c, 230 volts 3¢ 60 cycle power and
115 volts 5¢ 60 cycle power. All combinations of these voltages can be con-
nected to any outlet box by means of a master distribution panel located in

each room. Water, air and gas are also conveniently furnished to the rooms.

17. Test Laboratory

A floor plan of the test laboratory is shown in Fig. 17.1l and a
general view is shown in Fig. 17.2. Working space for four or five sets of
apparatus is available plus space for computation and storage of equipment.
Most of the microwave equipment was built by this laboratory, partly because
of lack of availability shortly after the war, and partly because certain
special purpose equipment was necessary.

The set-up in the center of the room (Fig. 17.2) is used for “hot
impedance" testing in the investigation of properties of the magnetron space

charge.
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.

Figure 17.% Rotating Probe Set

®ig. 17.3 18 a cloge-up view of the rotating probe set shown In the
corner of the room (Fig. 17.2). "This inctrument is used to measure fileld dig-
tributions in magnetron models. The set was designed and bullt at the Uni.
versity and haé proved to be an extremely versetile and useful instrument.
Dummy cathodes of various shapes containing a probe for picking up fields in
the interaction space are held in place with a standard type N r-f fitting and
are rotated on & bearing mounting by a synchronous motor. A crystel mounted
in the rotating struwture is used as o detector end leads are connected by
means of a mercury cup to an oscilloscope where the output of the crystal is
displeyed. 'The whole agsembly of probe, motor, mercury cup, etc., can bs
radsed and lowered with respect to the megnetron model by mesns of & screw and

worm geor edjustment.
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Figure 17.4k  Hot Test Benches

o hot test benches are shown in Fig., 17.k. One is equipped with
oxh inch weve guide and associated water losds, duwmmy losds, slotted section,
coax to wave guide matching section, probes, etc. This wave gulde equipment
was built at the leboratory to £it the special frequency range involved since
suiteble guide was not availeble on the market at the time,

fThe obher hot test bench shown in Fig. 17.h is equipped with a 1-5/8
inch coaxial line, with its assoclated tapers, slotted sections, dumy loads,
water load, etc. This line and associated fittings wes also constructed at
this laboratory. Polystyrene washers sct as spacers for the inner conductor
end the line has a characteristic impedance of 49 ohms. Two adjustable car
riages have been built to carry the wave gulde and coaxial lines.
fhe coaxial line waber load is shown in Wig. 17.5. "The center con-

ductor (part 7) tapers down to a small diemeter and ls surrounded by & glass
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tube. Water flows through the inside of the taper, out through small holes
into the space between the glass tube and the taper and out the end. The
novel feature is that Kovar to glass seals are incorporated in this load
eliminating water leak troubles. A monel diaphragm similar to that used in
the tubes prevents fracture of the glass due to heat expansion. The voltage
standing wave ratio of this load is less than 1.5 to 1 over the frequency
range used. A flow meter measures the rate of water flow and two sensitive
thermometers measure the rise in water temperature from which the power dissi-
pated in the load can be determined.

An essembly drawing for the adjustable reflectors designed and built
at the laboratory for use in the 1-5/8 inch coaxial line is shown in Fig. 17.6.
The reflectors are used for matching purposes and for inserting a given stand-
ing ﬁave ratio into the line. The reflector (Part 4) is 1/8" by 3/4" and can
be inserted into the coaxial line until it Jjust shorts to the center conduc-
tor. The assembly fits into a standard crystal or bolometer probe carriage
as designed by M.I.T. for use on S-band slotted sections.

The large power supply shown in the corner of the room in Fig. 17.%
has variable output up to 15,000 volts at 7.5 K.V.A. The supplies on either
side of this rectifier contain filament and magneﬁ controls. The one to the
right also contains & pulser which may be used for display of volt ampere

characteristics on an oscilloscope and also for an emission tester. The pulser

unit also can be used as a sixty-cycle modulator.
Two spectrum analysers are shown in Fig. 17.2, one by the rotating
probe and one by the wave guide set-up. They are Model 1SS-4SE and Type 107

designed by M.I.T. and built by Sylvenia.
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Two signal generstors using type TOTB tubes have been built in
this laboratory, one of which lg pictured in Fig. 17.7. UThey cover a wave
length range from 8 to 21 cm. and have a power output of approximetely 15

millivatts.
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Three clectro magnets have been constructed for operastion at 220

gure V7.7 1078 Oscillator

volte d-¢c., Two have a maximum field of 2500 geuss across an alr gep of
§/uvinch and one hes a maximum £ield of W00 gouss across an air gap of
3/4 inch,

A flux meter (Model ¥, Sensitive Reseoxch Company) is used to mea-
sure the megnetic flux of these magnets and has proved 4o be a versatile and
ugeful. instrument.,

Three type 208 Dumont oscilloscopes, a Browning L&bor&%pry Type

P-4 Synchroscope, & Ferris Instrument Compeny Model 200 Signal Generator
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(85KC to 25MC), e General Redio vecuum tube volimeter Type 726A, an M.I.T.

designed Thermistor Bridge type TBN-3EV, crystal and bolometer mounts and

various pleces of microwave plumbing and instruments complete the equipment.
This laboratory also enjJoys the position of bheing eble to draw on

the laboratory equipment and facilities of the entire University.

18. Assembly Equipment

The assembly room f£loor plan is whown in Fig. 18.1. This room cone

tains a plating and cleaning room, & cathode room, processing equipment,

storage space, work bench space and some desk spece,
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Figure 18.2 Hydrogen Furnsces
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The hydrogen furnsces are shown in Fig. 18.2, The horizontal
hydrogen furnace has a 5.1/k-inch manifold capable of attaining 1100°C and
is aubomatically temperature regulated. A woater Jocket cooling section i1
shown on the near end, enabling continuous brazing operations. Its control
board shows the hydrogen flowmeter, hydrogen and nitrogen pressure velves
and the automatic temperature control unit.

The verticel hydrogen furnace shown in ¥ig. 18.2 on the floor to
the right has e 7-inch manifold end will also attain 1100°C but is not suto-
motically regulated. Continuous brezing operations cannot be made with this
furnsce; however, & water-cooled Jackel enables two brazes to be made In a
working dasy. The control bench for this furnsce is shown to the left of

the furnace,
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Fig. 18.3 shows a view of the hydrogen brazing bottle in which
temperature in excess of 1800°C can be reached on small parts. The parts are
heated by radiation from a hot molybdenum filament which receives its power
from the large variable transformer shown under the table. A mercury manome-
ter for indicating hydrogen flow is pictured at the back of the table. The
Jar is raised and lowered on a ball bearing track and has a spring type "weight-
less" window sash type counterbalance. Currents up to 180 amperes are passed
through the .080 inch molybdenum filements to heat them.

The hydrogen atmosphere carbon arc welder is shown in Fig. 18.4.

An arm holding the carbon electrode protrudes through & hole in the heavy
glass window. An air cylinder controlled by a foot valve raises and lowers
the hood over the parts to be welded. To the left is shown the hydrogen
valves and flowmeter as well as a timer which controls the length of time the
arc is on. Under the tabie (not shown in the picture) is a rectifier for sup-
Plying power to the welder. High melting temperature materials are joined to-
gether in this welder.

The Model F. Litton Glass Lathe is shown in Fig. 18.5 set up for
glassing the cathode to the tube. Jigs and fixtures are used to align the
parts accurately in glassing. Nitrogen which has been passed over alcohol is
available for blowing the glass and prevents oxidation of tube parts.

Assembly benches and a portable power supply are shown in Fig. 18.6.
The tube parts are assembled in jigs and prepared for the various assembly
stages at these tables. The small portable rectifier in the foreground will
supply 5000 volts at .5 amperes. This supply is used in tube processing as

well as in the test room.
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The blower which is visible near the celling 1s an exhaust fan
for the cleaning and electroplabing room aud the dust-free cathode room.
These rooms ere normally shut off from the rest of the laboratory. Alr in-
take is supplied through dust fillters.

A portion of the interior of the cleaning and electroplating room
ig shown in Fig. 18.7. 'wo cleening baths, two electroplating tanks and o
wosh tank are visible in_thia picture, 'The rectifier for plating shown on

the well in ¥ig. 18.2 supplies 100 amperes at 6 volts.
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o
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o
e
-

.
o

Figure 18.7 Cleaning and Electroplating Room

The evacuation station is pictured in Fig. 18.8 showing a tube sealed
%o the menifold, ‘The upper right panel contains an automatically regulated

lonization gage circult and a thermocouple vacuum gogs ¢

rcult., The upper

left panel conteins controls for the statlon; i.e., switches for the pumps,
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oven, filament supply end a vacuum interlock as well as ‘thermocouple meters

and £1lament metors.

£ilement and pumps.

oven which cen be lowered over the tube to bake it at 425°C.
oven can also be used to bake the metal portions of the tube

oil vepor diffusion pump having an sctivated charcosl baffle

in the order of 5x10

The lower left panel conteins controls for the ovens,

The large sluminum box below the upper panels ls en

i
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Figure 18.8  Vacuum Station

A small portable
to 625°C. An

produces vacuums
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The gless cutting wheel shown in Fig. 18.9 is used to cub gless
tubing to accurate lengths. Water io used as & coolant and to remove gleags

dust .

-
S
.

-
o
.

Figure 18.9  Glass Cutting Wheel

The "hot box" for storing tube parts is shown in Fig. 18,10. A
100 watt electric bulb mainteins the temperatura in this box well above the
dew point, reducing oxidation of paris.

The ) K.V.A. spot welder pictured in ¥ig. 18,11 is used for weld-
ing smpll parts,

The glass ammesling ovens, spot welder, hend-brazing bench, and

paxrts storage space are not shown in this report.
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19, Meachine Shop

The floor plan of the machine shop lg shown in Flg., 19.1l. ¥Fig. 19.2
shows & portion of the hand bending brake, the engreving machine end the £il-
ing machine to the extreme left. Behind the filing machine is the soldering
bench with the Prestolyte hand torch. The arbor press and the heavy duly
Allen drill press can he seen on the lca:i‘*h wall in front of a small tool stor-
age cabinet., AL the resr of the room is shom the stock rack and o 220 to
WO volt transformer hanging on the wall., The No, 2 Brown and Sharp unilversal
mill with o Bridgeport attechment and the horizontal Cincinmati Mill No. 1 are

ghown to the right.

Figure 19.2 Machine Shop
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Tig. 19.5 shows another portion of the machine shop. A Sheldon
10-inch lathe can be seen to the left with a bench grinderend metal bend saw
to its rear. Yhe welding bench with the oxy-ocetylene brozing equipment is
gshown at the rear well. A portion of a Norton hydrsulic surface grinder con
be seen behind s Majestic iﬁxern&l grinder on the right hand side of the

picture,

.

Figure 19.3 Machine Shop

Fig; lQ*& ghows the 1h-inch Hendy tool room lathe and a 9-inch
Ames speed lethe to ﬁhe right; Behind the Ames lathe oan‘ha goen o portion
of a 24" x 2i" éurf&ce plate and shelves for tool and p@rﬁs gtorage,

Tig. 19.5 shows work bench space, a Shouer polishing lathe, a Jewels

er's lathe, a watchmeker's high speed drill press and a pedestal. grinder,
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Figure 19.4 Machine Shop
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Not shown in the pictures are a T-inch Ammco shaper, a Mott sand
blaster, a Walker-Turner 1/2-inch drill press, and a Toledo power hack saw.
Precision measuring equipment such as Johanasson blocks, height. gages,
Sheffield visual indicator, angle plates, cubes, bench centers, micrometers,

etc., complete the tool room equipment.
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VI. CONCILUSIONS

20. Summary of Results

The results of the work done on this contract can be placed in

four broad categories. These are the following:

8. Through theoretical and experimental analysis, an improved
understanding of the space charge and its effects in the mag-
netron has been obtained.

b. Factors which influence the design of interdigital magnetrons
for operation in the zero order mode have been evaluated by
extensive analysis, experimental tests, construction and
operation of tubes of varied design.

c. Using the results above as a basis, three new designs for fre-
quency modulation magnetrons have been developed and prelimin-
ary experimental tests made.

d. It has been demonstrated that a relatively small research
group in a University laboratory can over a long period of
time carry on a broad program covering several phases of a
problem. In this case, for instance, analysis of the space
charge in the magnetron, study of various microwave resonant
circuit geometries, design and construction of operating
tubes, and evaluation of performance of these tubes have been
carried out simultaneously.

Two technical reports have been prepared covering work done on

categories a and b above., Eight operable magnetrons have been built and
studied. Six of these were different in design. It should be pointed out

that the major purpose for building a tube in a laboratory of this type is
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to obtain and interpret research data on an individual tube. The gathering
of statistical information on a number of tubes is more properly left to
industrial laboratories or to agencies operating in cooperation with indus-
trial laboratories.

The techniques used in construction, and research which is in
progress but not considered ready for comprehensive presentation, are dis-
cussed in some detail in the present report. This includes the preliminary
experiments on frequency modulation magnetrons. A complete report on pro-
blems specifically related to frequency modulation magnetrons will be pre-
sented when operating tubes are available and experimental tests have been

made.

21. Proposed Future Activity

Several areas for investigation have been brought to light by the
research on this project which have been relatively unexplored because enough
time was not available. Also, emphasis has been on obtaining knowledge of
basic principles of design for frequency modulation magnetrons, so that some
of the more obvious practical problems have not been investigated with thor-
oughness.

It 1s recommended that the following fields should receive further
attention.

a. Development of one or more of the proposed frequency modulation
magnetron designs into a practically usable, tunable tube.

b. Development of a broader band choke and by-pass combination for
the cathode line to increase usable tuning range in the zero order mode.

c. Development of an improved tuning method for interdigital

magnetrons.
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d. Further investigation of fundamentals of magnetron operation
with particular emphasis on factors which determine optimum shunt impedance
and influence mode Jjump current.

e. Experimental study of the properties of the magnetron space
charge in the vicinity of the cyclotron resonance. This should be carried on
at constant space charge swarm radius for values of magnetic field from that
for which the dielectric constant of the space charge is definitely positive
and less than unity to that for which the dielectric constant of the space
charge is definitely negative.

f. Study of the relationship between pre-cutoff and pre-oscillatory
anode currents and noise level in the magnetron.

g. Study of the possibilities of amplification of r-f energy in
the magnetron space charge and the effect of this amplification on noise level.

h. Development of a tube for signal generator use based on ideas
presented in Section 16.

1. Research and development on magnetron amplifiers based on the
ideas presented in Section 15.

J. Development of a high-pdwer interdigital structure with several
anode sets in a multi-wave length cavity as proposed in Section 16.

k. Consideration of the problems which would be involved in develop-
ment of a high power glass or ceramic envelope interdigital structure for use
in an external cavity..

The primary effort of the University of Michigan group in the future
on Contract No. W-36-039 sc-35561 will be to carry out the activity of part
a. After the development of the frequency modulation magnetron has pro-
gressed to the extent that evidence of reasonably good operating character-

istics is obtained on completed tubes, a report will be prepared giving the
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basic principles of design and results and interpretation of experimental
tests on the tubes. This should be accomplished within the coming year.

It is also certain that some attention will be given to the pro-
blems listed in parts b, c, d, and e on this contract. The extent of the
work in any case will depend on how well it fits in with the primary program.
Problems of developing a broad-band choke design, improving tuning methods
and investigation of factors determining optimum shunt impedance will un-
doubtedly receive considerable attention. Any significant results will be

the subject of technical reports issued by the laboratory.



APPENDIX A

Distribution of Activity of Personnel Employed by the Project

(The figures in this table are necessarily estimated since overlapping
of function occurs in many cases. Vacation time is not included.)

Per cent Per cent
of of
Activity Man Months Total Time Total Payroll
Research, design, technical re- 48 25.0 33.6
porting by senior staff
Research and testing by student 20 10.4 6.8
research assistants
Engineering of equipment used in 28 14.6 18.6
testing and processing. Develop-
ment of assembly and processing
techniques
Construction of apparatus used 12 6.25 k.9
in testing and processing
Assembly and processing of tubes 12 6.25 6.0
(not including machining of
parts)
Mechine and shop work 36 18.75 16.5
Drafting and illustrating 2k 12.5 8.8
Secretarial 7 3.65 1.6

Miscellaneous Services 5 2.6 3,2
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APPENDIX B

Distribution of Funds and Equipment Allocated to the Project

a. The approximate distribution and rate of expenditure of con-
tract funds is indicated by the percentages in Table B.l which faces this
page. A complete inventory has of course been submitted to the contractor.

b. In addition to the funds furnished by the contractor, a num-
ber of items are being used in the test room on loan from the Evans Signal
Laboratory. These are the following: two amplifiers for use with crystal
or bolometer; two thermistor bridges with mounts; four oscilloscopes; two
spectrum analyzers; two wave meters; one General Radio vacuum tube voltmeter;
one synchroscope} one 2C§8»oscillator cavity and miscellaneous 7/8-inch
coaxial microwave plumbing.

¢c. Several pieces of equipment and facilities have been pur-
chased or provided by the Univers<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>