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THEORETICAL STUDY, DESIGN AND CONSTRUCTION OF

C-W MAGNETRONS FOR FREQUENCY MODUIATION

QUARTERLY PROGRESS REPCRT NO. 1

MARCH, 1950

I. OBJECTIVES FOR THE PERICOD (H.vW. Welch, Jr.)

Thg purpose of this report is to summarize the progress in the
University of &ichigan Eledtron Tube Laboratory during the period from
December 1, 1949, to March 1, 1950, on Contract No. W-36-039 sc-35561.

The general objectives of the program under this contract are to
increase the knowledge of space charge effects and frequency characteristics
of “c-w magnetrons and apply this knowledge to the development of methods for
the frequency mecdulation of magnetrons in the 2000-2400 mc range. The gen-
eral technique which has been adopted for development is the use of the
magnetron-type space charge as a modulating element.

In summary the status quo at the beginning of December was as
follows:

(a) The understanding of the magnetron type of space charge inso-
far as effects on frequency were concerned was fairly complete,‘based on
experimental and theoretical observations presenfed in Technical Report No.
1, issued in November, 1948, on Contract No. W-36-039 sc-32245,

(b) Three designs for frequency modulation magnetrons had been

developed., Six tubes of one design (Model 6) had been started in comstruction.



Four of these operated in the desired mode. Sketchy modulation data were
obtained on one. A second type of tube (Model 5) was under construction.
Cold tests were being made on the third type (Model 8) to obtain data neces-
sary to complete design.

(¢) A program to supplement previously obtained experimental data
on the characteristics of the space charge had been initiated with the pur-
pose of checking unexplored regions of magnetic field, thus providing further
check on theoretical analysis,

The primary objectives for the period covered by this report were
the following:l
(a) Construction and testing of more Model 6 f-m magnetrons

(b) Construction of Model 5 f-m magnetrons

(c) Completion of design of the Model 8 f-m magnetrons

(d) To obtain experimental deta on the magnetron space charge

using Model 4 interdigital magnetron and other specially
constructed tubes

(e) To study further the theory of the space charge with emphasis

on statistical methods and any other methods, theoretical or
experimental, not heretofore considered in detail.

This report is intended only to report on progress in comstruction
of tubes and development of theory and design during the periéd. The follow-

ing previously issued reports should be consulted if further information is

desired,

lModel numbers referred to here are explained in the text of the report.
Drawings of all tubes are also included,



On Contract No. W-36-039 sc-32245

Space-Charge Effects and Frequency Characteristics of C-W
Magnetrons Relative to the Problem of Frequency Modulation,
Technical Report No. 1, issued November, 1943.

Operation of Interdigital Magnetrons in the Zero Order Mode,
Technical Report No. 2, issued Mey, 1949.

Theoretical Study, Design and Construction of C-W Magnetrons
for Frequency Modulation, Finael Report, Technical Report No.
3, issued May, 1949,

On Contract No. W-36-039 sc-5556l

Theoretical Study, Design and Construction of C-W Magnetrons
for Frequency Modulation, Interim Report, issued December,

1949.

The basic principles of operation of all of the f-m tubes (Models
5, 6 andhé) are the same. Each tube has two cathodes and two anode sets in
a single cavity. The cathodes are essentially separated for d-c or low fre-
quency. The anodes are at ground potential. One cathode is located in the
oscillator set of anodes and is supplied with the d-c voltage necessary to
produce oscillation. The other cathode is located in the modulator set of
anodes and is to be supplied with the modulating voltage.. The modulating
 voltage varies the diameter or the density of the magnetron-type space charge
swarm in the modulator set of anodes. This variation affects the capacitance
of the resonant system. The resonant frequency is, therefore, changed at a
rate corresponding to the rate of change of the modulating voltage.

The modulator section takes different forms in the different tubes
and is subject to any changes which may be indicated necessary by test re-
gults. The interaction space of the oscillator section is, at present, es-
sentially the same in Model 5 and Model 6. The design has been changed in
the Model 8 to improve oscillator performance. Mode;s 5 and 6 will probably

be changed when tests on the new structure are complete, The resonant system

in each of the f-m magnetrons is unique except for the use of interdigital



anode sets. Each of these tubes will be discussed in detail as modulation
data become available, thus making possible a more integrated picture of

their performence.

II. CONSTRUCTION AND TESTING OF F-M MAGNETRONS

Although only one Model 5 tube was built (Serial No. 27), the tube
has been tested and reassembled with minor changes three times. Only one
Model 6 tube was successfully completed during the period (Serial No. 31).
Another tube (Serial No. 29) was lost in brazing.

Design of a third type of f-m magnetron called Model 8 is nearly
complete., This tube will use an anode design different from the Model 5
and Model 6 in an attempt to improve oscillator characteristics.

An experimental tube for space charge studies is near completion.

This tube is discussed briefly in Section III.

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

The Model 5 is a nontunable interdigital tube utilizing coupling
to the cathode line to introduce the effect of the modulating space charge
supplied by a second cathode. (An assembly drawing is shown in Figure 1.)
The first magnetron of this type was completed in January. The tube would
not oscillate in the zero order mode and sparking between the oscillator
and modulator cathode was observed when pulsed voltages were applied to the
oscillator cathode, X-ray showed the modulator cathode to be distorted and
making near contact with the oscillator cathode in the by-pass sleeve be-
tween them., Upon taking the tube apart it was discovered that a lavite
spacing insulator between the two cathodes (not shown in the drawing) had

been displaced and wedged between the cathodes in such a way as to cause
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distoftion on expansion of the cathodes when they were heated.

The tube was reassembled without the lavite spacer., The same
results were observed on testing as before, and another X-ray showed the
cathode to be out of line again. This time it had occurred in assembly.
.Needless to say, after reassembly the tube was X-rayed immediately. This
time the cathode was all right.

The results of hot tests on this tube (finally satisfactorily
assembled about March 1) may be summarized as follows:

(a) Oscillations were observed»in the desired mode at 15.34 cm
only by unloading the tube to the point where power output was not measur-
able. | |

(b) Rather strong coupling to both cathodes is observed at 15.34
cm, This is to be expected since the cathode chokes are designed for 14 cm,
No coupling of the 10-cm mode to the cathode was observed. A check of data
on the Model 4 magnetron which has the same oscillator section (A-A in Figure
1) indicates that the anode spacing should be .080 inch instead of .050 inch
as it is in the Model 5 for oscillation at 14 cm. (See Interim Report is-
suéd Deéember 15, 1949, for details on the Model 4,) In order to shift the
resonant wavelength of this particular tube, the cathodes have been removed
and the chokes (part no, 10 in Figure 1) shortened by the insertion of a
copper sleeve .75 cm in length betwéen the cathode stem and the by-pass
sleeve at the base of the choke, Effectively the cathode line, which is
part of the resomant circuit, is shortened 1.5 cm. This should change the
resonant wavelength by about the same amount. The tube is being reassembled
with this change.

(c) No modulation data were obtained because of the erratic be-

havior of the oscillator,



B. Model 6 F-M Magnetron (H. W. Welch, Jr., J. R. Black)

The Model 6 f-m magnetron has a coaxial resonant cavity, two
anode sets, and two cathodes. There are sixteen anodes in the oscillator
section and four in the modulator section. Resonant wevelength in the de-
sired mode is approximately l}rcm. For this mode, the coaxial cavity is
one wavelength long with a voltage maximum at each anode set. Eight tubés
have been started in construction; five have been tested with the oscilla-
tors in the desired mode. The other three were lost during assembly. The
tube is not tunable, but because of the simplicity of the coaxial cavity it
has good possibilities from this point of view. An assembly drawing is
given in Figure 2. This drawing shows the changes made in Model 6, Seg;al
No. 31, 1In order to shift the 10.96-cm mode, which is a vane resonance, to
a shorter wavelength and thus increase mode separation, the ring (part no.
14) was placed in the cavity to shorten the vanes. The ring has an insigni-
ficant effect on the desired mode for which the vanes represent a lumped
capacitance. Serial No. 31 also has a slightly larger‘diameter modulator
anode than previous Model 6 tubes. However, this change produced no appre-
ciable effect.

Performance data on Model 6, No. 26 with modulator cathode removed
- are given in Figure 3. For this tube the higher order mode was 10.96 cm at
a voltage about 10 percent higher than the desired 13-cm mode. A pulsed
characteristic of tube No., 31 is shown in Figure 4. Here the higher order
vmode is shifted to 9.2 cm and voltage separation is correspondingly greater,
The modulator éathode, which has always interfered with operation in the
wanted mode, seemed to have an especially strong effect in this tube. By

selective shielding of the glass seals it was discovered that the power



. aiva | ansst
00 o/ Im ON "oma NolLvOLNSSVID 95022 7

TS . IO

NVOIHOIW NOSNY NNV

WOZLINDEN 7. ZOL W rons
OF —OF — = awva| G AR aanoand
DS T2 TS A Ae nmvaa

A6l QEAOMNIAY

D)
NVOIHDIN 40 A n
31NLUSN| HO¥YISIY ONINIINIONT

o% F UVINONY ., '$00° ¥ IVWIDAA ., F TTWNOILLOVAA ~ FIONVHIIOL v OL G13H 38 1SNW

g 914

e

(~Z4

owe. No. B /O, OO&4




" Ep (VOLTS)

4000
EFFICIENCY— 22%
X
I dEErrmr /
— i Bz 1340 GAUSS
A= 13.00 CM
3000 /
| MODE
/T JuMP
%
|6%/
J—T ]
B=1000 GAUSS
A212.98 CM
2000
LONG WAVELENGTH MODE
B 1000 GAUSS
A¥ 26 CM
1000
0
0] Ol 02 03 04 .05 06 oy g

I, (AMP)

FIG.3 PERFORMANCE CHARACTERISTICS MODEL 6 #26
MODULATOR CATHODE IS REMOVED



2\+9.26 |CM
3000 e
——N_| VANE MODES
¢:::3kpaz<m
| DESIRED I\ MODE
1 |13.14 CM
2 2000
61 B= 1000 GAUSS
P
D
W
1000
/T 7-2¥ MODE APPROX. 26 CM
O o
T — 100 200 300

Ip (AMP)

FIG.4 VOLT-AMPERE CHARACTISTIC PULSED MODEL 6 *3I

MODULATOR FILAMENT LEAD SEALS ARE SHIELDED.
MAIN CATHODE SEAL IS NOT SHIELDED. THE 13.14 CM MODE
DOES NOT APPEAR WITHOUT SHIELDS.



11

leakage was out the filament leéds, not the outside of the stem. This
coupling could only take place at the helix or through holes in the stem
provided for evacuation., The exact nature of the coupling has not been
determined yet, but the cathode has been removed and will be replaced by
an oxide cathode where this type of power leakage will be impossible.

Modulation data were obtained on the Model 6, No. 26. With the
modulation cathode in place it was necessary to unload the tube to make it
oscillate in the desired mode, so no power measurements were made, However,
some indication of modulation performance is given and the results are en-
couraging when one considers that as an oscillator the tube is still behav-
ing very poorly for reasons completely independent, but possibly detrimental
to the electronic modﬁlation. Theoretically predicted values of wavelength
shift and ry/r, (space charge swarm radius/cathode radius) are given with
the experimental results in Figure 5., These predictions are based on the
assumption that the capacitance between the cathode surface and the modula-
tor anodes is 5.15 percent of the fotél modulator anode capacitance. This
figure is obtained from a flux plot of the modulator structure with the
assumption that the cathode potential was halfway between the potentials of
the two sets of modulator anodes. This percentage is p:obably the least
‘accurate determination in the calculation)because of the complexity of the
modulator construction, as is fairly obvious from examination of Figure 2,
If the cathode is assumed to be at the potential of the inner conductor of
the coaxial cavity, a figure as high as 24 percent is .obtained.

If it is assumed that the modulating capacitance, i.e., anode to
emitting surface capacitance, is 5.15 percent of the total anode capacitance,

then the following steps lead to the calculation of wavelength shift,
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The formule for resonance in a half-wavelength cavity correspond-

ing to the modulator half of the cavity is

1 2nl
_—— = 7y tan =— 1
2ne & o ®AR Y (1)
= VA
If Cy is changed by dCy to produce a wavelength shift d\, then differenti-

ating the above equation

— = —=— (1 + 20 csc 20) 2)
N Cs (
where
ac, AC, Cg
G T G
and 0 = 2ne/x
C. = capacitance to cathode surface
Cp = total modulator anode capacitance
AC. .
?z;-= percentage change in cathode capacitance caused by space

charge (see Technical Report No. 1, Equation 7.5).
Approximately half of the total energy storage in the cavity is in the oscil-
‘lator section, so the result, Equation (2), is multiplied by 0.5 to get the
over-all estimate of wavelength shift. The function of 6 is plotted in Figure

6. For this particular case:

Ce/Cy = 5.51 percent
0 = 65°
ACc/C, = 123 percent for meximum rg/r. .

rH/rC was determined from Figure 13 of Technical Report No. 1 (ra/rc = 1,33),
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As soon as the problem of coupling to the cathode is eliminated
and normael oscillation is obtained, the design of the Model 6 will be
changed to promote more efficient behavior of the oscillator section and
to make the modulating capacitance a larger percentage of the total. How-
ever, it does not seem desirable to make more than one or two changes at a
time in the tube structure until the design reaches a more clear-cut stage.

Otherwise it becomes difficult to compare performance of successive tubes.

C.__Model 8 Rectengular Cavity F-M Tube (J. R. Black)

Due to the difficulties encountered in the Models 5 and 6 f-m
magnetrons, a stronger.emphasis has been placed on the study of the Model
8 structure, As seen from Figures 7 and 8, this structure is essentially
a gapacity loaded full-wavelength cavity, having two sets of anodes, each
set placed at a voltage maximum., If one anode set is designed as an oscil-
lating magnetron and the other as a variable reactance, the structure would
form an f-m magnetron. Also, it is immediately obvious that if both anodes
are designed as oscillatdrs, an increase in output power would be realized
in & push-pull type of oscillation. Very high power tubes might be construc-
ted by lengthening the cavity and employing several cathodes and sets of
.anodes,

A sketch of a brass Model 8 cavity for cold testing is shown in
Figure 7. The ratio of length to width of the cavity has been made exactly
2 to 1 in an attempt to eliminate complex resonance observed in earlier cav-
ity. (See Section 13c of Final Report, Technical Report No. 3.) The brass
model was built with the same type of anodes as in Model 5 magnetron. (See
Figure 1,) The seven holes evenly spaced along one side ensble one to deter-

mine the field pattern by means of a small probe. Figure 8 shows the field
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patterns for the zeio, firsﬁ, second, and third order modes. The two shaded
areas indicate the positidﬂs of the two anodes. The desired mode of opera-
tion is the first order at 16.08 cm for this model; however, it would prob-
ably be capable of operating all four such modes. The zero and second order
modes could easily be suppréssed by short circuiting them in the center of
the cavity where the desired mode has a node. | |

. A working model of this structure was designed from'the data ob-
tained from the cold test model, and the parts are now being constructed in
the shop. The frequency was scaled to be 13 cm, A new interaction space
design will be used which should work more efficiently than the design which
has been uéed in the Models L4, 5 and 6.

The following are the design pérameters used for the Model 8 tube

which will immediately be started in construction., For symbols used, see
Figure 9. Chokes will not be designed until the resonant wavelength of the

cavity is determined exactly from cold tests.

Ty 145 cm cavity 3 x 6 cm
To .30 cm h 1.02 cm
ra/r, 1.5 | (] .90 cm
L 724 em a .089 cm
Rg, .762 cm N 16
- Ca L oput

In this tube both sets of anodes were designed as oscillatory
gstructures. This will check the possibility of push-puli operation as well

as f-m features of the structure.
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III. STUDY OF MAGNETRON SPACE CHARGE

The study of magnetron space charge was more or less deemphasized
during 1949, under the pressure of development of the interdigital tubes and
the f-m magnetrons. However, for several reasons, it has been resumed during
the period covered by this report. These reasons are the following:

(a) Experimental dats supporting the general theory presented in
Technidal Report No. 1 were inadequate, although important reactive proper-
ties of the space charge which are usabie in the production of frequency
modulation were conclusively verified. In order to complete the picture,

a detailed survey of space charge swarm properties insofar as they effect
wave propagation would be necessary for wide ranges of magnetic field and
for various orientations of direction of propagation and polarization of

the wave with respect to the magnetic field.

(b) No analysis or extensive experimental data exist which give
en understanding of the nature of losses in the magnetron space charge swarm.
This is a rather serious problem in the use of such a swarm for modulation
and may be the limiting feature. Knowledge of the magnitude of this loss,
the relative importance of back bombardment of the cathode and collection
of current by the anode, and a theoretical understanding of basic phenomena
could be very useful in devising methods for minimizing or eliminating the
loss.

(c) During the development of f-m magnetrons of more or less un-
conventional degign, problems involving the space charge in the operating
magnetron have been continually recurrent, i.e., mode jump current, optimum
loading conditions, symmetry of fields in the interaction space, etc. 1In

trying to understand behavior of the oscillator section of these magnetrons,



2l

the answer is continually that knowledge of the space charge under these
conditions is inadequate. An experimental approach to augment this know-
ledge seems most desirable as a first step. Two general methods are avail-
able: the actual exploration of the potential and current distribution in
the space charge by probe or electron beam; and the detailed study with the
aid of Rieke diagrams of the effects of loading and interaction space design
on frequency pushing, mode jump current and slope of the volt-ampere charac-
teristic, all of which are related to space charge behavior,

An attractive feature of the program to increase understanding of
the space charge is that positive results obtained in any part of the program
will prdbably be helpful to the understanding of all three of the phenomena
mentioned above and the over-all results contribute to the knowledgé of both

frequency modulation and magnetron oscillation.

A. R-F Properties of Magnetron Space Charge Swarm (H. W. Welch, Jr., G. R.

Brever)

The general purpose of this program is, by hot impedance tests,to
supplement the experimental data presented in Technical Report No. 1 and to
get some quantitative idea of the loss inherent in the use of the magnetron
space charge as a modulating element, It was intended to make initial meas-
ureménts on & Model 4 magnetron. This magnetron is particularly suited to
the purpose because the cyclotron resonance, a critical point in any space
charge phenomena, occurs at a point where the magnetron is normally expected
to operate. (See Interim Report of December, 1949.) However, this tube
operates at 1l cm and the behavior of signal generators available in this
laboratory is very poor at this wavelength, making accumulation of a large

number of impedance measurements a very discouraging underteking. After
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considerable effort in this direction, it was decided to try the measure-
ments on a 10-cm magnetron where klystron signal generators are satisfactory.
An absorption technique was worked out which was usable for measurement of
resonant wavelength although Q measurements could not be made.

A QK59 magnetron was used. This is not an ideal tube for the pur-
pose, since the capacitance to the cathode is a very small fraction of the
total anode capacitance, thus meking effects of an expanding space charge
swarm small. However, with care, reproducible readings of wavelength shift
could be obtained. The date are presented in Figures 10 through 26. Reson-
ant wavelength of the magnetron is plotted against Ea/BQ, where Ea is the
anode poteﬁtial in volts and B is the magnetic field in gauss., In argiven
magnetron, the radius of»the static magnetron space charge swarm is deter-

mined by Ea/B2 through the following relationship.'

Eq e [TH\? rel Ty T rczw
- = o~ 2 l-—5|log—— + l-—
B2 Bm < c> rH2 &z Ty I‘Hz/ (3)
vhere
rg = radius of space charge swarm
r., = radius of cathode
rg = radius of anode

electronic charge/electronic mass

[¢]
~~
B
n

Figure‘27 is a plot of this equation for ra/rc = 1.65, as is the
case in the QK59. Figure 28 is a plot of points taken from the data in Fig-
ures 10 to 26 for various values of swarm radius, i.e., values of E/BQ.

These curves illustrate'effects due to the space charge density or motion

independent of extent of the space charge.
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In the magnetron with r-f imposed on the anodes there are three

critical conditions involving magnetic field and voltage. These are ex-

pressed in the following three equations:

where

B.e
w z C
¢ m
2nc
w, = == 4
e B (1)
¢ = velocity of light.

This equation defines the so-called cyclotron resonance. Ac is the critical

wavelength for the particular magnetic field‘Bc at which the period of nat-

ural rotation of an individual electron in the magnetic field is equal to

the period of the r-f cycle. This effect shows up as a perturbation in the

resonant wavelength when the critical field is reached.

[ —
o W
B _rc"/Ta” 2(3_3}> 2. 1) 10g¥B0 a7/ 1| (5)
B 2 B 2 -
o) .}EE (l_rc> o l“rc re [By
B Tg 13 Ta VBo __J
2 2
m ¢ r
EO EE n 8
o, 2nc/nN = angular velocity synchronous with travelling
r-f wave in interaction space
n mode number = 1/2 number of anodes in x mode
am 1
Bo = “n

(1 - rcz/ra2)

Equation (5) relates the anode voltage (E,y,) and ﬁagnetic field

(Bn) for which outer electrons in the space charge swarm reach a velocity

synchronous with the angular velocity of r-f wave travelling around the
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interaction space. For higher voltages than Egn the electrons are trying
to move faster than synchronism and can give energy to the r-f field. This
condition shows up as a contribution of negative conductance and positive
susceptance to the system, thus causing a rather sharp increase in Q and

resonant wavelength,

B .
T = 2 -ﬁ; - 1 (6)

This equation defines‘the anode voltage at which synchronous electrons
cen reach the anode with no radially directed velocities (Hartree voltage).
This voltage is approximately the voltage at which oscillations begin.

Figure 29 presents summary data of these three conditions ex-
tracted from Figures 10 to 26 with the calculated values for comparison.

A considerable spread is represented for points on the curve for Ean/Eo,
since the point at which a sudden increase in resonant wavelength occurs
on the experimental curves is not definite.

In addition to the critical conditions just discussed, the space
charge has what may be called "bulk" properties which affect the velocity
of propagation of an electromagnetic wave in thé space charge, These
properties depend on the density of the space chargeband the relativé
orientation of the polarization of the wave, the direction of propegation
of the wave, and the direction of the magnetic field. In the multianode
magnetron the direction of propagaetion and polarization are both perpendi-
cular to the magnetic field. In this case the effective dielectric con-
stant (as derived in Technical Report No. 1) is given by the following

relationship.
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& = 1 -3 ‘ (7)
S O R e )
2
M = 1l + .I_._C__
I'H2

A plot of this equation is shown in Figure 30 for rH/rc = 1,08, The di-
rection of wavelength shift to be expected due to the "bulk" space charge

properties may Be predicted as follows:

8} <0 A\ positive
& > 1l : A\ positive
0 < i:,r < 1 A\ positive

The wavelength shift from Figure 28 for the case of rH/rc = 1,08
is replotted for comparison on Figure 30. The approximate wavelength shift
to be expected is shown by the dotted line.1 Except for the region between
BC/B = .575 end the observed cyclotron resonance, the data seemlto be fairly
consistent with the theory. We can offer no explanation at the moment for

- the inconsistency.

The over-all picture presented by these data is fairly clegr while
attention to particular points may be misleading because of experimental
inaccuracies or insufficient theoreticel understanding. Some of the impor-

tant pointsg are summarized below.

lyote: There is no check on amplitude of shift in this data; the amplitudes
of the two curves were made the same,
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(a) The three types of effects on frequency are clearly repre-
gented by the data.

"Bulk" effects ére illustrated as wavelength shift at sub-synchro-
nous voltages and to the right of the line a%/n = k%_ in Figure 28. The
curves in Figure 30 which pertain to these effects have been discussed in
the last paragraph.

Synchronous reactance is demonstrated by the relatively sharp
increase in wavelength above synchronous voltage and to the left of the line
Wp/n = «), in Pigure 28, The case for E/B® = 5 is particularly inter-
esting in this cénnection. The decrease in wavelength showing up in the
other curvés between B,/B = 1.05 and B¢/B = 1.35 is cancelled by the
effects of synchronism, This shows up more clearly upon careful examinafion‘
of Figures 18 to 23,

The cyclotron resonance shows up quite obviously in Figures 15 to
£3 and is, as would be expected, dependent upon anode voltage. It is not
clear from the data whether this point is intimately related to the other
two effects. It does appesar in Figure 28 that a sharp incresse in wave-
length with increasing magnetic field should be associated with the cyclo-
tron resonance. |

(b) Critical voltages and magnetic field given by Equations (4),
(5), and (6) are represerted by the data as presented in Figure 29. The
voltage at which oscillation starts is affected by the loading on the mag-
netron end does not necesserily coincide with the Hartree voltage but should
be near the Hartree voltage. A possible theory of the effects of loading is
being studied which will be pfesented in a later report if it proves worth

while. The criticel magnetic field for the cyclotron resonance is quite
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obviously affected by voltage. No satisfactory theory has been developed to
give quantitative explanatioﬁ of this effect. The synchronous voltage checks
very well, considering the region of doubt which exists in its determinationm.
It seems to be strongly perturbed in the region of the cyclotron resonance.
It is interesting to note, however, that the cyclotron resonance seems to
have no particular effect on the starting voltage for oscillation.

(c) Other unexplainable effects are observed.

The sharp rise at near E/B2 = 1 in Figures 22 and 23 was quite real
and noticeable in the process of taking data but is yet unexpleined.

The Hull voltage (where anode current should begin in the static
me.gnetron) ié calculated to be E/B2 = 7.4, It is quite obvious in Figures
23 to 26 that this is not checked for low magnetic field.

(d) Most probable sources of error are the following:

Magnetic field for the entire series of measurements may be off by
75-to 100 gauss. It is fairly certain that the calibration was not changed
during the series of measurements because it was possible to recheck critical
points at the cyclotron resonance and starting voltage.

Dimensions of the magnetron, particulerly ra/rc, may be in error
by 10 to 20 percent. Another tube which was taken apart had a cathode-lar-
ger in this proportion. The dimensions used were taken from data in the
Panel on Electron Tube reports.

‘Wavelength measurements were made with a Mico wave meter. The
estimated error is + .002 cm, The direction of wavelength shift could
always be observed by watching the screen. Determination of the exact
resonant wavelength near the cyclotron resonance was difficult because of

the distortion of the scope pattern.



b1

In order to obtain data for other orientations of polarization
and direction of propagation than can be obtained in a magnetron, a simple
magnetron diode hasvbeen constructed. (See Figure 1% of Interim Report,
December, 1949.) Cold impedance tests have been made on this tube in order
to ascertain loop size for the desired coupling. Completion and hot imped-

ance tests have been delayed by pressure of the f-m tubes.

B. Theoretical Analysis of Space Charge (G. Hok)

In the small-signal analysis of the behavior of the space charge
in a magnetron, it is usual to consider the r-f phenomena as small perturba-
tions on space charge cloud determined by the Hull-Brillouin solution of the
d-c magnetron, or an approximation of single-swarm double-stream soiution,
although the latter is not known in explicit form. However, since experi-
ments with d-c magnetrons indicate that neither of these solutions agrees
closely with the actually observed space charge, it has become evident that
an‘investigation of the modifications of the space charge, because of sta-
tisticel interaction between the electrons, is desirable..

The first step was to find a space charge in statistical equili-
brium. This was found to be so radically different from the magnetron space
charge that no relevant positive conclusion could be drawn. The reason is
that the boundary conditions at the anode and cathode prevent any approxi-
mation of statistical equilibrium to establish itself.

The next attempt will be to start out from the single-swarm dou-
ble-stream solution and study the probability of a certain angle of deflec-
tion and change of energy of an electron from the undisturbed orbit. Two
different statistical processes act to modify this state: close interaction

between electrons in interacting orbits; and the combined effect of all other
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electrons on the motion of each electron. The first objective is to find
at least approximately the equilibrium state of diffusion of the electrons

in phase'space due to these two processes.

C. Experimental Study of Static Magnetron Space Charge (W, Peterson, H.

W. Welch, Jr.)

The problems of attaining complete understanding of the static
magnetron space charge from a theoretical approach are rather imposing.
Serious efforts to improve this understanding with an experimental method
have not been numerous. However, there are certain facts which indicate
further experimental study would be desirable. Particularly significant
known facts are the following:

(a) Pre-cut-off anode current in the nonoscillating magnetron is
quite appreciable and may occur at a small fraction of the cut-off voltage
- (i.e., less than 10 percent).

(b) Current at cut-off is between .7 and .8 of ordinary diode
space-charge limited current.

(¢) 1In the oscillating magnetron mode jump current (or drop-out
current) is strongly affected by the available current, whether it is temp-
erature limited or space-charge limited.

There are other facts of interest which might be mentioned, such
as data on the nature of back-heating and noise in magnetrons. However,
the main interest in this laboratory is in factors affecting mode- jump cur-
rent. Knowledge of the space charge distribution and current paths in the
static space charge could be very useful in this connection. The present
program is to bulld a tube in which an electron beam can be sent through

the space charge axially. The beam will start out grazing the cathode.
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Its exit point can be determined by a fluorescent screen. By regulating
beam voltage it should be possible to determine the ﬁath of an individual
electron for a partiéular anode potential and megnetic field. It is hoped
that the method can be extended to preoscillating and oscillating magne-
trons, thus to determine what changes, if any, occur in the core of the
magnetron space charge as oscillation starts or mode jump occurs.

Simpler tubes for cut-off measurement and for probe measurement

of distributions within the space charge are also contemplated.

IV. CONCLUSIONS (H. W. Welch, Jr.)

Since all work in progress is in a state of incompletion, conclu-
sions must be tentative. However, the progress during the period covered
by this report may be sumﬁed up as follows:

(a) The Model 6 f-m magnetron is beginning to shéw promise, Con-
structional problems have been solved.

(b) A Model 5 f-m tube has been completed. The erratic behavior
of the first model indicates no very interesting conclusions.

(c) Design of the Model 8 f-m megnetron is complete. A tube
should‘be completed within the next quarterly period.

(d) The experimental data on magnetron space charge clearly pre-
sent the complexity of the over-all picture with enough quantitative corre-
lation to verify parts of the theory hitherto untested.

(e) Very little time has been devoted to theoretical and experi-
mental study of the static magnetron space charge., The work has been started

and should produce preliminary results during the next quarterly period.
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V. WORK IN PROSPECT (H. W. Welch, Jr.)

Work will continue on all phases of the program discussed in this
report. In addition an increased effort will be expended toward the under-
standing of factors affecting current drop-out and frequency pushing with
emphasis on obtaining very wide frequency pushing above 3000 megacycles.
This type of operation has been developed at G. E. for lower frequency,
lower power magnetrons in recent months. A detailed study of effects of |
loading and interaction space design on magnetron operation will be required.
Additional funds have been made available by the Signal Corps for this pro-

gram and preliminary results should be expected within the next period.
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