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QUARTERLY PROGRESS REPORT NO. 2

THEORETICAL STUDY, DESIGN, AND CONSTRUCTION OF

C-W MAGNETRONS FOR FREQUENCY MODULATION

1. oObjectives for the Period (J. R. Black)

The purpose of this report is to summarize the progress in the Uni-
versity of Michigan Electron Tube Laboratory during the period from March 1,
1951 to June 1, 1951, on Contract No. DA-36-039 sc-5423.

The general objectives of the program under this contract are to
increase the knowledge of space-charge effects and frequency characteristics
in c-w magnetrons and to apply this knowledge to the development of magnetrons
which can be frequency-modulated. Prior to December 1, 1950, the major em-
phasis has been on the development of an improved understanding of the magne-
tron space charge and its effects on magnetron modulation and operation. 1In
particular, the magnetron space charge as a reactive element was given rather
extensive attention and, more recently, the phenomena of voltage tuning and
frequency pushing were studied. As a result of these studies, the development
of several tube structures have been started. This development has suffered
somewhat because of the emphasis on theoretical study and analysis.

On March 1, there were two primary objectives for the period covered
by this report. One was to continue the emphasis on the development of various
tube designs into practically usable form. The other was to continue the theo-

retical aspects of the program with the aim of using the results in the design

of new tubes.



The tube designs to be emphasized are the Model 6 and Model 8 f-m
magnetrons and the Model 9 magnetron for use in an external tunable cavity
at power levels less than one watt. Voltage tuning is to be investigated on
all tubes with emphasis on the Model 9. The tubes are all described in detail

in Technical Report No. 7, the Final Report on Contract No. W-36-039 sc-35561.

2. Technical Reports (G. R. Brewer)

During the past few years, several articles presenting theoretical
considerations on the subject of the magnetron, the proposed magnetron wave
tube, electron waves, and plasma waves, have appeared in the foreign periodi-
cal literature. A number of these articles were of sufficient interest to
the personnel of the Electron Tube Laboratory to warrant translation. These
translated articles are listed below, and copies are available upon request.

It is thought that a few of these translated articles would be of
interest to other workers in the field, so that those indicated by an asterisk
will be made available as technical reports from this project.

*¥1. 0. Doehler, "On the Properties of Tubes in a Constant Magnetic

Field -- Part I, Characteristics and Trajectories of the Elec-

trons in the Magnetron", Ann. de Radioélec., 2, No. 11, Jan.,

1948, pp 29-39.

¥2. 0. Doehler, "Part II, The Oscillations of Resonance", Ann. de
Radioélec., 3, No. 13, July, 1948, pp 169-183.

*¥3. 0. Doehler and J. Brossart, "Part III, The Travelling-Wave Tube
in a Magnetic Field", Ann..de Radioglec., 3, No. 1k, Oct., 1948,
pp 328-338.

*l. 0. Doehler, J. Brossart, G. Mourier, "Part IV, Extension of the
Linear Theory, the Effects of Non-Linearities and the Efficiency]
Ann, de Radioélec., 5, No. 22, Oct., 1950, pp 293-307.

5. P. Guénard, R. Berterottidre, and 0. Doehler, "Amplification by

Direct Electronic Interaction in Tubes without Circuit", Ann. de
Radioélec., k4, 1949, p. 172. -



*6. J. Labus, "HF Amplification by Means of the Interchange Effect
between Electron Streams", Arch. Elekt. Ubertragung, E, 1950,

p. 353.

*¥7. W. 0. Schumann, "On Electric Waves in a Moving Plasma", Zeits.
f. Angew. Physik., II, No. 10, Oct., 1950, p. 28.

8. Karl Forsterling, "The Propagation, with Oblique Incidence, of
Electromagnetic Waves in a Stratified Medium under the Influ-
ence of a Magnetic Field", Arch. Elekt. Ubertragung, 3, 1949,
pp 115-120. -

9. I. I. Wasserman, "Rotating Space Charge in a Magnetron with
Solid Anode", J. Tech. Phys. (U.S.S.R.), 18, 1948, p. 785.

10. N. S. Zintchenko, "Stability of Magnetron Oscillations of the
Dynatron Type", Ratiotekhaika, 3, 1948, pp Lo-53.

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

The Model 9 series low-power insertion magnetron consists of a multi-
anode structure and cathode contained in an evacuated metal and glass envelope.
This sealed-off structure serves only as the capacitive part of an external
resonator system. The basic structure of this sealed-off insertion magnetron
consists of six equally-spaced radial vanes attached to the inner wall of an
outer cylinder which protrude through six longitudinal slots in an inner cylin-
der. The evacuated envelope thus forms a short section of coaxial transmission
line coupled to a 12-anode magnetron structure. The interaction space-design

parameters for the Model 9 series of magnetrons are listed below:

A = 10 cm E, = 280 volts
n\n = 60 E = 1400 volts
n = N2=6 B, = 554 gauss
rp, = .317 cm B = 1662 gauss

re = .190 em B/Bp = 3

ra/re = 1.66



The emphasis during this quarterly period has been on voltage-
tunable operation with special emphasis on noise reduction. Four new tubes
were completed during this period. A list of these tubes is given below along
with their significant design characteristics. The assembly drawings for the

Model 9B and Model 9C are given in Figs. 3.1 and 3.2, respectively.

Model No. Cathode Body Assembly
— Type Dwg. No.

9c 48 Oxide 10009C

9B e} Tungsten 100098
helix

9B 50 Oxide 10009B

9B 53 Conical 10009B
tungsten
helix

A tunable cavity designated cavity No. 3 was completed and tested
in conjunction with Model 9B, No. 43 under pulsed operating conditions. An
assembly drawing of cavity No. 3 is shown in Fig. 3.3. Two sets of data were
taken,as shown in Figs. 3.4 and 3.5. The wavelength was measured as a func-
tion of tuner distance for the conditions where the tube was operated both
with and without an external bypass on the cathode line. The mode-jump
current was simultaneously measured as a function of tuner position with and
without an external bypass in the cathode circuit. The importance of the
cathode circuit with respect to the mode boundary in the mechanically tunable
system is immediately apparent from Fig. 3.5. Note the direction of wavelength
shift caused by the cathode circuit with relation to the change in mode-jump

current.
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In order to study the voltage-tunable characteristics of the inser-
tion tube, it was found convenient to employ the tube as the local oscillator
ina spectrum analyzer. The experimental setup is shown in Fig. 3.6. The
tube employed was the Model 9B, No. 49, which has a pure tungsten, single-
helix cathode, thus permitting temperature-limited operation.

Cavity No. 2, shown in Fig. 3.7, was employed in conjunction with
the insertion tube for this experiment. The important results obtained from
this operation are showvn in Fig. 3.8a and Fig. 3.8b. Fig. 3.8a is a picture
of output versus the frequency. The distance between the two vertical pips
corresponds to twice the intermediate frequency of the spectrum analyzer or
Lo megacycles. The frequencies corresponding to the upper scope trace are
1690 + 20 me. The lower scope trace pips correspond to 2ok2 + 20 me. The
total frequency swing of the frequency-modulated local oscillator was therefore
392 mc under these conditions.

Fig. 3.8b shows the output of the local oscillator versus frequency
in the upper trace. An approximate figure for the total frequency swing can
be estimated from the distance between the vertical pips, which corresponds
to 40 me. The center frequency for the two tall pips is 1680 me.

Fig. 3.8c shows the output of the local oscillator as a function of
frequency and vividly demonstrates the long-line effect. The upper trace
differs from the lower one only in that here the temperature of the filament
is slightly lower. The long-line effect promises to be one of the very serious
problems which will need attention if voltage-tunable operation is to be prac-
tical over a large frequency range.

Fig. 3.8d shows local oscillator output versus frequency at a higher

filament temperature than in the previous experiments. The upper oscillograph
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1k

trace in this figure corresponds to a normal magnetic-field configuration.
The lower trace was obtained by upsetting the orientation of magnetic field
with an iron rod external to the cavity.

Voltage-tunable power output with noise-free operation has so far
been of the order of 10 to 400 microwatts. ILarger power outputs (up to 3
watts) have been obtained with mechanically tunable cavities; however, the
noise has been quite large even under these conditions of higher Q operation.

Work on the Model 9 series will continue with emphasis on increase
in noise-free power output. The problems arising from long-line effect will

be investigated simultaneously.

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

The geometry of the resonant structure of the Model 8 magnetron pro-
vides a flexible structure for designing magnetrons for various uses. This
is due to the fact that the r-f field distribution within this structure is
such that it may be easily affected by external means.

Initially, an effort is being made to adapt the Model 8 structure
to an f-m magnetron, as shown in Fig. 4.1b. One set of anodes with its asso-
ciated cathode will form the magnetron oscillator section, while the other
set of anodes with its associated cathode will form a reactance tube employing
a magnetron-type space charge as the variable reactance.

To determine the characteristics of the Model 8 structure a high-
power tube, as shown in Fig. 4.la, is being studied. This arrangement employs
- two oscillator anode sets with their associated cathodes operating in a push-
pull type operation. It is believed that over 1000 watts c-w will be obtained
from this structure operating at 2300 mc.

An easily tunable magnetron could be built, as shown in Fig. L.lc.

One set of interdigital anodes would form the magnetron oscillator while a
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mechanically variable condenser would be placed at the other voltage maxima
position. As shown belcw, a simple cup-and-rod variable condenser on cold
tests indicated a tuning range in the order of 1.5 to 1 and had no observable
parasitic fesonances.

A fourth type of use for this structure is indicated in Fig. L.14.
This system is a means of losding down a magnetron structure having no resonant
circuit for use as a voltage-tunable magnetron having an output power in the
order of hundreds of watts. Cne-half of the Model 8 structure would be used
feeding directly into a wave guide through a window. See Section 3 of this
report for further discussion of voltage tuning.

By enlarging the resonant cavity to include three half-waves down
its length a combination of Figs. 4.1b and 4.lc would form a tunable f-m mag-
netron.

The work to date has been concentrated on the development of a
high-power double-anode set magnetron. It is felt that this structure will
lead to results immediately applicable to developing an f-m magnetron. At
this writing, parts for this tube have been machined and are being cold-tested
prior to brazing.

The cavity for this tube (Model 8B), having the dimensions 2.12 x
L.24 cm by 1.016-cm high and containing two sets of anodes with a capacity

of approximately 6 ppt each, resonated in the following modes:

A/2 mode

15.22 cm

N\ desired mode = 13,20 cm

9.58 cm

2\ mode

Fig. 4.2 shows the assembly drawing of Model 8B. Two carburized

thoriated tungsten cathodes, to be employed in this tube, have been assembled
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and tested. Four amperes of diode current were obtained from each cathode.

The design Tactors for Model 8B are as follows:

-

r o= 16 E, = 175 volts
rg = U450 cm B = 1920 gauss
re = .269 cm E = 1925 volts
rg Te = 1.67 Ms = 91 per cent
Bg = 320 gauss cavity = 2.12 x k.24 cm
h = 1.016 cm cavity height

Fig. 4.3 shows a tuning curve obtained from cold tests for Model 8B
geometry employing a simple cup-rod variable condenser in place of one of the
anode sets. The dimensions for the condenser are given in the insert of this
figure. No spurious resonances in the tuning mechanism were noticed; however,
as it is tuned to the high-frequency end the desired N mode produces a voltoge
node passing through the oscillator anode. This effect undoubtedly will cause
a lowering of power output and of efficiency. Oscillations will probably be
maintained under this condition since the voltage pattern about the anode is
similar to the standard first-order mode found in an ordinary interdigital
magnetron.

Fig. 4.% indicates that if this structure were to be used as an f-m
magnetron, 100-mc frequency shift would be obtained per ppf change in capacitance
at the reactance tube. The anode for such a reactance tube could be a simple
cup eliminating the possibility of osclllations occurring in this section. (Ca-
pacitance changes in the order of 2 or 3 uuf are to be expected, barring any

unforeseen difficulties arising from the high r-f voltages.
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5. Model 6 F-M Magnetron (S. Ruthberg)

The Model 6 f-m magnetron has a coaxial resonant system, two anode
sets, and two cathodes. The cavity is electrically one wavelength long for
the desired mode of oscillation (N = 13 cm). Voltage maxima appear at each
anode set. The oscillator section consists of 16 anodes and the modulator
section has 4 anodes. An assembly drawing of this tube is given in the Appen-
dix of Technical Report No. 7, issued February, 1951.

Eight Model 6 tubes have been constructed, ail of which coupled
power out of the modulator cathode line. Output power as high as 190 watts
at 40 per cent efficiency has been obtained with the modulator cathode removed.

Problems concerning power leakage down the cathode, mode-jump current,
etc., are being investigated using a less complicated structure, Model 7, which
has an oscillator section identical to the Model 6. The Model 7 coaxial cavity
resonator is electrically one-half wavelength long and has no provision for
frequency modulation.

The oscillator section of the Model 6 f-m magnetron, which is iden-
tical to the Model T oscillator, has been receiving consideration. Attention
has been given to the optimum operating characteristies, in particular the
input impedance of the r-f circuit presented to the interaction space.

As a step in this program, a mechanically tunable Model 7 tube is
under construction (designated T-F); a drawing of which is presented in Fig.
5.1. With this model the operating characteristics may be studied as a func-
tion of frequency over a range of.l cm in the 1ll4-cm wavelength region. The
vane, bar, and cathode geometries are those of the Model 7B, which has a
single output loop, and a backing ring on the vanes to reduce the vane-mode
wavelength. The ratio of anode-to-cathode radius is 2.1, 1In addition, the

cathode-line structure has been modified for better heat transfer.
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Fig. 5.2 is a photograph of an experimentally obtained magnetic-
field flux map of this tube. This shows that a fair amount of distortion
exists near the hollow, fixed pole piece. Values of flux density as a func-
tion of magnetic-field current are given in Fig. 5.3 for a point midway be-
tween the pole faces and on the axis of symmetry. Fig. 5.4 shows the rapid
variation of flux density with distance from the axis of symmetry. From
such measurements, the average B, in the region of the interaction space on
a line 0.775 cm from the fixed pole piece, is indicated as a function of
magnetic-field current, I, by the lower curve of Fig. 5.3. These values
were taken with a rotating coil fluxmeter, in which the coil is 1/8-in. long
by 3 mm in width,

The Model TE magnetron has been operated c-w. This tube has a
modified vane-and-bar structure for the purpose of equalizing the r-f voltage
between the cathode and the anode segments by balancing the capacitance be-
tween the bars and cathode with that between the vanes and cathode. This
geometry is given in Fig. 5.5. The cathode, Fig. 5.6, is oxide-coated, and
it has no filter for preventing power loss down the cathode line. Fig. 5.7
lists two representative volt-ampere characteristics. Because of back-heating
difficulties, the tube was not operated at much more than 100 watts input
power. Both examples given are for a magnetic-field density less than that
of the cyclotron frequency but for two different cathode-heater currents.
Higher heater power and stronger magnetic fields lead quickly to large back
heating. Information about the various modes found in the volt-ampere char-
acteristics may be obtained by use of the Hartree equation and the actual
starting voltage. Pulsed operation indicates a greater number of modes than

appear in c-w operation. This data will be available in the near future.
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A small diameter filamentary cathode of carburized thoriated tung-
sten (manufactured by Litton Industries, Tnc.) has been inserted into the
Model TA shell, minus any internal blocking filter in the cathode line. This
particular model is distinguished by an extra output loop in the vane struc-
ture, with no backing ring. Fig. 5.8 is a drawing of this cathode structure.
An external transmission-line arrangement is to be used on the cathode, allow-
ing the input impedance to the cathode line to be varied. It will also be
possible with this arrangement to measure the r-f power transmitted down the
cathode line., Diode emission for the tube is about 2 amperes for the ratio
of anode-to-cathode radii of 2.47. This tube has operated only in the vane
mode when used‘without any cathode-line bypassing arrangement. A lh-cm mode
exists but with insufficient power to give wavemeter readings. It was indi-
cated by standing-wave minima positions in a slotted line.

Flux measurements have been made for the magnet geometry of Models
TA to TE. These have hollow‘pole pieces; whereas, the TF has one hollow pole
piece and one solid pole piece. Fig. 5.9 is a flux map obtained experiment-
ally. Fig. 5.10 gives the flux density vs. magnetic-field current. Curve 1
of this figure represents the values taken at the midpoint between the pole
faces on the axis of symmetry; curve 2 gives the average value of B in the
interaction space on a line bisecting the axis of symmetry at the midpoint;
and curve 3 gives values for the field as measured by the flip coil method
used in the past, for comparison to the present data obtained with a rotating-
coil meter. Fig. 5.11 presents the field measurements as a function of dis-
tance from the axis of symmetry on a line passing halfway between the pole
faces and on a line passing 1/8-in. from one pole face. Note the wide varia-
tion of field in the interaction space. On the center line, the field decreases

with distance from the axis, whereas, it increases with distance on a line near
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the pole faces. This is seen in the concentration of flux lines at the

pole faces in Fig. 5.9.

6. The Trajectron — An Experimental D-C Magnetron (W. Peterson)

The main purpose of this experiment is to attain a more complete
understanding of magnetrons by studying the space charge in a smooth-bore
magnetron.

The tube which will be used for this work is a d-c smooth-bore
magnetron with an electron gun in the same envelope arranged so that a beam
of electrons can be sent into the space charge in an axial direction just
grazing the cathode. The exit point of the beam will show on a fluorescent
screen, thus an electron's position as a function of time after it leaves the
cathode may be measured. From this information electron velocities at any
radius may be calculated and the space-charge distribution determined.

The trajectron has been redesigned for use on a continuously-pumped
system. The vacuum station is operating. The tube parts have been constructed
and the tube is assembled and ready to be pumped down.

The diode section of the new trajectron has in it no magnetic mater-
ials. This should eliminate the difficulty experienced in the first model in
aligning the electron beam. The continuous pumping system will also keep the
tube from becoming gassy.

The seals at the ends of the diode anode are made with Teflon gas-
kets. The cathode assembly can be removed, and a spare cathode has been
made. Thus the tube can be opened, the cathode and the fluorescent screen
changed, and the tube sealed again in less than an hour. Changing an electron

gun will take only a few hours. Thus this tube can be modified with relative

ease,
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The cathode of the new tube has a bifilar heater to minimize the
magnetic field from this source.

A convenient high-voltage low-current supply has been constructed
to be used with the electron gun. It is of the type used in television re-

ceivers, and voltage regulation is incorporated in it.

7. Theoretical Analysis of Frequency Pushing and Voltage Tuning (H. W.

Welch, Jr.)

Substantial progress has been made during the last quarter toward
obtaining a theoretical understanding of frequency pushing and voltage tuning.
This theory will be presented in detail with experimental confirmation in a
forthcoming technical report. The following brief treatment will summarize
some of the essential points of the analysis and indicate its applicability
to practical problems.

In order to predict completely oscillatory magnetron performance
in terms of the picture of the space charge which has been used in previous
Michigan ngorts and other references,l the following facts must be known:
geometry of the space-charge swarm including boundaries of the spoke config-
uration, the density distribution of electrons in the spokes, the inter-
action-space geometry, the impedance between anode sets as a function of
frequency, and the average velocity of the spokes around the cathode, as well
as the drift velocities of electrons through the spokes. The space-charge-
swarm behavior depends, not only on the d-c voltage and magnetic field, but
on the r-f voltage between anode sets. The problem is thus a self-consistent
one since the r-f voltage depends on the current induced by the spokes and

the spoke geometry depends on the r-f voltage. This is in addition to the

1 See Technical Report No. 5.
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self-consistency required to take account of the Poisson field of the space
charge.

In Technical Report No. 5, we have attempted to develop an approx-
imately quantitative method for the calculation of the induced current which
will result from a spoke configuration resulting from a given anode voltage.
The method summarized here serves to predict by a relatively simple analysis
the approximate spoke geometry and phase relationship of the spoke of charge
to the r-f voltage wave on the anodes for various specified conditions. If
the phase relationship is known, the required phase of the load is predict-
able. If the magnitude of the current is known for a given r-f voltage, the
required magnitude of the load impedance is predictable. The method is not
complete but very definite conclusions can be proposed relative to the fre-
quency-pushing and voltage-tuning phenomena.

If one considers the electron in the reference frame moving with
the velocity synchronous with the r-f wave in the magnetron interaction space,
effects of time variation of the electromagnetic fields are apprﬁximately
erased. This is based on the assumption that the electron interacts only
with the wave which moves around the interaction space in the same direction
as the drift motion of the electron. Under these conditions it can be shown
that, in order for an electron to reach a point a given distance from the ca-
thode surface, a certain threshold energy must have been delivered to the
electron. If it is assumed that the electron acquires all of its energy from
the electric field, then the electrical potential of the point must exceed
this threshold energy in electron volts. The threshold anode potential is
the Hartree potential, given in the cylindrical magnetron by

r = fr(EE)mE oD ()T 52, o)
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where

EEE - en x oscillatory frequency _ synchronous angular velocity

n 1/2 number of anodes
rg = anode radius

reo = cathode radius
fay = threshold potential

It is proposed, as was proposed by Hartree, that, in order for elec-
trons to reach the anode, this threshold potential must be exceeded on the
anode., If rf exists on the anode this condition may be satisfied over only
part of the cycle, as is illustrated in Fig. 7.la. The threshold potential
is represented by the line labeled @ap, the actual d-c anode potential by g,
and the peak value of the fundamental travelling-wave component of the r-f
voltage between anode segments by ¢f. The spoke of the electrons must end on
the anode between the points A and B, represented by the shaded area. Thus
the position of the spoke is approximately located. However, if the spoke is
symmetrically distributed about the positive voltage maximum, analysis will

show that the current induced into the circuit must be exactly 90°, lagging

the r-f voltage so that the circult must be a pure inductive reactance at the
frequency of the induced current. No power is transferred from the electrons
to the r-f field.

Another restrictive condition is illustrated by Fig. 7.1b. It can
be shown that, in a region between the positive and negative r-f potential
maxima, C and E, electrons will have a component of drift motion toward the
anode. In the region between D and C, there will be a component of drift
motion away from the anode. Since all of the electrons originate at the ca-

thode, it will be expected that the spoke will end on the anode between C and B.
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The region between A and C is ruled out because the drift motion is away from
the anode where no electrons originate.

In Fig. 7.lc, the end result of such a diagram is shown. The ap-
proximate position of the spoke is represented as a shaded area between an
anode and cathode surface in its proper relationship to the r-f voltage wave
(fundamental travelling component). A full cycle of the r-f wave is 360
electrical degrees. Actually, in space, a full cycle occupies only T20°/N,
where N is the number of anode segments. The phase angle between the induced
current and the r-f voltage between segments can be shown to be given by 6.
The width of the spoke is BN electrical degrees, where p is the actual space
width in degrees (notation used in Technical Report No. 5, page 85). 6, in
Fig. T.lc, is less than 90°; electrons are drifting toward the anode so d-c
povwer is supplied to the system and r-f power is supplied to the circuit.
These are the conditions for oscillation.

Certain facts can be pointed out and the method qualitatively il-
lustrated with reference to Fig. T7.2.

For a given space-charge density it can be shown that the maximum
induced current will be obtained for N = 180°. Thus, in Figs. 7.2a, b, and
¢, the induced current would be progressively increasing. In order for this
to happen and the r-f voltage to remain constant, as is assumed, the circuit
impedance would have to be decreased, as is indicated in the captions. It
is also necessary to raise the anode voltage to produce larger values of BN.
This means that one would expect the anode voltage, for a given r-f voltage
amplitude and frequency, to increase with a decrease in Q. This is the ex-
perimentally observed fact. The small change in frequency associated with

the change in circuit phase angle € will result in a small change in PaT
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(from Eq 7.1). However, for a circuit with reasonsbly high Q's, this change
is negligible.

The pictures of Fig. 7.2 could also be used to represent normal
operation into a resonant circuit if the r-f voltage amplitude were made pro-
gressively greater from a to b to ¢. This would happen for two reasons: the
induced current is growing larger and the circuit impedance is increasing with
deécreasing positive phase angle. An important critical condition is expected

when the phase angle becomes zero. For this condition

¢a, - ¢8.T ¢f ’ (7-2)

BN = 180°,

where ¢ = peak value of fundamental travelling r-f wave.

The induced current is now a maximum for a given charge density;
for higher d-c voltages, the threshold voltage is always exceeded, the spoke
tries to become broader than 180° but is discouraged from doing so ty the
direction of the drift motion; also, for higher voltages the frequency tends
to go up, forcing the spokes to induce current into a capacitive circuit, the
r-f voltage tends to decrease and the focussing forces forming the bunches
are reduced. In short, the tube would be expected to cease operating.

The discussion just given applies to a resonant circuit where the
phase angle is a rapldly varying function of frequency so that ¢aT does not
vary appreclably as ¢a is increased. The decrease in phase angle with in-
creasing ¢a represents an increased delivery of r-f power to the circuit.
The increasing "conduction angle" BN represents an increase in d-c current

ana, therefore, power input.
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Let us suppose ancther condition, namely, a high-impedance inductive
non-resonant circuit. This is represented by Fig. T7.2a. Furthermore, let us
suppose that temperature-limited conditions prevail at the cathode so that the
d-c current through the spoke is limited. Presumably, then, the conditions
shown in Fig. T7.2a satisfy the self-consistent relationship between r-f vol-
tage, circuit impedance, and spoke configuration for the available d-c current.
Now supnose that the anode voltage is raised. The spoke will tend to speed
up, thus increasing the synchronous-wave velocity, but the phase will not
change rapidly with frequency. DMoreover, if Qg tends to increase relative to
QaT, BN would become larger, tending to require more d-c current. This current
is not available since we have specified temperature-limited conditions. The

expected result is therefore that Qg and @gp will both be raised when @g is

increased and the frequency will increase as demanded by Eg 7.l. The whole
pattern will rise relative to the zero of potential. These are the required

conditions for voltage tuning.

The critical ccndition mentioned above for @4 - @ap = @f is impor-
tént in the consideration of the proper circuit for voltage-tuning operation.
It was indicated in the discussion of this condition that operation into a
capacitive circuit would be unsatisfactory or impossible. Thus to achieve
voltage tuning, one should use a very low-0 circuit on the inductive side of
resonance, or a non-resonant inductive circuit, or a completely non-reactive
high-impedance circuit.

The conclusions briefly summarized here seem to be borne out by
preliminary examination of experimental data obtained in this laboratory and
elsewhere. More complete substantiation of these remarks with experimental

confirmation, will be given in a forthcoming technical report. The following
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conclusions may be offered on the basis of the preceding discussion and ex-
perimental evidence which has been examined by the author.

In normal operation, the maximum frequency pushing to be expected
will be given by the frequency change associated with a circuit phase angle
change of between 60° to 80° and 0°. This is a little greater than 1/2 QL
x fo where fo is the oscillatory frequency and Q, is the loaded Q.

| Observed frequency pushing may be less than the maximum figure if
the phase angle change for some reason covers only part of the maximum expec-
ted range (i.e., 75° to 45°) over the useful volt-ampere characteristic.

The frequency pushing per ampere may be made smaller if the slope
of the volt-ampere characteristic can be increased. This has been definitely
observed in one case where the slope was increased by causing the cathode to
operate temperature-limited. Other nethods probably can be used and this
possibility will be considered in the future.

Voltage tuning with a temperature-limited cathode will be limited
to the frequency range for which the circuit has a phase angle 2 0. For
example, a circuit which is a pure resistance of the required impedance mag-
nitude for all frequencies should permit very wide voltage tuning at constant
power. An inductive circuit would not be expected to give constant power.
This conclusion is based on the premise that the space-charge-spoke behavior
is independent of frequency. It is actually a slowly varying function of

frequency and this would have to be considered in an exact analysis.

8. Propagation of Electromagnetic Waves in the Plane Magnetron Space Charge

in the Direction of the Steady Electron Motion (G. R. Brewer)

The propagation of electromagnetic waves in the direction parallel

to the steady electron velocity in the magnetron should prove of interest from
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two points of view. While this analysis is carried out only for the plane
magnetron the general results should be applicable, at least qualitatively,
to considerations involving the cylindrical magnetron, and might be of assis-
tance in explaining certain frequency effects of the space charge on the
resonant circuit, such as frequency pushing and voltage tuning. Secondly,

it is believed (as has been suggested by a number of people) that a magnetron
structure should be capable of providing amplification of electromagnetic
waves, This possibility was suggested earlier in the course of this work,l
the idea being based partly on an analysis carried out at that time and partly
on intuitive considerations, extrapolating from the successful Electron Wave
Tube2 due to Haeff. The analysis presented in the aforementioned report
(reference 1 on this page) has since been found to be incorrect; however,

the possibility of amplification has not been abandoned.

The problem of wave propagation in the direction of electron mo-
tion in a plane magnetron space charge has been treated in a comprehensive
manner by Macfarlane and Hay.5 However, while they apparently found suitable
mathematical expansions enabling rather general solution of the equations,
some of their most interesting results are not presented for the case of the

magnetron (their case ¢ = 1). That is, they consider interaction with a

1 Quarterly Progress Report No. 2, Electron Tube Laboratory, University of
Michigan, July, 1950.

Haeff, A. V., "The Electron Wave Tube -~ A Novel Method of Generation and
Amplification of Microwave Energy", Proc. I.R.E., 37, pp 4-10, 1949.

Labus, J., "High Frequency Amplification by Means of the Interaction Effect
between Electron Streams", Arch. Elekt. Ubertragung, 4, pp 353-360, 1950.

Macfarlane, G. G., and Hay, H. G., "Wave Propagation in a Slipping Stream of
Electrons: Small Amplitude Theory", Proc. Phys. Soc., lLond., B, LXIII,
pp 409-L427, 1950.
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beam of electrons injected between two parallel structures, the electron vel-
ocity varying linearly with distance normal to these structures, but not
vanishing at one of them as in the magnetron with a cathode as one element
of the delay line.

This problem of amplification in a plane magnetron structure has
also been mentioned in a note by Buneman.l

Therefore, while the present treatment of this problem will nec-
cessarily be of more limited scope than that of Macfarlane and Hay, it is
hoped that the results.can be applied profitably to the magnetron.

For consideration of electromagnetic wave propagation in the dir-
ection parallel to the steady or drift velocity of the electrons, two types
of waves must be distinguished. The first wave will propagate with a velocity
near that of light, being determined by the dielectric properties of the space
charge as well as the boundary conditions imposed by the confining circuit.
A possible example of this case would be wave propagation along a plane
parallel transmission line, one of whose elements is an emitter, giving rise
to a space charge with drift velocity along the length of the line. Since
this case is of little practical interest, it will not be treated here.

The second type of wave involves propagation along a structure
(usually periodic in space) such that the phase velocity of the wave is con-
siderably less than the velocity of light. This structure is usually made
as some type of periodically loaded transmission line, such as a loaded wave
guide (the side opposite the "slow wave" structure being an emitter) and the
wave velocity can be made (within reason) to conform to the designer's wishes,

usually one-tenth or less the velocity of light. This low value of wave

1 Buneman, 0., "Generation and Amplification of Waves in Dense Charged Beams

under Crossed Fields", Nature, 165, p. 47k, March, 1950.
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velocity allows certain simplifications to be made in the equations, as will
be seen later.

The essential differences between the "field wave" and the "space-
charge wave" can then be summarized as follows. In the field wave, which is
propagated with a phase velocity near to that of light, the space-charge
density exerts relatively little influence on the fields; that is, there is
relatively little wave energy stored in the electron motions, so that this
wave is characterized by V-E £ 0 (the wave energy in this case being stored
alternately in the electric and magnetic fields). The space-charge wave,
propagating with a phase velocity small compared with that of light, is in-
fluenced to a great extent by the space charge; in fact the wave energy is
stored alternately in the electric field of the wave and in the kinetic energy
of the electrons. Since in this case there is relatively little energy stored
in the magnetic fields, this wave type can be characterized by V x E = 0.

Propagation along a "Slow Wave" Structure. A schematic drawing of

the structure to be used for illustrative purposes in the following analysis
is shown in Fig. 8.1. It is assumed that the electron velocity is slow com-
pared to the velocity of light so that the treatment is non-relativistic and
also the usual small signal method is used. 1In addition, it is assumed that
the wave velocity is small compared to the velocity of light so that the time
rate of change of magnetic field can be neglected, and the electric field

1

derived from a potential function. Then V x E T 0~ and the field components

present are Ex, Ey, and Hy.

1 The degree of approximation of this customary simplification can be seen
by writing the electric field in terms of the vector potential A and the
scalar potential ¢ as:
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FIG. 8.1

IDEALIZED SPACE CHARGE IN PLANE
MAGNETRON WITH PERIODIC ANODE

Fig. 8.1

(Cont'd. from page 46) and using the supplementary condition on A:

2
V-a = - €_.¢
v
Then:
T = - 2 132@
VB v (Z)+E-£5—t-£

Considering the potential to represent a wave motion in the x direction so
that @ = g eX0t~ yX

2
V':E = ‘72@"‘%2(2)';

so that when 0)2/02 << )’2 this last term can be neglected and E = - ¥V 9,
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The equations of motion are, assuming the perturbation velocities

to vary as elwb-7Yx:

ivwvy - Yvo vx = -'%Ex:
(6-1)
. e
J-(DVX-)’VO Vy = 'E -(Dc 'V'x,
and from these, the electron velocities are:
e . e e .
Vy T @ pe—— =X, Vy = """‘E'—ESL— U 0 e x‘§ ’ (8-2)
o + Yy oy o+ yoe¥  (iw + yacy)
where the substitution vg = -wey has been made. 1In this, it is implicitly

assumed that the cathode is located at y = 0. The field equations are:

0Ex OHg

- YE = 3y 3y ° Po vx + Vo P71 + 1w €5 Ex |
- (8-3)
0
Py = Eo(‘yEx*“E};;?), YHy = Fo vy + iw e By

Performing the indicated differentiations and -combining these ex-

pressions, Egs 8-2 and 8-3, the following differential equation is obtained.

) 102 Ex (1A dEy
A+ (lw+ yooY) € y 972 * yay * C)ay
(8-4)
l0¢C
+|};a-§+A+ (ia)+ywcy) 50] YEx = 0,
where
A = - Po e/m
1o + yoc¥
c = PO e/’m(,bc

(i + ywey)?
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This equation will be simplified by substitution of the new variable:

— w Wey _
1 = (LTc(l+ id) ). (8 5)
Then Eq 3-4 becomes:
1\o2m, 2 25 (2 1 ) )
(l '7)—5~f2— +-£—2 ——-—-—al (—1—5 -74‘ I | Ex = 0. (8-6)

This is the basic differential equation representing the electric
field in the space-charge region and presupposes only that the velocity of
the wave in the space charge is small compared with the velocity of light.

In what follows, the exact nature of the external circuit will not be speci-
fied, it being presumed that a circuit of the characteristics desired to achieve
certain performance can be constructed. It is seen from Eq 8-5.that Re £ = 0
corresponds to synchronism between a layer of electrons at distance y above

the cathode and a wave travelling in the -x direction.

Since the most interesting interaction effects take place for velo-
cities near this synchronism condition, in what follows the attention will be
confined to small values of {. Therefore, the solution to Eq 8-6 will be
found in terms of a power series expansion in {.

Therefore, let:

@
Ex = 2 anl", (8-7)
o]
from which it follows:
[
a_D>E = E n an ln-l ’
92 ® -



50

Substituting these into Eq 8-6, the following recursion relation is found:

© ©
[n(n-5) +]2 ant® 2+ 3 [n(n-l) + l] ant™1l - g ay™l = o
(0] (0]

1
o M8

so that the first few coefficients are:

ag = 0 a) = arbitrary ajg = 1475 ap
ap = arbitrary az = al/p aqg; = .0760 ap
al, = ap/o as = 5/24 a

ag = 11/k0 ap a7 = 93/720 ay

a8 = 321/1680 ap ag = 58)4-8,/'11-0520 a1
The boundary condition to be imposed on the electric field Ey in
the space charge is that it must vanish at the cathode, i.e., Ex = O when

¥y =0 (I = w/we). Under this condition, the solution of Eq 8-6 becomes:

Bx = -0 gf1+2 12+ 0.20 2%+ 0.129 45 + 0.0966 18 +... ]
a2 Oc

(6-8)

+ 42 [1+ % 12 + 0.275 2% + 0.191 16 +]

It is seen that two independent series are obtained, one including
the even and the other the odd powers of the variable quantity.

The electric field Ey in the space charge is shown in Fig. 8.2
plotted vs. Re £ from Eq 8-8 using the above specified boundary condition.
Certain qualitative information concerning the space charge can be obtained
from a study of these curves.

The cathode of the magnetron is, of course, represented by the right
hand intersection with the abscissa of the curve corresponding to the parti-

cular value of w/we under consideration. The intersection at £ = O corresponds
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to synchronism between the layer of electrons at a given value of y and the
travelling electromagnetic wave. It is seen that this synchronous layer of
electrons becomes an infinite admittance sheet in the space charge. The por-
tion of the curves to the right of 7 = 0 represent the field in the region in
which the electrons are moving slower than the wave and the part to the left
of £ = O the region in which the electrons are moving faster than the wave.
From this it appears that the interaction space in a magnetron is divided into
two regions by this admittance sheet; the region between cathode and the in-
finite admittance sheet and the region between this sheet and the anode. As
the electrons are caused to increase in velocity (e.g., by increasing the mag-
netic field), this sheet will be displaced toward the cathode.

Examination of Eq 8-4 reveals that in addition to the regular singu-
lar point at [ = 0, this equation contains a second regular singular point at
£ =+ 1. It will prove interesting to examine briefly the physical nature of

this singularity also. For the value £ = - 1, the real part of Ig 8-5 becomes:

Vo
(Dc = (V) ——-l),
(VP

where vy is the phase velocity of the wave propagating with the electron
stream, i.e., Vp = - w/ﬁny'. The right side of this relation is seen to be
the frequency of the wave whose forces are acting on the electrons, as seen
by the moving electrons. That is, vhile a stationary observer (an electron)
experiences a force due to the fields of frequency w, an observer moving with
velocity v, experiences a force of frequency a)(vo/vp - 1). Therefore, at the
value of vo/vp for which this Doppler frequency is equal to the cyclotron fre-
quency, the layer of electrons for which Re f = - 1 experiences a resonance

effect between the wave and the applied magnetic field. From this, it would
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be expected that the electric fields of the wave have a singularityl at the
value Re { = - 1. That this is indeed the case can be seen from Figs. 8.2
and 8.3.

The singularity at the point £ = + 1 is of less interest since this
interaction (for w/we < 1) takes place below the cathode. However, this singu-
larity corresponds to the same type of phenomenon, with electrons moving in
the +x direction interacting with fields of Doppler frequency w(l - %g) of a
wave travelling in the +x direction.

The admittance looking into the space-charge cloud can be deter-
mined by a method originally suggested by Hahn® in which the surface is assumed
perturbed periodically in space by the propagating wave. The effect of these
perturbations in the surface is considered to be represented by a surface cur-
rent flowing in the plane of the unperturbed surface. The tangential magnetic-
field component on the outside of the space charge can then be equated to the
sum of the tangential magnetic field inside plus the surface current. This

method of evaluation yields the following equation for the normal admittance:

_ Hg(h) _] (iwr2yamch \ -Po e/m iweo|Ey(h) _(iw+2 ¥ wch) Po e/m we ]
e H) _{(V(mchﬂ‘im))wrwch O] x(B) Tywchﬂff)))(w,m mye » (8-9)

where only wave propagation in the -x direction is considered.

1 1t can be shown (A Course of Modern Analysis -- Whittaker and Watson, Cam-
bridge, 1946, p. 201), that in such a case as considered here, the function
will be either analytic or have a logarithmic singularity at the regular
singular point. In view of the above mentioned account of the nature of
the interaction at the singularity, the latter possibility appears more
probable.

2 w. C. Hahn, "Small Signal Theory of Velocity-Modulated Electron Beam",

G. E. Rev., k2, No. 6, June 1939, p. 258.
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Using Eq 8-5, Eq 8-9 can be written in the form:

Hy(h)  ihwc€ 21 - w/wg] 1 Ey(h) 21 - a/we
Ye = E}z((h) z (i:)/a)c U;D/(Dc - 12 C]-{ EX h + 15 . (8‘10)

In order to find an expression for the ratio Ey(h)/EX(h), Ey(h) must be de-

termined from the series solution for Ey(h). From Egs8-3 and 8-8:

- (o) , '
Ey(h) = i a@’: = ilap {- i—b—c[l + % lg(h) + 1.05 Zu(h) Feeens ]
(8-11)
+ [Qz(h) + 249(n) +....]} .
This relation is plotted in Fig. 8.3. Therefore:
By(h) _ . - |1+ 3 13n) + ] + [zz(h) + 243(h) +. ]
Ye - EX h o 1 2 o (8-12)
-2 z(h)[l+-2-t (0) 4] + 2(0) [ed 20) + ]

- Since the most interesting electron-wave interaction takes place
when [ is small, i.e., when the electrons are near to synchronism with the
travelling wave, it seems reasonable to neglect higher powers of £(h) in Eq

8-12, which becomes:

(h) . . ) -o
%(E)’ - “ﬁ) : (8-13)
We

Therefore the complete expression defining Y. becomes [for small l(h)]:

_ ioceh | - w/0e L 2
A <h)-§g[ TR zz(h)] ' (8-1%)
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It is seen that this equation for the electronic admittance possesses
two singularities along the real axis of £, one at Re ! = m/mc and the other
at Re £ = 0. The former corresponds to the cathode and the latter to the syn-
chronous layer of electrons. Also this equation shows the existence of two
zeros of Yo, one at Re { = %‘mﬂwc and the other at a large positive value of
Re { which is outside of the range of validity of Eq 8-14. This information
is, of course, all contained in the curves of Figs. 8.2 and 8.3.

In order to determine the propagation characteristics of an electro-
magnetic wave propagating in the space charge, one must apply the boundary
conditions imposed by the confining circult. This can be expressed by letting
Ye + Y¢ = 0, where Y, is the admittance looking normally into the circuit.

This work is continuing.

9. A Statistical Mechanical Study of the Steady-State Space-Charge Distri-

bution in a Cutoff Magnetron (G. Hok)

A study of the steady-state space-charge distribution in a cutoff
magnetron from the point of view of statistical mechanics has been concluded,
although only qualitative results have been reached. A paper on the subject
was read at the Electron Devices Conference in Durham, New Hampshire on June
22, 1951, and a technical report will be issued some time this summer.

Briefly, the results indicate that the interaction, however weak,
between the discrete electrons in the space charge appreciably modify the
steady state of the space charge from the distributions predicted by Brillouin,
Slater, Page and Adams, Twiss, and others. Since a small current is always
flowing, a thermal equilibrium is never established, but a steady state of
diffusion is reached. The mathematical difficulties of even an gpproximate

solution are very large, but some interesting conclusions can be drawn from
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a qualitative discussion. The above will be presented in a technical report

to be issued later.

10. Conclusions (J. R. Black)

The Model 9 magnetron has been operated both as a voltage-tunable
device and as an oscillator in a mechanically tunable high-Q cavity. Problems
relating to noise and power output are still present.

Cold tests on the Model & f-m magnetron,pertaining to the percentage
of f-m modulation to be expected, are encouraging. A high-power c-w tube,
employing two oscillator sections, is reedy to be assembled. Power output
of 1000 watts c-w is expected at 1l3-cm wavelength.

The study of the Model 6 f-m megnetron is being carried out by in-
vestigating the operation of the less complicated structure of the Model 7.
This work has not progressed to the point where anything definite can be re-
ported.

Study of propagation of electromagnetic waves in the magnetron space
charge is essentially complete. A technical report is being prepared for
publication in the near future.

The study of voltage-tuning and frequency-pushing phenomena is near-
ing completion. A technical report on this subject is expected to be published
early this summer.

An analysis of the steady-state space-charge distribution in a
cutoff magnetron has been completed and a technical report will be published
soon.

The second model of the trajectron is ready for pumping and initial
tests. This is a continuously-pumped model which can be taken down and re-

assembled readily. Megnetic materials such as Kovar have been eliminated
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and it is hoped that difficulties experienced in the first model with beam
alignment have been eliminated.

Technical Report No. 9 is in the process of being published and
will be circulated soon. This report will contain several translated foreign
articles which were of interest to the personnel‘of the Electron Tube Labora-
tory. It is hoped that this report will stimulate the circulation of articles

translated at other laboratories.

11. Work in Prospect (J. R. Black)

Effort will continue to be directed towards the development of
tubes. Vork at a reduced rate will be continued on the trajectron. Technical
reports will be published in the near future which will complete the theore-

tical studies which have been undertaken.
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