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

QUARTERLY PROGRESS REPORT NO. 2
JUNE, 1950

l. OBJECTIVES FOR THE PERIOD (H. W. Welch, Jr.)

The purpose of this report is to summarize the
progress in the University of Michigan Electron Tube Laboratory
during the period from March 1, 1950, to June 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 in c-w magnetrons and epply this
knowledge to the development of magnetrons which can be
frequency-modulated. Prior to March 1 the emphasis had been
on the 2000-2400 mc range. The general technique adopted for
development was the use of the magnetron-type space charge as a
reactance varying element used in a reactance tube in the same
vacuum envelope as the oscillator magnetron. Three models were
under development using this principle.

The study of a new method of modulation was initiated
on this contract on March 1. This method 1s essentially the



utilization of the frequency pushing phenomena, or voltage
tuning. It was discovered by Wilbur, of General Electric
Laboratories, early in 1949, that under certain conditions

very wide frequency pushing at uniform power levels is obtain-
able. The observed frequeﬁcy shifts have been between 1.5 to

1l and 15 to 1, depending on loading, efficliency and cathode
temperature. The frequencies are all below 1000 megacycles.

The loading conditions on the tubes have, so far, been quite
restrictive, consisting of a load attached directly to the
terminals of the anode structure. The Q's are of the order of
10 or less. With a transmission line between the tube and the
load it will be quite possible to obtaln Q's of the same order
in the line which will immediately lead to problems involving
long line effect. The objective of the new program is to obtain
sufficient understanding of this type of operation that it may
be extended to microwave frequenciés of 3000 to 4000 megacycles.

In summary the status of work on this contract at the
beginning of March was as follows:

(a) The basic understanding of static magnetron type
space charge insofar as effects on frequency were concerned was
fairly complete, based on experimental and theoretical observa-
tions presented in Technical Report No. 1 (issued Nov. 1948) and
Quarterly Report No. 1 (see 1ist of reports, page iii). The
work was renewed early this year with the purpose of obtaining
more rigorous analysis and additional experimental confirmation.

(b) Three designs for frequency modulation magnetrons

had Seen developed. Results on one of these (Model 6) looked



promising. Eight Model 6 tubes have been started in construc-
tion. Five of these operated in the desired mode. Modulation
data was obtained on two of them. A second type of tube (Model
6) had been constructed but showed little promise. Work on thils
tube has been dropped for the present. A third model (Model 8)
was complete except for cathodes.

(c) A program for studying the magnetron space charge
by static methods rather than with r-f had been inltiated.

The primary objectives for the period covered by this
report were the following:

(a) To make appreciable progress toward and under-
standing of low Q operation of magnetrons, l.e. frequency push-
ing, maximum current boundary and temperature-limited operation
as related to load.

(b) To design a low power tube usable in study of
low Q operation.

(¢) Elimination of the loss of power to the modulator

cathode.in the Model 6 f-m magnetron.

(d) Completion of a Model 8 f-m magnetron.

This report is intended only to report on progress in
construction of tubes and development of theory and design during
the period. The previously issued reports listed on page ili
should be consulted if further information is desired.

2, LOW Q OPERATION OF MAGNETRONS--General (H. W. Welch, Jr.)

The achievement at 500 to 1000 mec of extremely large

frequency devigtions with low Q magnetrons by voltage tuning, or



frequency pushing, by Wilbur at General Electric Laboratories,
has prompted the investigation of the possibility of this type
of operation at microﬁave frequencies (i.e. wavelengths 10
centimeters and shorter). In order to design for a particular
frequency range at microwaves, it 1s desirable to have a better
understanding of the fundamental factors involved in obtaining
this type of operation. This is usually the case at microwaves
since the resonant circuits mustvassume a closed form, and
lumped constant circuits usable below 1000 megacycles gradually
must be replaced by distributed constant circuits ‘about 2000
megacycles. It becomes increasingly diffiecult to have the
resonant circult outside the vacuum envelope.

The most apparent features of the operation obtained
at General Electric are the following:

| (a) The Qr is undoubtedly very low. Although no
direct measurements of4Q are available, it is probable that
Qr's of the order of 10 or less are belng used.

(b) The voltage tuning phénomenon is identical with
the usually-observed frequency pushing, but is much more
pronounced because of the low Q.

(¢) The low current dropout usually experienced when
a magnetron i1s loaded heavily is conspicuously absent.

(d) The temperature of the cathode must be limited
to achieve satisfactory operation. This requires use of a
tungsten cathode giving a definite emission'boundary. This
limitation of emission seems to be intimately related to the

maximum current boundery and a required criterion for obtaining



sufficient current.

(e) Efficiency is reduced as bandwidth is increased,
This must be due to decreased electronic efficiency since circuit
efficiency is obviously Very high.

(f) Loading is accomplished right at the tube enode
terminals (i.e. almost directly across the capacitive portion
of the resonant circuit). Loads farther from the tube may cause
trouble with long line effect.

The program of study which has been started in the
Michigan Laboratory includes the following. The progress to
date will be summarized in the following sections.

(é) Development of a theory of frequency pushing which
will permit quantitative, or at least semi-quantitative predic-
tions to be made about particular designs.

(b) Determination of the causes of current dropout as
they are related to loading.

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

(d) Experimental study of tubes specially built for
‘low Qp, operation with emphésis on the above three points and a
study of long line effects.

(e) Development of design criteria based on these
findings 1f low Q operation at microwave frequencies seems

feasible,

3. FREQUENCY PUSHING (H. W. Welch, Jr.)

The ideas in the present section should not be



accepted as final but should represent progress to date in the
development of a theory of frequency pushing.

The phenomenon of frequency pushing can be discussed
in terms of two sets of fundamental con?epts, one involving an
approximate pilcture of the magnetron space charge, and the
other involving the equivalent circult of the magnetron.

Figure 3.1 gives a conceptual picture of the space charge
under three different load conditions. Figure 3.2 is an
equivalent circuit which 1s useful in relating the space charge
swarm properties to the clrcuit. In Figure 3.3 a set of data
1s reproduced from Technical Report No. 1 which illustrates
nicely the effects to be described. These data are the result
of hot impedance measurements carried continuously into pushing
measurements on a QK-SQ magnetron. In the hot impedance measure-
ments resonant wavelength 1s measured by feeding in an external
signal and by making the usual standing wave ratio énd position
of minimum measurements to determine resonance. When oscilla-
tion starts, pushing is measured as the oscillatory wavelength
as a function of plate voltage instead of plate current (which
is, however, also measured) in order that comparison with the
hot impedance test may be made on the same scale.

| These data may be interpreted in the following manner.
As anode voltage is increased from zero,the resonant wavelength
increases slowly because of the increase in capacitance caused
by the increase in diameter of the dense hub of the space
charge swarm. The electrons in thls hub are proceeding around

the cathode at sub-synchronous angular velocitles, i.e. the



angular velocity of the boundary space charge swarm 1s less

than the angular velocity of the traveling electromagnetic wave
due to the impressed radio frequency which goes around the
interaction space in the same direction. At about 450 volts
these two velocities became synchronous and above 450 volts the
electrons would normally be going faster than synchronism.
However, if the impressed radio frequency signal is strong
enough, which is apparently the case, the normally faster-than-
synchronous electrons wiil be slowed to synchronism, forming

a synchronous swarm of space charge as described in Technical
Report No. 1, section 5, case II. The synchronous space charge
swarm should form in spokes, because electrons will be slowed
down only in regions of retarding field and thus drift outward
and back to a position of equilibrium in the positive potential
region of the traveling wave. In regions of accelerating field
the'electrons will be speeded up and sent back toward the cathode
by the Lorentz force. As anode voltage is raised the spoke will
grow outward, still maintaining the same phase relationship with
the wave provided no power is continuously transferred by the
space charge swarm to the radio frequency field. At approximately
the Hartree voltage the space charge spoke will just reach out to
the anode. The effect of the presence of the spoke is to cause
an induced current to appear in the’anodes. The maximum value

of current leads the maximum positive potential by 90 degrees

if the spoke is in the position shown in Figure 3.la. This
follows from the observation that when a spoke passes under

an anode at maximum positive potential, the current changes
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ffom positive to negative. Thus the expanding spoke should
increase the effective capacitahce of the system since it
contributes a leading current. The extenslon of the spoke
occurs more rapidly with voltage than the expansion of the
cloud which accounts for the relatively rapid increase of the
resonant wavelength after the synchronous voltage is reached.
Also the fact that the effect is capacitive is not dependent on
the density of the space charge but on the position at which
the spoke is formed. The effect of the hub, as has been point-
ed out in previous reports, may be either to increase or de-
crease the resonant wavelength, depending on density of the
space charge. Curves illustrating this point were given in
Quarterly Report No. 1. |

As soon as the spoke reaches out to the anode there
can be a transport of electrons through thé spokes and conse-
quéntly a net delivery of power from the spokes to the radio
frequency field. It will thus be necessary for the current
induced by the rotatling spoke to have a component in phase
with the r-f voltage. Since output power is in general
increased by raising the anode voltage, the electrons in the
spoke will tend to speed up relative to the motion of the
swarm so the spoke will tend to advance in phase. This 1is
indicated in Figure 3.lb. The angle @ between the spoke and
the position of maximum r-f field is now smalier; an appreci-
able current exists in phase with the r-f VOltage and power
is delivered. The capacitive effect of the spokes is

decreased and the resonant wavelength is changlng back toward
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the cold resonant frequency of the tank circuit. As the
angle © goes to zero the space charge swarm will deliver
maximum power since the electrons are moving in the maximum
decelerating field. The resonant frequency will then be the
resonant frequency of the tank circuit since the;éurrent is in
phase wfth the r-f voltage. If‘the anode voltage is increased
beyond this point, the spoke will still tend to speed up énd
the angle © will become negative. Power delivery will fall
off and the resonant wavelength will be below‘the cold resonant
wavelength of the tank circuit. This position of the spoke is
indicated‘in Figure 3.1c. Accordihg to Wilbur, this type of
behavior has been noticed on the G.E. mégnetrons. That is, the
frequéncy 15 pushed through the éold resonant frequency of the
tank circuit and power output goes through a maximum.1

The above speculstion involving behavior of the
spac. charge swarm intimates that the observed effects are
caused by the shifting in phase of the space charge spokes
relative to the r-f voltage maximum. In other words, the
configuration and density of the spoke remains constant and
1s independent of magnitude of r-f voltage. This is conceiv-
able but probably not so. However, if it 1s not quite so, the
qualitative description of the behavior just given will still
hold, with modification.

1 Note that the condition for © = O may not be quite the
cold resonant frequency of the magnetron due to effects
of the hub of space charge and temperature effects.
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Actually the assumption that the configuration and
density of the synchronous space charge swarm 1s relatively
independent of r-f voltage is equivalent to stating that the
magnetron space charge swarm is a constant current generator.
This has long been assumed to be approximately true. Figure
3.2 shows a simple equivalent circuit which i1s useful in the
discussion of this property.

The input admittance of this circuit seen from the

terminals T - T' 1s given by the following:

I, , Y -
Y, = ETEL¢= a‘:‘?‘\/l*‘ls QLz/tanl28 Qr

3.1

This notation implies that the magnitude of the
current delivered is not necessarily a function of the phase
angle between the current and voltage, qs o The other symbols

used in the expression are defined as follows:

Yoo = 04C where 0, = 1435

8 20)—(;)0:7\0-)\
Wo Ao
_ Yoo
©W T Egre

The varioﬁs factors in this equation are plotted in Figure 3.4
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FiG. 3.2
EQUIVALENT CIRCUIT FOR OSCILLATING MAGNETRON
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Y‘The r-f voltage at T - T!', 1.e., between anode sets 1in the

magnetron 1is given by

Ig

T Yoe RPN
== 4

=5
"

The power delivered to the load is given by

or

7 2

P = £
L 3.2

G, may be written in terms of external Q for matched load.

<

G, = 2¢ 3.3
L
Qe

Qe can be determined from thé measurable Q's, unloaded and

loaded, by the following:

1 1 1
—_— T e e 3.4
Qe QL Qo
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200 ma

-.063
-.065
-.104
-.205
-.130
-.116
-.050
-.000
+. 080
-.180
-.157
-.065
-.015
-.065

-.146
-.126
-.022
-.066

Magnetron Model 3, Serial No. 8, June 7, 1950

A= g

100 ma

-.085
- 090
~.145
243
~.160
1135}
-. 060

~. 243

~e 248
+,010

~4250
-.172
-. 083
~.028

—. 086

-.150
=135
=025
=090

TABLE 3.1

Data for Figure 3.5

0 ma

-.180
-.170
-.250
-.315
-.250
-.190
-.135
-.085
~.390
-.310
-.255
-.155
-.120
-.156
-.008
-.220
-.185
-.060
-.125

P
200 ma

| 225
215
176
115
92.5

80
100
158
175
105
100
87.5
173
105

l225
163
255
135

Imax

me

375
475
200
200
450
600
725
600
400
200
375
675
525
700
« 075
200
475
450
775

Ey

20 ma

1670
1580
1600
1520
1500
1520
1580
1600
1540
1550
1500
1500
1600
1540
1800
1640
1590
1690
1600

AN

0-200 ma

“e 117
e 105
-.146

- e 110

-+120
-.074
-.085
-.085
-.440
-+.130
-.098
-.090
-.106
-.091
-.074
-.059
-.038
~.059
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A serles of measurements of pushing have been made
for various valﬁes of loads in order to determine the effect
of the various parameters, These results are summarized on
the Rieke diagrem of Figure 3.5. Analysis of the overall
behavior is not complete; however, the possible applicability
of the simple theory Jjust glven is demonstrated by a dlscussion
of one point near a matched load. Point No. 1 is éhosen.

The pushing curve for point No. 1 is given in Figure
3.6, Curve No. 1. Power is used instead of current as a vari-
able in order to more readiiy check the theory. Power was
measured at only one current, however, and efficiency is

assumed constant. Thus, P; = q E, I, , where 7] = overall

efficiency}
For the tube on which these measurements were made,
Y., = .00555 mhos
Q, = 100
Qo = 600
Qe = 120
A = 16,770 resonant wavelength cathode hot,

space charge swarm hub not
accounted for

7? = 58% = overall efficlency at I, = 200 ma
(P, = 230 watts)
q
= 1800 ohms
Yoc
1 Qe
——— ¥ == = 2160 ohms
G, Yoc

Using these values Equation 3.2 becomes

) 1
8 1 + 4,10%§ <

Py, = 1500 I
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or

| I 1500
M%% = ' T7z10°8° 35

Equation 3.5 1s plotted for comparison with the data in Figure
3.6, Curve No. 2 for Igz = 2.3 and efficlency assumed constant
at 58 per cent. This value 1s selected to make the curves
coincide at 220 wattas It is obvious that the assumption that
Ig is a constant current is not valid.

It 1s possible to carry the data a step further to

arrive at more definite conclusions about the behavior of

the current generator. Let us assume that

2 b
(Ig) = K(Pp) 3.6
Then Equation 3.2 may be written
P o= k(P )° —?QL2 G 1
or QL2 GL
].Og D D 2] =(l-b) 1OgPL-1OgK
‘ Y0(‘: 1+ 48 Q‘L
3.8

If the data used in plotting Curve No. 1 in Figure
3.6 is plotted on log log paper the slope should be (1 - b)
and the intercept (-log K). This is done in Figure 3.7. The

resulting relationship for the current is
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64

H
]

. 00765 PL

or

32

.0874 P 3.9

—
]

The current in this particular case is approximately propor-
tional to the 2/3 power of the r-f voltage between segments.

It remains to be seen if this relationship can be applied to
other magnetrons. The stralght line of Figure 3.7 1s replotted
on the coordinates of Figure 3.6 as Curve No. 3, and indicates
the expected extrapolation of Curve No. 1l.

An Important point which should be noted is that the
horizontal scale in Figure 3.6 1s essentially 3 QL since
QL = 100. Everything else remaining the same, therefore, if
Q, were reduced to 10 the frequency deviation would be
multiplied by .10, This change would have to be made with a
corresponding changé in Y,, to keep the ratio of Ig to ET
constant.

More dats will be taken in the near future to check
these possibilities. It is to be expected that a more complex
analysis involving the geometry of the interaction space will
be needed since field configurations for the same r-f voltage
and loading could be very different for different tube
geometries. ‘

The currént given by Equation 3.9 1is plotted in
Figure 3.8 along with the phase angle of the current genera-

tor. A rather interesting result of this experiment is that
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the current generator output is a factor of two or more greater
than the average d-c current, which is plotted for comparison.
This is possible in a generator which induces current into the
load. In fact it would be possible to have zero average
current and finite induced current 90 degrees out of phase

with the voltage.

4. MAXIMUM CURRENT BOUNDARY--General (H. W. Weléh, Jr. )

There are several factors which are known to be
involved in the determination of maximum current boundary for
magnetrons. Most of these which have been studied in any
detail apply‘particularly to pulsed tubes and have no meaning
in c-w operation.  In the present problem where operation at
very low Q's is involved, the maximum current boundary is apt
to be the limiting factor. Therefore it seemé advisable to
study in some detail the underlying causes of the maximum
current boundary in c-w magnetrons in order to find the proper
way to design without this limitation. |

}The initial study has been carried on with the
intent that a general understanding of the factors involved
will be obtained after which each factor will be studied
until it is understood well enough to be subject to control.
Discussions with engineers from other laboratories, particu-
larly Mr. Edward Dench and Mr. W. C. Brown of Raytheon, have
been extremely helpful. Extensive experimental data on
maximum current boundary were provided by Mr. Dench. As a
result of this initial study the following five factors are

suggested as being particularly important in determination of
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maximum current boundary in c-w magnetrons.

a. Cathode limitation of available current. This
1s usually a thermionic emission limitation but may be made
more complex by enchanced emission such as that observed by
Mr. Jepson of Columbia Radiation Laboratory.l

b. Space charge limitation of available current.
This is the current which, assuming no saturation at the
cathode, may be passed through the space charge swarm in the
magnetron as determined by the voltage at the edge of the
swarm.

c. Induced current limitation placed by the maximum
possible density and extent of space charge in the spokes.
This>1s actually not a maximum current boundary but a maximum
power boundary. Hdwever, it 1is possible that as the maximum
power boundary is reached something would happen to the
focussing action of the fields in the spokes to cause current
dropout.

d. Transit time limitation of current through the
spokes. In order to supply the conduction current necessary
to supply power to the system a certain number of electrons
must be collected during each cycle of operation. This
requires that the average radial veloclty have a certain
minimum value dependent on the average space charge density
in the spokes. If the minimum radial velocity reaches the
value determined roughly by the radial length of the spoke
divided by the minimum time of transit through the spoke the

1 Columbia Radiation Laboratory Quarterly Report, March, 1950,
page 2.
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conduction current will be a maximum. Further increase in
voltage will then be expected to cause current dropout.

e. Mode competition, causing current dropout in
one mode when another mode is more favorable to the magnetron
oscillation.

f. Debunching due to insufficient focussing action
by the r-f field as .the spoke changes in position and the
current increases.

The method of control of two of these factors is
immediately obvious. Cathode limitation of current éan be
rectified by provision of adequate emission, and mode competi-
tion can be eliminated by provision of adequate mode separation.
The question which arises is how much is adequate. According
to Mr. Brown of Raytheon, experience indicates that a voltage
mode separation of greater than 17 per cent is sufficient.
This separation depends on loading, however, and should be
investigated further. The problem of the cathode 1s also not
completely obvious since it is experimentally observed that
when the measured diode emission is from three to six times
.the average current drawn by the magnetron the temperature
begins to have an effect on the maximum current boundary.
This may have some very subtle interpretation but it is
probable that it i1s related to the peak currents drawn
during the r-f cycle similar to the comparable limitation
in ordinary class C operation.

Very little is understood about the induced current

limitation, the transit time limitation and the debunching
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phenomenon, and, so far as we know, no experimental data
definitely related to these effects exist. The data discussed
in the last section can be related to maximum current boundary.
It is interesting to note that the current dropout occurs for
$ x 102 = = 0.2. Thls means that the maximum power boundary
due to the induced current limitation was not reached. How-
ever, 1f presence of the space charge hub were accounted for,
it 'is quite}likely that the resonant wavelength in operation
would be shifted to § x 102 = -« 0.2 since this is about the
order of magnitude and the direction such a shift would take.
If this 1s not the case one of the other causes of current
dropout must apply. From a theoretical point of view it is
necessary to know more about the exact configuration of the
spokes and the transit time of the electron. The space charge
density and the radial extent of the spokes should be approx-
imately calculable from the theory given in Technical Report
No. 1. (Equations 5.20 and 5.30). These problems will be
studied further.

The space charge limitation of current has been given

more detailed study and is treated in the next section.

5. SPACE CHARGE LIMITED CURRENT LIMITATION IN THE OSCILLATING
MAGNETRON (H. W. Welch, W. Peterson)

Measurements at the M.I.T. Radiation Laboratory led

Slater and others to suggest the empirical space charge limita-
tion current of 1/2 the Allis current in the oscillating magne-

tron. The Allis current 1s the space charge limited current
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at the cutoff voltage in the static magnetron. The following
analysis results in a method for theoretical calculation of
the space charge limited current in an oscillating magnetron.
The physical assumptions are based on the picture of
the space charge swarm presented in Figure 3.1l. It 1s assumed
that the radius of the hub of the space charge swarm is that
radius at which the electrons first reach angular velocities
synchronous with the electromagnetic wave traveling around
the interaction space. This radius is determined by the

magnetic field by the following relationship
2

1 -
Ty

B
5 = 5.1 %
o

1 - —C_

2
*n

The potential at the edge of the swarm is given by
the following

5.2 %

In these equations

e}
[}

radius of swarm where electrons reach
n synchronism with r-f field

r = anode radius

¥ The starred formulae are discussed in Technical Report No. 1
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cathode radius

potential at edge of synchronous swarm
corresponding to the energy of the electron
attributable to angular velocity

m 2mc 2 | 5.3

1
2 e n\ @8

mode number = total phase shift around
interaction space divided by 2w

=2‘-§-22§ 12 5.4
1 - Iy
ra

applied magnetic field

It is convenient to use as a reference the space-charge-limited

current as derived by Langmuir for a non-magnetic diode. This

current is defined as follows for Eo on the anode.

Ito ©

where

Ba

If we define

Ey

E .
on x 2,331 x £ x -2 5.5
r 2
a By

the length of the emitting surface
= the anode voltage

= g function of the ratio rg/r, defined by

Langmuir and given in almost any text on
vacuum tube electronics.

further

= voltage corresponding to the energy of an
electron with synchronous angular velocity
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at the anode, or 'cutoff' voltage

ILa = Langmuir current with Ey applied

we have the following relationships for the static magnetron

@@
Ia _ (En
I E, 5.6

and
By s ¥
= ¥*
T I ° 5.7
E, Bo
With the assumption that the potential corresponding

to the energy of radial motion of the electrons is very small

compared to Ep, we may write the following

/é 2
;5‘2 = -2—9 i S—“lg 5.8
LO 0 n."n
2 _ 2
B, = B ()
r
B2 = B° ()

ILn is the Langmuir current in a diode with anode at r

and voltage E, applied. In order to relate these currents

n

to the magnetron the Langmuir current must be related to the

space charge limited current for a magnetic diode. This has

* The starred formulae are discussed in Technical Report No. 1
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3
been shown by Allis,l Page and Adamsz and Brillouin with

general agreement to have a value given by

I, = al 5.9

where a 1s a function of r/rc; shown in Figure 5.1l. Note
that a has the value of 0.72 for a plane magnetron and 0.86
for a c¢ylindrical magnetron with infinitely small cathode.
For conventionally used values of ra/rc in the magnetron
a = 0.71. The space charge limited current for the magnetic
diode defined by 5.9 1is usually called the Allis current.

It becomes apparent that the current we wish to

define 1s given by

IAn = a, ILn 5.10

where IAn is the maximum space charge limited current which
can be drawn through the hub of the rotating space charge

wheel in the oscillating magnetron, and I. 1s given by

Ln

Equation 5.9. %LE may be conveniently plotted using the
Lo

1 Microwave Electronics, J. C. Slater, section 13.7, page 345.

2 "Space Charge in Plane Magnetron", Page and Adams, Physical
Review, V69, page 492, 1946.

"Space Charge in Cylindrical Magnetron", Page and Adams,
Physical Review, V69, page 494, 1946.

3 "Electronic Theory of the Cylindrical Magnetron! OSRD 4742,
AMP Report 129-2R.

"Electronic Theory of Plane Magnetron", AMP Report 129-1R.

"0Oscillations in a Plane One-Anode Magnetron™, OSRD 5173,
AMP Report 129-3R,
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two following parametric equations derived from Equation 5.1,

5.2 and 5.9.

I’n 2
I 11‘2 ‘32 F— Ba
In - _n & S
=— = % 5 5.11
Lo ra Bn r
a 2
v o
c
2
r
c
2 l-—
L = i 5.12
BO o LU
L
-2
Tn
I B 2
In Figure 5.2 EEE 1s plotted as a function of §— for vari-
Lo °

ous values of rg/r..
In the oscillating magnetron the operating voltage

is approximately given by the Hartree relationship

E, B - :
- = 2= -1 5.13
E B,

In Figure 5.3 the values of ILn/ILo are plotted as a function

of 2 - 1 to give an idea of the appearance of the

B
maximu; current boundaries on a performance chart. It must
be kept in mind that the actual maximum current boundary 1is
given by a ILn or about 0,71 the values given by the curves.
No experimental data have been examined yet to

check these results. However, the current given are somewhat

less than the one-half Allls current empirically determined
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by Slaters. The Allls current divided by aa is plotted on

the same scale for reference in both filgures.

6., TEMPERATURE LIMITED OPERATION (H. W. Welch, Jr.)

The effect of temperature limited operation on
maximum current boundary insofar as an actusl limitation
of available current 1s involved is fairly obvious. There
are othef effects observed experimentally, however, and the
purpose of this section is to mention these briefly and
point out through a simple qualitative analysis that other
effects are to be expected.

The observed effects are briefly the following:

a. JStarting voltage may change és temperature is
reduced. This can be an increase or a decrease of 20 or 30
per cent in starting voltage. Changes have been observed in
an increasing direction on the Model 6 f-m magnetron.

| b. Maximum current boundary does not necessarily
increase as temperature increases but in some cases may even
decrease.

c. For a given temperature, maximum current
boundary 1s dependent on magnetic field and loading. When
temperature 1s changed the current boundary will have a new
value still dependent on magnetic field and loading.

The first of these effects has been observed in

this laboratory on a Model 6 magnetron operating at 13
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centimeters. Unfortunately the tube falled before quantita-
tive measurements could be made. Dr. Wilbur, of General

- Electric Laboratories, has also observed this effect in his
tubes in the range below 1000 megacycles.

The second and third type of phenomena are clearly
11lustrated by the curves of Figures 6.1, 6.2 and 6.3,which
are selected as typical from data supplied by Mr. Dench of
Raytheon. For a given temperature it 1s obvious that meximum
current boundary is different for different magnetic fields
and loads. This may mean that peak currents during the r-f
cycle ére dependent on loading and magnetic field. It also
may be related to an actual change in the space charge
configuration. The fact that this may be the case is
suggested by reference to Figure 6.4. The curves in this
figure apply to & static magnetron. The curve labelled E;
represents the potential corresponding to zero radial
velocity in a reglon where space charge existsvin the magne-
tron. Therefore it must be the potential at the boundary of
a space charge swarm where no current is crossing. It is

given by the following equation

2
2 r 2
B o= 22 rf (1.5 ) | 6.1
1 8m r

The curve labelled E, 18 the logarithmic distribution which

exists in a space charge free dlode given by
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E = E —m— 6.2

The curve labelled E5 1s the logarithmic curve which would
exist in a magnetron between a boundary of the swarm ry and
the anode r_ if the anode potential were E . This curve is

plotted from the following equation.

( 2
=pe & .2 o r e
E3 B am PH 2 (1 - ;""‘é‘ ) log -I:-' + (1 - ——2- 6.3
H i g /

If we gssume that the anode voltage applied is Ej it is
apparent from these curves that under approximately space
-charge free conditions individual electrons would be found
as far out as the radius’rT where they have no energy of
radial motion and can therefore not cross the boundary.
Between r; and rp individual electrons have everywhere energy
of radial motion (therefore doubie stream radial current
exists). This energy could be expressed by the difference
in potential between the two curves, By - Ey. On the other
~hahd if space charge exists, and the region between r, and
’PH 1s filled with a swarm of electrons moving about the
cathode, the distribution will be that given by Curve No. 3

and the electrons will only reach the boundary r Inter-

H.
mediate conditions are, of course, conceivable. Curves 1
and 3 represent the extreme possibilities. The important

point to be made in this discussion is that the extent of
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the swarm depends on the amount of space charge within the
swarm for a given anode potential,

By an extrapolation of these ideas to the oscillat-
ing magnetron in which current is being drawn through the
swarm, it is apparent that under a condition of cathode
saturation the smaller space charge density within the swarm
could affect the following:

(a) The anode potential required for a given swarm
configuration;

(b) The radial velocities of electrons through the
swarm, therefore transit time and effect of loading;

(c) The average density of the swaerm and, therefore,
magnitude of rotating current and, possibly, penetration of
electromagnetic field. These factors are also related to

'magnetic field.

Such an extrapolation has some validity since a
relatively small increase in potential must exist at the
edge of the swarm to account for the radial current. In

~conclusion, this qualitative discussion shows only that a
relationship between maximum current boundary, svailable
temperature limited emission, starting voltage, loading and
magnetic field is to be expected. It is hoped that it will
be possible to formulate a more guantitative picture, and

this will be attempted in the immediate future.
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7. LOW POWER MAGNETRON FOR LOW Q OPERATION (J. S. Needle)

In order to achieve more flexibility in the
experimental program for study of low Q operation and at
the same time to develop a tube usable in this type of
operation at microwave frequencies, the construction of a
low power magnetron to be used with an external cavity is
being attempted. A sketch of this tube is shown in Figure
7.1l. Only the capacitive portion of the resonant circuit is
Incorporated in the glass envelope. The tube will be called
Model 9. Except for the radiation shield and by-pass
condensor; discussion of which 1s forthcoﬁing, the design
has been completed and construction is under way.

‘ There are two very desirable features inherent in
the Model 9 magnetron which are valuable for the study of
magnetron behavior; (a) the size and shape of the oscillator
cavity can be easily changed, and (b) the two halves of the
anode structure may be operated at differént d-c potentials;
The fleiibility of this structure suggests possibilities in
its applicationvtﬁ the work now in progress at the University
of Michigan. The applications which are presently envisioned
for this tube are listed below: |

a) A tool for a study of effect of loading on
maximum current boundary and pushinge.

b) To serve for the investigation of the optimum
impedance for higher power coaxial line oscillator cavity.

c) To provide information as to the possibility
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of frequency modulating the oscillator by employing a vari-
able voltage on one set of anodes with respect to the other
(see G.E. Report No. R.L. 341, April, 1950).

d) To serve as a more adequate (2 - 10 watt)
signal generator in our measurement laboratory, and to provide
a prototype for other low power applications such as local
oscillators.

e) To provide design experience for the construc-
tion of higher power ceramic seal tubes of similar geometry.

The evacuated portion of the Model 9 magnetron
consists of a 12-anode coaxlial structure and an oxide-coated
cathode. A magnetic field of approximately 1600 gauss will
be supplied by a solenoid. The proximity of the inner to
outer anode glass seals to the emitting region of the cathode
nééessitates the use of radlation shields. These shields,
due to their fixed geometry and position, will result in a
frequency sensitive cathode line. Tests on the Model 7
magnetron, s discussed in section 10 of this report emphasize
the need for a heavy cathode'by-pass condensor in order to
prevent power loss through the cathode line. The desigh of
the radiation shields and the cathode by-pass as well és the
relative placement of these elements along the cathode line
willl be based on the results of a series of cold tests to
be run before final assembly. The quantities listed below

have entered into the design of the Model 9 magnetrdn.
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A =10 cm E, = 280 volts

nA = 60 E = 1400 volts

n =N/2 =6 B, = 554 gauss

r, = 0.125 in. B = 1662 gauss

r, = 0.76 in. vane height = 0.25 in.
;f = 1,66

8. EXPERIMENT ON D.C. MAGNETRON (W. Peterson)

.. The major purpose of this experiment is to attain a
more complete understanding Qf the magnetron by studying the
space cha;ge in a smooth bore d-c magnetron. Some theoretical
work has been done to explain the nature of space charge, but
it 1s felt that experimental verification of the theories is
iacking. Such experimental work, along with similar work
done in other laboratories, can, it is hoped, serve to
integrate the various theories and make the understanding of
magnetron space charge more vivid.

Regner Svensson, Stockholm, Sweden, has recently
carried out some experiments, sending a beam of electrons
through a magnetron, with moderate success. Work on d-c
magnetrons also has been done at the Bureau of Standards
by Reverdin and Marton. The results will be presented at
the Mexico Meeting of the American Physical Society in June,
1950. A project is being undertaken by Lamb and Nedderman
at Columbia University to measure the space charge density

in a magnetron by a unique method. A beam of helium atoms
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1s to be injected into the space charge, and the number of
atoms excited to certain metastable states will be measured.
The quantitiés of iInterest in such experiments are
the potential distribution, the space charge density, the
electron orbits, and perhaps the electron vélocities. Given
any one of these four quantities, all the others can be
calculated. The relation between potential distribution
and space charge density 1s, of course, Polsson's equation.
Obviously the electron orbits can be found from the velocities
by integration. Usually in theory initial velocities are
neglected; in this case one can use the relationship resulting
from conservation of angulaf mdmentum, which gives the angular
velocity as a function of the radius for any electron.1 Given
the angular velocity and the orbit, the radial velocity and
toéal velocity can be found, since the total velocity at any
point has the direction of the tangent to the orbit at that
point. Finally, if the velocities are known, the potential
can be found by the law of conservation of energy, i.e.

- im2 . Also, with the potential known
B = 2 e v Ecathode ’ ’

the magnitude of the velocity can be found. From this end
the angular component, the direction and radial component

can be determined. Furthermore, the radial current,

Ir = 2wrgvr, must be constant; this gives a simple relation

between velocity and space charge density.

Now the question arises: what shall we measure?

1 See Equation 5.5, Technical Report No. 1, for example.
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In general, errors become more pronounced upon differentiation,
and less pronounced upon integration. One can see this éasily
if one compares the potential distribution curves for an
ordinary plane diode, for the plane magnetron as Slater found
it, and for the plane case of Hull's solution. They are very'
similar, while the orbits and space charge are radically
different. The orbits for the ordinary plane dlode are
straight lines perpendicular to the cathode, whereas in the
Hull solution they ané straight lines parallel to the cathode.
The "double-stream”" solution has cycloid-like orbits. The
potential distributions and space charge densities are shown
in Pigures 8.1 and 8.2, respectively.l Since the potential
must be differentiated to find the space charge density, and
since space charge density 1is usually found ihdirectly by
measuring potential and using Poisson's Equation, it seems
preferable to avoid these two as quantities to measure.

What we propose to measure is the electron position
as a function of time. This yields almost immedlately the
other two quantities mentioned, i.e., the electron orbit and
‘the electron velocity. The electron orbit 1s of course Just
the locus of the electron's position; for the electron

velocity, the position function must, unfortunately, be

1 Most of this data was taken from a concise article,
"Space Charge in Plane Magnetron", L. Page and N. I. Adams,
Physical Review, V69, page 492.
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differentiated. The expression for conservation of angular
momentum also can be used to obtain the electron velocity
from the orbit, in order to check our work. The potential

and space charge density can be found by using the simple

2 .
algebraic formulas, E = E  +pqe % mev , and ¢ = 5;_1__ ’
rvp

the results of which will have errors of the same order of
magnitude as the errors in our original experimental measure-
ments.

A tube for this work is now being designed. It
will be a d-c smooth bore magnetron with an electron gun in
the same eevelope. The gun will introduce a beam of electrons
in an axial direction'tangent to the cathode at one end of
the tube. The electron beam leaving the space charge at the
other end will strike a fluorescent screen. Presumably these
eléctrons will have the same motion as electrons emitted from
the cathode except for the added axial component of velocity.
To find where an electron will be Tvseconds after it is
emitted, one adjusts the beam velocity so that the beam
~electrons spend time t in the space charge. The radial and
axlal displacement of the beam while traveling through the
tube will presumably be the same as the displacement of the
emitted electron.

This method has the advantage of'measuring the
electron orbits directly and allowing us to compute 1n a
simple manner the other quantities of interest without

interfering with the magnetron's operation during measurement.
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It seems worth mentioning that this method may have
applications beyond this simple experiment. It is hoped that
eventually it amy be used on oscillating magnetrons to find
orbits in a case defying any analytical procedure.

The first cohsideration in designing the tube was
size. A tube as small as the average magnetron would have
orbits too small to measure on any fluorescent screen; while
a large tube would require prohibitive voltages. In a short
tube, end effects would be large; while a long tube would
require excessivé current. We chose to start our work with
a diode having an anode two inches in diameter and a cathode
one-half inch in diameter and two inches long.

The beam voltage is somewhat limited. A conventional
gun can be operated over a range of voltages of perhaps S5:l.
This gives a range of about 2.3:1 in beam velocity, or in
the time the beam electrons spend in the space charge. Thus,
we can see only a portion of the orbit in any one set of
operating conditions. |

The electrons, according to theory, travel in
cyclold-like paths with one loop takingapproximately,%%l
seconds. Now when the tube length and beam voltage range
ere determined, the range of time the beam spends in the
space charge is determined, of course. Then we must choose
wy, (which amounts to choosing B) properly to see any partic-
uler part of the orbit. Fortunately, the required fields‘

are easy to obtain. For example, for a tube two inches
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long and with a 500-volt electron beam, B should be approx-

‘imately 200 gauss for one loop.
Probably our biggest problem will be the placement

of the fluorescent screen. The screen must be near the
space charge, because the electron beam will not have an
axisl direction after leaving the Space charge. Even then
the beam must travel in a magnetic field. At this point two
problems arise: first, the fluorescent screen must be able
to stend the heat from the Eathode; and second, the stray
electrons from the space charge which strike the screen
must not deétroy it and must not obliterate the beam spot.
We hope'that the screen can be placed close enough to %he
space charge so that with only first order corrections, we

will have fairly accurate results.

9. R-F PROPERTIES OF MAGNETRON SPACE CHARGE (G. R. Brewer)

A. Prépagation of electromagnetic waves in a

magnetron'space charge--theoretical analysis. The propagation

of electromagnetic waves in an ionized media has been treated
in a large number of papers, particularly with reference to
the ionosphere. However, only a very small number of these

1 -
papers are even approximately applicable to the type of

1 Technical Report No. 1, H. W. Welch, Jr.

"High Frequency Behavior of a Space Charge Rotating in a
Magnetic Field", Physical Review, V57, J. P. Blewett and
S. Ramo, page 635-641, April, 1940.

"Space Charge Frequency Dependence of a Magnetron Cavity",
W. E., Lamb and M. Phillips, Journal of Applied Physics,
V18, page 230-238, Feb. 1947. '
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space charge region which exists in a magnetron.

It is well known that the problem of the interaction
between the fields in a multi-anode magnetron and the rotating
space charge cloud is sufficiently complex to have allowed, to
date, only solutions containing several restrictive approxima-
“tions. This analysis 1s therefore concerned with the inter-
action of electrons in a specified space charge cloud with
certain uniform and simple types of electromagnetic flelds.

It is believed that the results will be applicable in the
case of space charge clouds used for frequency modulation,
which are usually placed in a structure of such geometry that
the simple field analysis is valid. It is also hoped that
from these results one may be able to deduce qualitatively

or seml-quantitatively the effects in the case of the more
complicated fields of a multi-anode magnetron.

This analysis is a‘continuation of that reported
in Technical Report No. 1 and is an attempt to determine the
effective index of refraction of the space charge region as
seen by an electromagnetic wave propagating into or through
the mediume. A knowledge of the index of refraction, and thus
the dielectric constant, as a function of the frequency of
the wave, and the magnetic field, will enable the calculation
of the reactive (and in some cases also resistive) effects
of the space charge on the microwave circult.

In Technicel Report No. 1 this proﬁlem was treated

under the assumption that the space charge swarm is moving
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with constant veloclity and perpendicular to the electron
motion so that the second term on the left side of Equation
9.1 below was not included. The present work is a refinement
on the previous treatment in that the variation in the elec-
tron velocity with position in the magnetron is included.

In order to simplify the mathematics involved, two
limiting cases are chosen: that of the plane magnetron, and
the cylindrical magnetron with small cathode. We will outline
below the method of analysis used and the results obtalned to
date; it is planned to include thils material in detail
together w%th results of experimental investigations of the
r-f properties of the space charge cloud in a future technical
report.

In the analysis to follow we make the following
asSumptions;:

(a) For the purposes of this analysis the space
charge is considered as an isothermal free electron gas of
determined density.

(b) The angular velocity and the charge density is:
1 given by the Hull-Brillouin relations (Equations 9.3 and 9.8
below).

2
(c) For the cylindrical case I’0/1.82 Z<L 1.

(d) The linear electron velocities are small
enough that a non-relativistic treatment will be valid.
Then the Euler hydrodynemical equation governing

the electron motion can be written
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.

Writing for the gas pressure p = 5 k T, under our assumption
of an isothermal gas the last term becomes - uv): which
vanishes under our assumption of a constant space charge

density. In the ebove equation

Vv = 1linear velocity of a group of electrons
contained in volume dvy
Bo = constant +z directed applied magnetic fleld

A o)
i

space charge density

T = electron gas temperature

k Boltzmann's constant .

In order to separateée the equations into steady or
d-c and fluctuating or high frequency parts we consider the
velocity and electric field to be made up of a steady term

and a perturbation term.

T =% 43
= Eo + E1
- S o
V-V°+Vl

And to linearize the equations we shall neglect products of
two perturbation terms.

Then the fluctuating part of Equation 9.1 becomes

avl - P e e - - —
at +(vl.V)vo +(VO'V)V1 _"'I‘E' E1+V1XBO

. 9. 2
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In the asbove we have %acitly supposed the charge

density to be constant so that

. v = - d = -—a—.L
V(gV) —d{— 3¢t
This will be valid if the charge density does not change
appreciably within a volume whose dimensions are small
compared with a wavelength of the r-f wave being propagated
In the gas.

l. Plane magnetron. From assumption (b) above,

the space charge is determined by the following equations:

Eo = -chy
Vo = =@,y
0 9.3
- m
g = - & <+ Y
- _ eB
C\)c = -I—n.

Figure 9.1 shows the field vectors and coordinate
system for the plane mggnetron case.

We shall consider wave propagation normal to the
applied magnetic field, iIn the x and y directions; propaga-
tion 1n the z direction yielding the same results as that in
the y direction. The propagated wave will have field
components Ex E

N
the applied magnetic field will produce electron motions

Hz; an electrlic field in the direction of

yielding the well-known value of dielectric constant for an

ionized region, dependent only on the space charge density,
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Independent of the method of production of this space charge
and 1s therefore relatively uninteresting for the purposes of
this analysis.

~a. Wave propagation in +y direction. The perturbed

velocity and field quantities are allowed to vary as elot - ¥y,
Then substitution of 9.3 into 9.2, together with the field

equations

it

VvV x H1 fovl + 1iw g, E1

9.4

Vv X El - lwp, Hl

allows the solution for Y for the plane wave ( 7§x.= 0, v, = 0)

Z

9.5

o
]
av]

where ¢ 1s the velocity of light and w = 2nf where f is the
frequency of the propagating wave. Since xj can be either
positive or negative depending on the relative values of

and w, we must conclude that Yy 1is Imaginary and let

- Qe

}‘ =_j_'9_ = 1_@3_
v Cc

N 1is the index of refraction of the charged region and in
*
this case 1s real so that n*= eeff‘ From 9.5

_ 1
€err = T3 9.6
(w/w,)
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FIG.9.4 COORDINATE SYSTEM AND FIELD VECTORS
OF CYLINDRICAL MAGNETRON
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Since Y appears only as a square, the same value of €erf
will result from considerstion of a wave propagated in the
-y direction. Equation 9.6 1s plotted in Figure 9.2.

b. Propagation in the x direction. In this case
lot - ¥x

all perturbed quantities are considered to vary as e
and the propagated wave to possess field components Ex Ey H,e.
Then, as before, a combination of equations (9.2, 9.3, and

9.4) allow a solution for the propagation constant in the two

relations
s )
’ ¢ (w/wc)
3 2 2 S
Y +§9§x+9§1+;w (1-—2—) =0
¢ ¢ C We¥ (w/wg)
i - i v_ -
Substituting = -?;1 and = eeff these become:
for the first: -l a-—2 0 9.7
or the first: £ of f Bey (w/wc)z .
for the second: 73.+ .Ji_q? - - ==(1--~- 1 ) =0
W w 2

These equations are plotted in Figures 9.3 and 9.4 for two

values of 53— .

oJ
Examination of Figure 9.3 for the case _Ei = 1.5
W

c
(the non-relativistic treatment 1s only a rough approximation

for values of GE§ less than about 2.5) ylelds several interesting
c
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facts.
(a) The frequency scale is divided by the cycloﬁron
frequency 0, into two rather distinct regions; that for w < w,
and for w » W,
| (b) In both of these regions there can exlst four
separate waves. For o » W, these waves travel without attenua-

tion but for w { w, the index of refraction n is complex

c
N = Rg(n) +11I(q) for two of the wave so that for
these the wave amplitude can change.

"(¢) In the region w » w, two of these waves (2,3)
travel with the electron motion ( 1 < 0) and two (1,6) against
their motion ( q_) 0). None of these waves are attenuated,
but the phase velocity may exceed that of light.

(d) In the reglon w < w, two waves (7+5, 7+4)

c
travel against the steady electron motion and two (3,6) with
their motion. Of the former, one is attenuated and one
increases in amplitude as it progresses through the space
charge. This latter, of course, suggests the possibility of

amplification by such an electron stream.

2, Cylindrical magnetron.‘ In the cylindrical case

the space charge cloud is assumed to be determined by the

Hull-Brillouin relations:

9.8
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where f1 1s the angular Gelocity of the electron rotating
around the cathode.

We shall consider wave propagation parallel to and
normal to the applied magnetic field., The propagated wave of
interest will have field components E, Hy in the former case |
and E HZ in the latter case.

e
a. Wave propagation in the z direction. In this

case we consider the propagation of a TEM wave, field compon-
ents E, Hj, along the cqaxial’line formed by the filamentary
cathode and smooth cylindrical anode of a magnetron. Upon
entering the space charge region the wave must have fileld
components Er Eg Hg H, H,. Thus, Equation 9.2 in component

form becomes:

— e
iQ)VP = - a EI"'- O)CVQ
9.9
oV o
0 =D - = R
iwvg + Vo —S;_ - Eg + WoVp
Solving for the velocities and letting v, = r{l and
f = oe 1l rc2 the r-f currents are:
e A
fﬁiEr +1 iEg]
: 0.5 -w
9.10
/
e o @
J = v = f’ﬁ L?O . B¢ Eil
r T :
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Substitution into the field equations (9.4) and simplification

yields the following relation for the index of refraction.

1 ¥ -
-w
2 _ /12650
n=1- 9.11
W
1 - 2(5:)

This equation 1s plotted in Figure 9.5, from which
it is seen that there canvexist two waves in the medium. For
w < m04§‘ one of these waves 1is chafacterized by an imaginary
refractive index and so is attenuated. These curves are seen
to be similar to thoée presented in Technical Report No. 1,
Figure 19b.

b. Propagation in the r direction. The field

components in the sﬁace charge are the same in this case as
in the previous sectign, Er’ Eg, HO’ Hz. Then the r-f currents
are as given by Equations 9.9 and substitution in the field
equations yields the following relation for the effective
dielectric constant, subject to the conditions 953 - %8 =0
for all perturbation quantities.

w 2
1 - 2(5-6')

1 9.12

o =

2 w 2
G e

8eff

This equation is plotted in Figure 9.8. This figure is seen
to be similar to Figure 19a of Technical Report No. 1l.
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Since the assumption 566 = 0 was made in order
to arrive at Equation 9.12, this relation is not applicable
to the case of the multi-anode magnetroﬁ.

A similar analysis for the cases of radial propaga-
tion with 349 # 0 and the case of propagation in the 9

direction is being carried out.

B. Experimental investigation. In order to

ascertain the validity of the results of the previous
analytlical treatment concérning the propagation of electro-
magnetic waves in a magnetron space charge, two experimental
tubes are under construction. These are designed to duplicate
as closely as possible the configuration of electric fields
assumed in the preceding analysis. Both experimental tubes
invqlve a resonant cavity within which will exist a rotating
space charge with which the'elegtromagnetlc fields can inter-
act. Measurements of the change in resonant wavelength and
unloaded @ of the cavity will yield the desired information
of effective dielectric constant and conductivity of the
cloud.

In the above theoretical analysis no term has been
included in the equations of motion to account for any
energy loss by the electrons. This term will be included
in future analysis. Also, the effective conductivity of
the cloud can be determined by experiment.

1. Wave propagation in the direction of applied

magnetic field. For this investigation, a half wave coaxial
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cavity has been constructed as shown in Figure 9.7. The
central portion of the cavity was reduced in diameter in
order to concentrate the r-f electric fields more in the
reglon to be occupied by the space charge, and also to better
confine the space charge in the desired region of the cavity.
This tube has been made with two coupling loops to facilitate
determination of the resonant wavelength; that 1s, this
cavity can be used as a transmission circuit.

To date three tubes of thils general design have
been assembléd; of these, two were lost in brazing, the third
was completed and tested, but was made without the reduced
diameter 1in the central portion of the cavity; as a result
the space charge cloud was attracted by{longitudinal compon-
ents of d-c electric flelds to the copper center conductor,
making the formation of a cylindrical space charge cloud
impossible. This defect has been corrected in the model
shown in Figure.9.7. A tube of this design 1s now being
assembled for'test within a few days.

2. Wave propagation normal to the applied magnetic

field. In order to make experimental observations of the
space charge with r-f fields glving wave propagation in: the
redial direction ( EgH, ) the following arrangement is being
considered.

The deslred flelds ( EgH, ) which have no circumfer-
ential variation can be obtained in a cylindrical cavity

resonant in the TEOl mode. However, a cavity designed to
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resonate at 10 centimeters in this mode will have a radius

of approximately 7 centimeters, far too great to be used as
the anode for the space charge. That is, for magnetic fields
in the desired range (2000 gausé) an astronomical d-c voltage
would be required to expand the space charge to a small
fraction of this anode radius. Therefore it is proposed to
use as the d-c anode a series of longltudinal rods spaced on
a clrcle concentric with the cathode. If the rods are small
enough and few In number, there will be relatively little
metallic surface parallel to the 9 directed electric field
so that there should be only small perturbation of the r-f
fields at the cathode. This arrangement is shown in Figure
9.8,

The question naturally arises as to the ability of
such an anode to produce d-c equipotential lines which are
approximately circles concentric with the cathode. A field
map of a section of such a structure, made by Mr. J. S.
Needle, is shown in figure 9.9 from which 1t 1s seen that
this anode approximates very closely a solid cyclindrical
anode for any radius less than about 0.7 of the anode radius.
This type of experimental tube has the advantage that only
the longitudinal bars and the cathode need be included in
the vacuum envelope; the cavity may be external to the
vacuum. |

A brass cavity suitable for this study has been
constructed and preliminary tests made. The mode spectrum

of such a cavity (7 centimeters radius, 7 centimeters long)
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i1s naturally rather well filled, but the modes’are identi-
fiable. The insertion of a glass‘tube to simulate the

: vacuum'envelopé caused no appreciable shift in the resonant
wavelength so that the electric fields are probably not

distorted by this material.

10. CONSTRUCTION AND TESTING OF MAGNETRONS (J. R. Black,

G. R. Brewer, H. W. Welch)

Two tubes have been emphasized during the period
covered hy this report. These are the Model 6 f-m tube
(Figure 10.£) and the Model 7 coaxial magnetron (Figure 10.2).
Data on Model 6 No. 26 was presented in the last Quarterly
Report showing some promise in the modulating properties.
However, the problem of losing power down the modulator
cathode stem 1s still quite serious.

The Model 7 tube wée built to be used in experimental
work in the study of low Q operation. The first model does
not have a low Q but is intended as a prototype for other

tubes. Two outputs are provided, one coupled to the desired
‘14-centimeter mode and one to the undesired 9-centimeter
mode. By selective loading, mode separation can be changed
and some data on mode competition obtained.

The major emphasis of tube construction and testing
duripg the period has been on the elimination of the cathode
coupling problem in the Model 6 and Model 7 tubes. Better

results than have been obtained could certainly be hoped for.
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The oscillator cathode has been improved to the point that
both the Model 6 (see Figure 10.1l) and the Model 7 (Figure
10.2) can be operated into a matched load. However, the
Model 6 still will not operate satisfactorily with a modula-
tor cathode in place. The history of the two models from
the point of view of the cathode problem mey be summarized
as follows.

Model 6: Model 6A No. 31 was started in February.
No. 31 differs from No. 26 in that a backing ring is provided
in the vane section. This shortens the véhes and increases
- mode separation by changing resonant wavelength in the short
wavelength mode from 10.96 to 9.2 centimeters. Modulation
data which were obtained (see Figure 10.3) are almost identi-
cal with data obtained on Model 6 No. 26 (see last Quarterly
Report). As before the tube had to be unloaded to obtain
oscillation in the desired 1l3-centimeter mode. By shielding
the cathode leads, 1t was discovered that more power was |
coupled out the leads than down the outside of the stem. It
was decided to try an oxlde-coated cathode where coupling to
the leads would be impossible.

| The modulator cathode was removed and the tube

sealed up again without cathode. The oscillator performance
results, which are encouraging, are shown in Figure 10.4.
Power output of 190 watts was obtained at about 40 per cent
efficiency. The oscillator cathode failed before more tests

could be maede.
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(1)
(2)
(3)

(4)

Tests made after the modulator cathode was replaced
with an oxide cathode showed power still coming out the out-
side of the cathode stem. New cathodes are currently being
built which have enlarged stems to make the spacing in the
cathode line as small as practical to increase the by-passing
action,

The effect of adequate by-passing is shown in data
taken on Model 7A No. 33. This tube also gave trouble with
power leakage in the cathode although a previously built
Model 7 was satisfactory. At first, coupling to the lead
wires through the helix or pump-out holes in the cathode was
suspected. Cold measurements showed this to be partially
true but not as important as coupling outside the stem.

The results of the § measurements, made to determine the

leakage and the effect of by-passing, are summarized below.

TABLE 10.1

Q Measurements on Model 7 No. 33

Conditions 92 9@ Qext
No cathode 1630 243 287
Stendard cathode 338 200 ' 490
Standard cathode
with A/4 copper 445 ' 165 256
by-pass
Same as (3) with 977 208 265

helix shielded
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It is assumed that the helix will not cause trouble when the
tube 1is oscillating, since it will be surrounded by the swarm
of electrons which sustain the oscillaetion. The tube has been
rebuilt with a cathode having a A/4 by-pass spaced as closely—
as possible to'the anode. Operation was obtalned into a
matched load at 14 centimeters. However, an intermittent.
short between cathode and anode prevented the taking of
extensive data.

In addition to the sbove-mentioned work on magne-
trons: three magnetron diodeé for experimental work on space
charge groblems have been built. Two of these were lost in
processing. The third will be ﬁsed in initial measurements
for the pfogram mentioned in section 8. Also, as was mentioned
in section 7, parts for a low power magnetron are complete
except for cathode. Work on the Model 5 f-m magnetron has
been temporarily dropped. The Model 8 f-m magnetron (see

last month's report) is completed except for cathodes.

1l. CONCLUSIONS

Since all work in progress is in a state of
partial completion, conclusions must be tentative. However,
the progress during the period covered by this report may be
summed up as follows:

(a) Results of the analysis of frequency pushing
look favorable. In the present simple form of the analysis,

the requirement of low Q circuits and of adjustment of
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Yoc(wop) in proportion to Q for a given interaction space
design is made evident. The next, probably more important,
step 1s to find what interaction space can operate most
favorably into low Q circﬁits.

"~ (b) An overall understanding of the underlying
‘causes of ﬁaximum’current boundary has been reached. Analysis
‘of more specific nature has been started and results may be
expected in the near future. |

(c) Design of a low power magnetron for low Q
operation 1s well under way.

(d) A more complete analysis of the r-f properties
of magnetron space charge has been made. This analysis shows
possibility of amplification in the electron swarm. It also
shows that the analysis presented previously (Technical Report
No. 1) was a fair approximation in spite of restrictive condi-
tions. The analysis will not be carried further in the near
future., Experimentel data for confirmation will be collected
as soon as tubes and time are available.

(e) A program for static measurements and statis-
tical analysis of distributions in the magnetron_space charge
has been started. The percentage of time devoted to this
work 1s not very large; thefefore, results are not to be
expected in the very immedlate future.

(f) The modulation of magnetrons by the reactance
tube method has been held back by the problem of power leakage
out the cathode of the modulator section of the tube. The
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oscillator section has exhibited quite satisfactory perform-

ance.

12. WORK IN PROSPECT

The emphasis on study of low Q operation will be
continued, with particular attention to cause of maximum
current boundary and nature of temperature limited operation.
Effort will be made to clean up the problem of power leakage
to the cathode. At least one Model 8 magnetron will be
completed. Work on Model 6 will continue. Experimental tubes
for the study of low Q operation and space charge problems will
be built,.
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