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ABSTRACT

This report describes the design and construction of a micro-
wave generator which can be used in many of the applications where
electronically-tunable power is needed. This generator consists of
an external-cavity interdigital magnetron and its associated cavity
structure. This magnetron operates in the frequency range of 1500 to
3000 mc with a power output of the order of 250 milliwatts.

In the design of this magnetron, emphasis was placed on
maintaining the anode-to-anode capacitance at a minimum,and on shap-
ing the anode bars in such a manner that higher-order space harmonics
would be reduced. Several types of cathodes were tested, including
oxide-coated, thoriated tungsten, and pure tungsten. Results indi-
cate that a pure tungsten cathode is most satisfactory for use in
this tube. The cavity structure consists of a ridge waveguide, tapered
at each end to a 50-ohm coaxial output.

A number of tubes have been built and tested. Results of
these experimental investigations indicate that this magnetron is
useful as a local oscillator for use in spectrum analyzers, microwave
receivers, and as a source of electronically-tunable microwave power
for general microwave measurement and development work.

A universal voltage-tuning equation for a magnetron has
been derived. The experimental data are interpreted in terms of
this theoretical tuning curve and the properties of the rf circuit
arrangement. The importance of the circuit impedance in determining
the power output of a voltage-tunable magnetron is discussed. The
sensitivity of the Model 1l voltage-tunable magnetron operation
to the temperature of the cathode is related to the low impedance
of the rf circuit.
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A VOLTAGE-TUNABLE MAGNETRON

FOR OPZRATION IN THE FREQUENCY RANGE 1500 TO 3000 MEGACYCLES

CHAPTER I

PRIOR ART AND PRELIMINARY EXPERIMENTS

1.1 Statement of the Problem

One of the most difficult problems in making measurements at
microwave frequencies, and in developing microwave systems, is that of
obtaining a satisfactory source of rf power. The first requirement is
that the rf power source be capable of generating sufficient power for
the desired application. Perhaps the next most important requirement
is that the output frequency of the rf power source be easily tunable
over a wide range. For many applications which require the use of a
sweeping local oscillator it is desirable, if not absolutely necessary,
to have a source of electronically tunable rf power.

For a simple standing-wave measurement, a few milliwatts of
rf power in the transmission line of the standing-wave detector are
sufficient (Ref. 1). However, in order to prevent the circuit under
study from affecting the frequency or the amplitude of a self-excited
oscillator used as a signal generator it is usually necessary to place
at least 10 db of attenuation between the source and the point of meas-
urement. This places the power output requirements for a satisfactory
signal generator at an order of magnitude of 100 to 200 milliwatts. Since
the power level requirements are very similar for local oscillator

-1-



applications in microwave receivers, the same signal generator source can
ordinarily be used for either of these applications. In the measurement
of such characteristics as attenuation and antenna patterns, the power
requirements are increased by an order of magnitude, requiring a signal
generator output of the order of 500 to 1,000 milliwatts.

This report describes the design and construction of a microwave
generator which can be used in many of the applications where electronically
tunable power is needed. This generator consists of an external-cavity
interdigital magnetron and its associated cavity structure. This magne-
tron operates in the frequency range of 1500 to 3000 mc with power output
in the order of 250 milliwatts.

In this chapter a brief review of the microwave tubes available
for local oscillator aﬁplicationis presented, together with a summary
of previous work on voltage-tunable magnetrons and a discussion of pre-
liminary experiments which were performed in this investigation. In
Chapter 2 the design of an interdigital magnetron and its associated
cavity structure is presented. This tube has been designated the Modelll
magnetron. A number of tubes have been built and tested, and experimental
data which were obtained from several models of the tube are presented
in Chapter 3. - A discussion of the experimental results is presented in
Chapter 4, This discussion includes proposed explanations for certain
phenomena which were observed and which have not been previously explained.
In Chapter 5 a summary of conclusions arrived at through this investigation
is presented.

This investigation is a continuation of the work of Dr. J. S. Needle
on "The Insertion Magnetron" (Ref. 2). The objective of the present investi-

gation was to develop a voltage-tunable magnetron which would produce
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several milliwatts of coherent power output. It was desired that the
characteristics of the output signal be such that the magnetron would be
useful as a microwave local oscillator for use in spectrum analyzers,
recelvers, etc. Dr., Needle first suggested to the author the use of an

interdigital structure in the development of a voltage-tunable mangetron.

1.2 Microwave Signal Generators

Brief discussions of the various microwave tubes available for
measurement and local oscillator application are presented in the following

section.

1l.2,1 Space-Charge Control Tubes., The frequency limit of oper-

ation of conventional space-charge control tubes is fixed by one or more
of the following factors (Ref. 3): (1) the inductance of the leads to the
tube elements, (2) the transit time of the electrons in the space between
electrodes, (3) the losses by radiation from the tube structure and con-
necting leads, and (4) the necessity of using small structures with limited
capabilities for heat dissipation. To overcome the difficulties listed
above, space-charge control tubes for use at high frequencies were de-
veloped in the form of disc-seal triodes. These tubes (known as "light-
house tubes') because of their shape) have a planar electrode structure,

in contrast to the cylindrical form common in low-frequency tubes. The
leads to the electrodes are brought out of the vacuum envelope through
metal-to-glass disc seals, and the tube is designed in such a manner that
it can be inserted into an external cavity, usually of the coaxial type.
In this type of tube the difficulties of high frequency operation are
decreased but are not eliminated. The lead inductance is made very small
by the use of disc-seal connections, and the transit time is reduced by

using very close spacing (a cathode-to-grid spacing of 0.1 mm and a
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grid-to-plate spacing of 0.3 mm for the type 2C40). The operating range
of the lighthouse tube extends to an upper limit of approximately 3000 mc.

By adjustment of movable sections of an external cavity, tuning
ranges in the order of 2 to 1 may be obtained. The type 2C4O is capable
of delivering 125 mw of power at a frequency of 3000 mc with a plate
voltage of 250 volts. The frequency of oscillator operation is, in gen-
eral, insensitive to the plate voltage, which is an advantage in certain
applications. The lighthouse tube has not come into general use as a
signal source for measurements because of (1) the difficulty in tuning,
(2) the difficulty of frequency modulation, and (3) the upper limit to
the operating frequency.

1.2,2  Klystrons. In contrast to the lighthouse tubes, in

which the transit time effect is minimized, klystrons make use of transit
time in their basic mode of operation. In the lighthouse tube the den-
sity of the electron beam is controlled by varying the grid potential,
thus controlling the potential of the virtual cathode (or potential
minimum). The velocity of the electrons in the grid-plate interaction
region are approximately equal. The-klystron depends on velocity-
modulation of the electrons for its operation. In the double-cavity
klystron amplifier, a beam of electrons from a gun is first accelerated
to a high velocity., The beam then passes through the gap of the input
(buncher) cavity where each electron receives an additional acceleration
(which may be either positive or negative, depending upon the phase and
magnitude of the rf potential across the cavity gap at the instant the
electron passes through). The electrons are then allowed to traverse

.a drift space where the variation in velocities will give rise to bunching

of the electrons. The beam then passes through the gap of a second cavity
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where the high frequency components of the beam current, which are produced
by the bunching action, cause an rf voltage to be developed across this
second cavity. The frequency of this voltage is the same as that of the
rf voltage applied to the buncher cavity. Power may be coupled from
the second cavity and the device used as an amplifier, or with the proper
feedback arrangement, the device will operate as a self-excited oscillator.

For measurement and local-oscillator applications the most
generally useful type of klystron is the reflex-klystron oscillator. The
principle of operation is similar to that of the double-cavity klystron;
however, the reflex klystron uses only one cavity and operates only as an
oscillator. In the reflex klystron the beam passes once through the cav-
ity, then, by means of a negative electrode (the reflector) it is made to
return through this cavity on a second transit. By proper adjustment of
the beam voltage, reflector voltage, and reflector spacing, the electrons
will be bunched and in the proper phase on their return through the
cavity and will produce sustained oscillations in the cavity.

Reflex klystrons have a maximum power output in the order of
0.5 watt in the 3000 mc frequency range, which is more than adequate for
most measurement applications. There are two types of reflex klystrons
in general use; the external-cavity type and the self-contained cavity
type. In both types, oscillations may be obtained by adjusting acceler-
ator and reflector voltage. A small amount of frequency tuning may be
accomplished by varying only the reflector voltage; a variation in fre-
quency of the order of 30 mc at 3000 mc may be obtained in this manner.
The cavities may be tuned mechanically to obtain wider frequency coverage,
however, this tuning range is limited in the case of the self-contained

oscillator.
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Even though the reflex klystron is the most common source of
microwave power for measurement purposes, it has serious deficiencies.
The range over which it can be easily tuned by electronic means is small.
Perhaps the most serious difficulty for measurement purposes is that of
obtaining sufficient power over a wide range of frequencies. Due to the
narrow electronic modes of operation in the reflex klystron, it is very
difficult to obtain sufficient power output to make satisfactory meas-
urements over a wide range of frequencies. The modes referred to are
not associated with the circuit, but are distinguished by different
transit times in the drift space. Both power output and frequency are a
function of the reflector voltage so considerable amplitude modulation
is obtained when the reflector voltage is modulated to give frequency
modulation,

1.2.3 Backward-Wave Traveling-Wave Tubes. There has recently

been discovered a new type of traveling-wave tube, known as the backward-
wave traveling-wave tube. This tube uses a slow-wave structure similar
to that used in conventional traveling-wave tubes differing, however,
in that the electrons interact with a space-harmonic wave which has a
phase velocity in the same direction as the beam,although the group
velocity is in the opposite direction to that of the beam. This tube,
when operated under the proper conditions, functions as a self-excited
oscillator. Papers describing the operation of these tubes have been
presented at Institute of Radio Engineers conventions by personnel of
the Bell Telephone Laboratories and Stanford University. In private
conversations, Dr. Stanley Kaisel of Stanford University has described
a ackward-wave oscillator tube which can be electronically tuned over
a 2 to 1 frequency range and delivers power output in the order of 1

watt. Dr. Kaisel indicates that power in the order of tens of watts
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may eventually be obtained from this type of oscillator. It appears
that this type of tube will find many applications in microwave work.
For low power local oscillator and signal generator applications it
seems that the tube will be expensive because of the slow-wave struc-
ture required. One disadvantage of this tube for local oscillator ap-
plication is the non-linear relation between voltage and frequency; for
example, a two-to-one change in frequency requires a six-to-one change
in voltage.

1.2.4 Magnetrons. The magnetron has been developed as a high-

pover transmitter tube and is, in general, an inherently higher-power
tube than is needed for measurement and local oscillator applications.
A low power magnetron suitable for local oscillator applications at fre-
quencies below 1000 mc has been developed (Ref. 4). However, until the
present there has been no magnetron suitable for these applications at
frequencies above 1000 mc.

1.2.4.1 Classification of Magnetrons. In rf magnetron

devices a continuous transfer of energy between a dc electric field

and an rf field takes place in the presence of a strong magnetic field
which is at right angles to the dc field; thus, electron interaction
with an rf field occurs in the presence of crossed electric and magnetic
fields. Other electronic devices utilize a dc magnetic field to enhance
their operation, but only magnetron devices are dependent upon the
presence of crossed dc electric and magnetic fields for their fundamental
mode of operation. The first analysis of the dc smooth anode magnetron
was made by A. W. Hull in 1921 (Ref. 5); much of the work which has

followed has been based on Hull's original analysis.
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The present investigation is concerned with the cylindrical
multisegment magnetron oscillator in which there exists an axial dc
magnetic field and a radial dc electric field. The rf circuit may be
thought of as a re-entrant filter type transmission line. The Carcinotron
is a magnetron oscillator which utilizes an rf structure which is not
re-entrant., In this device, the electrons interact with a space harmonic
of an rf wave that has a group velocity in the opposite direction to
that of the electrons. The feedback necessary for oscillation is present
between adjacent segments in the rf structure.

For magnetron amplifiers (Ref. 6), a slow wave transmission
structure is required to transmit the rf wave; the slow wave structure
may serve as the anode. A criterion for an amplifier circuit is that the
circuit not be re-entrant as in the cylindrical magnetron. The fundamental
mode of operation is the same for the cylindrical magnetron oscillator, the
Carcinotron and the magnetron amplifier.

There are three fundemental modes in which electrons can inter-
act with the electric and magnetic fields of a cylindrical magnetron
such that a net transfer of energy from the dc electric field to an rf
field can occur. All of these modes of operation are capable of producing
sustained oscillations under the proper operation conditions. The negative-

resistance magnetron oscillator depends upon the existence of a static

negative-resistance characteristic between the two halves of a split anode

magnetron., The cyclotron frequency magnetron oscillator operates by

reason of synchronism between the period of rf oscillation and the period

of cycloidal motion of the electrons. The traveling-wave magnetron

oscillator depends upon synchronism between the mean translational velocity

of the electrons and the velocity of a traveling-wave component of the

rf field.
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1.2.4.2 The Negative-Resistance Magnetron Oscillator.

The basic idea of the negative resistance magnetron oscillator (Ref's
7, 8, 9) was reported by Habann in 1924 (Ref. 10). In its usual form
it consists of a cylindrical anode and coaxial filament, the anode
being split into two or more segments. The rf circuit is connected
between the anode segments. The transit time of the electrons from
cathode to anode does not enter into the basic mechanism of operation,
but this transit time must be small relative to the period of the rf
oscillation.

A qualitative picture of why this negative-resistance charac-
teristic exists between the two anode segments can be given as follows:
With both anode segments at the same potential and the magnetic field
at a value above the critical or cutoff value, no electrons will reach
either segment. The electron paths wili be symmetrical curves terminat-
ing on the cathode. Now assume the potential of segment No. 1 has been
increased and the potential of segment No. 2 has been lowered by an
equal amount, AE. Consider an electron which starts toward segment
No. 1 and, because of its curved path, crosses the slot plane between
the two anode segments. This electron will have kinetic energy in excess
of the potential energy corresponding to its position in this low poten-
tial field. It is this excess of energy which will allow the electrons
to reach the segment of lowest potential. When the electron enters the
low potential region, the radius of curvature of its motion will be de-
creased causing it to curve back somewhat short of the cathode. Thus,
the electron may describe one or more loops finally arriving at the

segment of lower potential in most cases.
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On the other hand, electrons which start toward the segment
of lower potential and cross the gap plane into a high’potential will
have their radius of curvature increased and may thus encircle the
cathode. Kilgore constructed a special magnetron which made possible
a visual study of electron paths by gas ionization (Ref. 9). The
cathode was constructed with a small emitting spot and made rotatable
so that electrons starting in any directions could be studied. His
conclusions were that under certain conditions [i.e., vhere B = 1.5
to 2B, (where Bc is the cutoff value of the magnetic field), and where
the ratio of anode potentials is less than h:l] , most of the electrons
arrive at the lower potential segment regardless of the direction in
which they had started.

1.2.4.3 The Cyclotron Frequency Magnetron Oscillator.

The production of cyclotron frequency oscillations in a magnetron
(Ref's. 7, 8) appears to have been first described by Zacek in 1924
(Ref. 11). This was the first electronic oscillation produced in a
magnetron as defined by Megaw (Ref. 7), in which electronic oscilla-
tions are defined as, "oscillations produced in a circuit connected
to a thermionic system, by virtue of electron inertia in the system".
These oscillations were found to occur between anode and cathode in
the cylindrical magnetron when the value of the magnetic field was
near cut-off. The frequency of oscillation was found to be independent
of any external circuit which may be connected between the anode and
cathode but varied with magnetic field strength, anode voltage, and
anode diameter. These oscillations were found to be strongest for

wave lengths obeying a relation of the form:

N = congtant (1.1)
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Yagi showed that the oscillation period is equal to the electron
transit time from cathode to anode and back (Ref. 12). He gives the

following expression for the wave length of oscillation:

A= 2ct
where ¢ = 3x10%° cm/sec (1.2)
t = time required for an electron

to travel from cathode to anode

Using the equation for the cycloidal motion of the electron as
derived by Hull, Okabe calculated the constant in Eq 1.1 to be
10,650, and found an experimental value of 13,000 (Ref. 13).

A brief explanation of this mode of operation can be given
as follows: An electron which leaves the cathode in such phase as to
gain energy from the rf field as it moves toward the anode will also
gain energy on its return to the cathode. This electron will thus
strike the cathode with more energy than it had when it left, and will
be removed from further interaction with the rf field. On the other
hand, electrons which leave the cathode in such phase as to lose energy
to the rf field when moving toward the anode will also remain in the
proper phase to lose energy on their return trip to the cathode. These
electrons will thus have insufficient energy to reach the cathode again,
and will start over on another loop of smaller amplitude continuing to
lose energy. This process continues until all the energy of the
rotational component of the electron's motion has been absorbed by the
rf field (Ref. 8). If the electron is not removed at this stage, in
its subsequent motion the rotational motion will build up,extracting

energy from the rf field.
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The difficulty in removing the electrons at the proper time
has prevented the cyclotron-frequency oscillator from coming into
general use,

1.2.4.4 The Traveling-Wave Magnetron Oscillator. In

1935, Posthumus correctly explained a third type of magnetron operation
in which the electrons interact with the tangential component of a
traveling rf wave whose velocity is approximately equal to the mean
translational velocity of the electron (Ref. 14). It is the traveling-
wave magnetron that is in general use today as a generator of microwave
power,

The present investigation is concerned with the traveling-
wave magnetron; therefore, the mechanism of operation will be considered
in greater detail in a later section. In the following section some
of the structures that have been used in traveling-wave magnetrons
will be described.

1.2.4.4,1 Traveling-Wave Magnetron Structure.

Fig. 1.1 shows schematic diagrams of the various types of resonator
structures that have been used for traveling-wave magnetrons. These
structures may be classified as follows:

(a) multicavity, multianode magnetrons;

(b) split-anode magnetrons; and

(c) interdigital multianode magnetrons.
The multicavity magnetrons way be further distinguished by the type
of resonators used, such as vane, slot, and hole-and-slot, as indi-
cated in Fig. 1.1. The multicavity structures are inherently high-Q
resonators and cannot casily be adapted to voltage-tunable operation.

The split-anode magnetron and the interdigital magnetron are suitable
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for voltage-tunable operation since they can be used with a single
external cavity, which allows greater control over the frequency
characteristics of the circuit. Also, the different modes of oscil-
lation are in general spaced much farther apart in frequency for the
split~anode and the interdigital magnetrons than for the multianode
magnetrons. The split-anode magnetron is being used by a group at the
General Electric Company to obtain voltage-tunable operation. Since
the external circuit in this case consists of a parallel transmission
line and, in some cases, lumped-constant circuits, the frequency of
operation has been limited to the frequency range below 1000 mc. The
interdigital structure is the one utilized in the present investigation
and will be discussed in detail in a later section.

Figure 1.2 shows a schematic diagram of the bar-and-vane
structure which was used by Needle (Ref. 2). This structure was used
in such a wmanner that the magnetron oscillations excited a coaxial line.
This is a variation of the vane type structure shown in Fig. 1.1; how-
ever, the bar-and-vane structure can be used with a single cavity. 1In
addition to certain mechanical difficulties associated with this struc-
ture, the most important difficulty is that the impedance which the
electrons "see" is limited to the order of 25 ohms.

1.2.4.,4.2 Space-Charge Behavior in the Traveling-

Wave Magnetron. In this section an approximate picture of the space-

charge behavior in a traveling-wave magnetron will be presented. (For
a more complete treatment of the magnetron space charge problem, see
Ref. 16). In Appendix A the equations for the non-oscillating cylin-
drical magnetron are developed. Fig. 1.5 shows the basic space-charge

configuration for a multisegment cylindrical magnetron under large
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signal conditions. That this picture is approximately correct has been
established by using the self-consistent-field method for determining
the orbits of individual electrons in an oscillating magnetron (Ref. 8).
A complete quantitative solution of the oscillating magnetron problem
does not exist. This is because of the complexity of the non-linear
differential equations that are involved.

The anode segments shown in Fig. 1.3 are assumed attached to
a suitable circuit (not shown). The circuit may assume many forums,
some of which are shown in Fig. 1.1l. In conventional magnetrons the
circuit is operated near resonance; however, in the case of voltage-
tunable magnetrons which will be discussed in this report, the circuit
is non-resonant. In any case the type of circult used does not affect
the shape of the field distribution in the region between the cathode
and anode. The dc field distribution is determined by the geometry of
the anode-cathode combination. The rf field distribution, due to the
rf potential which exists between adjacent anode segments in the
oscillating magnetron, is determined almost entirely by the shape of
the anode segments. In conventional magnetrons these anode seguments
have always been rectangular, however, in the present investigation it
has been shown that for voltage-tunable operation considerable improve-
ment is obtained by the use of round anode bars. The region in which
there is mutual interaction between the electrons and the rf field is
known as the interaction space.

The electrons in the interaction space are the agents which
transfer energy from the dc field to the rf field. The electroné are
supplied by the cathode and are caused to move into the interaction

space by applying a dc voltage between cathode and anode, the cathode
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being driven negative with respect to the anode. Since there is an
axial magnetic field, the electrons follow approximately epicycloidal
paths which progress around the cathode. The mean velocity of this
progression depends upon the relative strengths of the dc electric
and magnetic fields. By proper choice of the dc anode voltage, and

of the strength of the magnetic field, it is possible to adjust the
mean angular velocity of rotation of the electrons to any desired
value,

The rf field (in the interaction space) with which the elec-
trons interact is due to the rf potential which exists between the
anode segments. The distribution shown in Fig. 1.3 is referred to as
the n mode because there is a phase difference between the voltage
on adjacent anode segments of 180 degrees, or x radians. This rf
field distribution is stationary in space but varying in time and may
be represented as the Fourier sum of a number of traveling waves which
proceed in opposite directions around the interaction space. In the
n-mode the electrons interact primarily with one fundamental component
of these traveling waves which proceeds in the same direction as the
electrons with a phase velocity equal to the velocity of the synchronous

electrons (see Appendix A),

ext
n

wn =

Since the fundamental component of the rf wave and the
electrons are assumed to be traveling at the same velocity, the
mechanism of "phase-focusing" may be discussed by using a moving
reference frame in which both the rf field distribution and the
electrons are fixed. The mechanism of phase focusing depends upon

the effect of the radial component of the rf field in determining
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the mean drift velocity of the electrons in the interaction space.

For example, in a region in which the radial component of the rf field
aids the dc electric field, the mean rotational velocity of the elec-
tron is increased thus moving the electron forward relative to the
rotating rf field distribution. Conversely, if the radial component
of the rf field opposes the dc electric field, the mean rotational
velocity of the electron is decreased thus moving the electron back
relative to the rotating rf field distribution. The net effect of
this action is to maintain the electrons in the position, relative to
the rf field distribution, for maximum transfer of power.

Consider Fig. 1.4 in which the traveling wave is represented
by a fixed wave in a traveling reference frame. Electrons in the
region of cross-section "a" are able to deliver energy to the rf field.
It should be remembered that the electrons give energy to the rf field
as they gain energy from the dc field; therefore, for a transfer of
energy from the dc field to the rf field to take place, the electrons
must move toward the anode. Electrons in the region "b" are moved
to the right due to the effect of the radial component of the rf

mn_n

field as explained above. Electrons in the region "¢’ are moved to the
left. Thus, a spoke of space charge is maintained in the region "a"
and transfers energy from the dc field to the rf field.

In the "phase-sorting" mechanism consider an electron which
enters the interaction space at either "d" or "e" (Fig. 1l.4). This
electron will be accelerated by the tangential component of the rf
field, and this increase in mean rotational velocity will result in

an increase in the force normal to the direction of motion; that is,

the force directed toward the cathode. This normal force is due to
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the axial magnetic field and, sincethe radial forces on these electrons
are in equilibrium before interaction with the rf field, the electrons
will be returned to the cathode. These electrons thus abstract energy
from the rf field. This transfer of energy results in "back heating"
of the cathode, since a large part of the energy obtained from the rf
field in this manner is dissipated at the cathode. Now consider an
electron which enters the interaction space at "a'". The tangential
component of the rf field acts to decelerate the electron, thus allow-
ing it to move toward the anode, continually tranferring energy from
the dec field to the rf field. Thus it has been shown qualitatively that
electrons can only exist in the region "b" to "c¢" in Fig. l.4, this
region also being the optimum position for the transfer of energy from
the dc field to the rf field.

The transfer of energy from the electrons to the circuit is
best analyzed by using the theory of induced currents due to moving
charges (Ref. 15). Assume that the spokes of the space charge extend
out to the anode segments, or bars. Charge will be induced in the anode
bars due to the presence of this space charge. As the space charge
spokes rotate, an rf current will be caused to flow in the external
circuit, a spoke of negative charge moving away from an anode bar will
cause & positive current to flow away from the anode bar into the ex-
ternal eircuit, and, when the spoke is moving toward an anode bar, a
positive current will flow from the circuit into the anode bar. In
the case of the m-mode there will be a space charge spoke between every
other pair of anode bars; thus, the space charge will act as a current
generator connected between the two sets of alternate anode bars. The

maximum output of the current generator will occur when the spokes are
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half way between the anode bars, a positive current flowing into the
circuit from the anode bar from which the spoke is moving. If the
anode bar which is delivering the positive current to the circuit is
also at a maximum positive rf potential at this instant, then maximum
energy will be delivered to the circuit by the space charge. This
energy is obtained from the dc field. The mechanisu by which the
individual electrons transfer energy is not so easily explained using
the induced current theory; however, the induced current method lends
itself to quantitative analysis more readily than do other approaches.
Since the space charge spoke is assumed to move in synchronism with
the rf field, there will be a continuous transfer of energy from the
dc field to the rf field.

It should be noted that there is an inherent relation between
the position of the space charge spoke relative to the anode bars and
the time phase of the rf current into the anode bars, while the phase
relation between the rf current and rf voltage on the anode bars is
determined by the external circuit. The phase relation between the rf
current and voltage must be consistent with the requirements for phase
focusing. The limits of this phase relation may be determined as
follows (Fig. 1l.4): Assume the spoke is symmetrically disposed about
a positive maximum in the rf potential wave, then the maximum rf cur-
rent will be delivered to the circuit from a given anode when the rf
potential is zero,going from positive to negative, This would require
that the external circuit be a pure inductive reactance; in this case
the space charge can be considered as a passive capacitive reactance,
since for oscillation to occur the sum of the conductances and the sum

of susceptances must be zero in the complete circuit. By a similar



-23-

process of reasoning, it can be shown that the other extreme will be for
the space charge to act as an inductive reactance delivering a leading
current to a capacitive circuit.

Experimentally it has been found that conventional magnetron
oscillators start oscillating below resonance; that is, when the exter-
nal circuit is inductive (Ref. 16). As the anode voltage is increased
the power output increases and the phase angle between rf voltage and
current is decreased. Magnetrons do not seem to operate at frequencies
very much above resonance; that is, most magnetrons operate best into

a slightly inductive circuit.

1.3 Background of Voltage-Tunable Operation of a Magnetron

1.3.1 Summary of the Experimental Work Performed by the

General Electric Company. Frequency pushing is a well known phenom-

enon occurring in high-Q magnetron operation; it is the variation in
frequency of the output signal associated with a change in anode
current as the anode voltage is varied, the load being maintained con-
stant. It is this characteristic of the magnetron that makes it
impossible to obtain a purely amplitude modulated spectrum, since there
is always frequency modulation present. Frequency pushing is charac-
terized by a small change in frequency for a relatively large change in
anode voltage. This frequency change is in the order of 5 mc for a
100 volt change in anode potential.

An entirely different mode of magnetron operation in which
the generated frequency can be made dependent on the anode potential
for certain operating conditions has been described in Reference 1T.

This mode of operation has been called "voltage tuning,” and is here
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defined as the variation in the frequency of the output signal from a
magnetron as the anode potential is varied (when the dc anode current,
magnetic field,and load impedance are maintained constant). To satisfy
the condition of constant dc anode current requires that the cathode be
operated under temperature-limited conditions; otherwise, the dc anode
current will increase with an increase in the anode potential. Voltage
tuning is characterized by a large change in the frequency of the oscil-
lating magnetron for a relatively small change in the anode potential,
in the order of 1 mec for a voltage change of 1 to 4 volts.

The initial General Electric Company experimental work was
done with existing magnetron power tubes; split-anode, neutrode, and
multi-vane tubes were used and found to operate as voltage-tunable
magnetrons. Power outputs in the order of 10 to 200 watts, and a tuning
range in the order of 2 to 1 were obtained. These tubes were operated
in the 500 to 1000 me range. The load conditions varied from low-Q
resonant circuits (less than 10) to essentially non-resonant circuits.
Figures 1.5 and 1.6 show typical results which were obtained using
these power tubes. Figure 1.5 indicates the results obtained using a
low~Q circuit and Fig. 1.6 shows the results for a non-resonant circuit.
These figures are presented for comparison with figures showing results
of the present investigation which are presented in Chapter 3.

Specially designed tubes were constructed by the General
Electric Company which were operated at low power levels, in the order
of a few milliwatts. These tubes were voltage-tuned from 50 to 1000 mec.
Split-anode and interdigital-type tubes small enough to fit into a
standard miniature tube envelope were constructed and tested (Ref. 4).

The results of the work on voltage-tunable operation performed

by the General Electric Company may be summarized as follows:
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It was necessary to limit the temperature of the cathode
tc obtain satisfactory voltage tuning. Stable operation
could not be obtained with an oxide coated cathode; how-
ever, a thoriated tungsten helix gave satisfactory
performance,

The signal frequency was sensitive to filament voltage,
decreasing with increased emission.

The power outputs were less than would be expected under
normal operating conditions.

The circuits used had a very low-Q,or were nonresonant.
The sensitivity was in the order of two to four volts
per megacycle.

Under certain conditions a triangular cathode improved
the operation over that obtained when circular types

wereused.

The relation between frequency and operating voltage was

found to agree with the Hartree relation.

1.%.2 The University of Michigan Model 9 Magnetron.

Dr. J. S. Needle of the University of Michigan first obtained voltage-

tunable operation of a magnetron in the frequency range of 2000 to 3000

mc. A bar-and-vane type anode structure was used in these experiments;

Fig. 1.7 shows a drawing of the tube used. This tube was operated in

an external coaxial cavity; Fig. 1.8 shows an assembly drawing of the

cavity used for low-Q operation.

When the coaxial circuit is terminated in its characteristic

impedance of 50 ohms, the external Q is very low, in the order of one

or two.

Using a Model 9 magnetron with a pure tungsten helical cathode,
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Needle was able to obtain voltage-tunable operation from 1650 to 2640
mc. The power output was very small, in the order of 10 to 30 microwatts
of coherent signal.

To obtain coherent power output, it was necessary to limit
the cathode temperature and,in this case, it was necessary to readjust
the cathode input power for each new anode potential.

The results of the experimental work performed by Needle
using the Model 9 magnetron may be summarized as follows:

a) In clean-signal voltage-tunable operation the frequency
was proportional to the anode voltage and the relation
is given approximately by the Hartree equation.

b) The frequency range of operation was of the order of
two to one.

c¢) The external Q was low; therefore, the shunt susceptance
varied slowly with frequency.

d) The interaction space appeared to have the properties of
a constant-current generator when the load was frequency-
sensitive.

e) The efficiency was low, in the order of 1 percent.

f) The temperature of the cathode was lower than for normal
magnetron operation and was critical for clean-signal
operation.

g) The frequency decreased with increasing cathode tempera-
ture.

h) When the conditions of operation results in a noise band
the band width was roughly 5 percent of the average oper-

ating frequency and the noise band was voltage-tunable,
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i) The constant-current-generator characteristics of the
magnetron were wmodified when the cathode temperature was
raised above a critical level.

j) Stable operation could not be maintained with an oxide-
coated cathode,

k) Noise could be reduced by adjustment of the shape of the
magnetic field.

1.35.3 Theoretical Analysis of a Voltage-Tunable Magnetron.

The following discussion of voltage-tunable operation of a magnetron is
based on an analysis by Dr. H. W. Welch, Jr. of the University of
Michigan (Ref. 16). Welch has shown that for certain assumed operating
conditions the induced current in a magnetron circuit is given by the

following expression:

I, = [fps 8Lr2 (sin 5 B) F (@, N, Ry, Rn):l (1.3)
where
f = frequency of oscillation
pg = space charge density in the spokes

L = axial length of the magnetron interaction space

r, = magnetron cathode radius
B = one-half the spoke width in electrical degrees
N = number of anode segments

F(a, N, Ra’ Rn) is a complex function depending upon the
anode potential, magnetic field and the geometry of the
magnetron interaction space., Thus, for a given anode voltage

and magnetic field this factor is a constant.
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In order to apply this equation it is necessary to assume
that the rf potential is great enough to form well defined spokes. A
quantitative analysis of the space-charge distribution in the spokes
under temperature-limited operation has not been made; however, an
estimate of the behavior of the density, Pgs 88 anode potential is
raised and frequency is increased,can be made. When the cathode is
operated under temperature-limited conditions the dec anode current can-
not increase above a specified value as the anode potentiasl is increased.
It is assumed that once the dc anode current has reached this temperature-
limiting value that the circuit conditions are such that phase focusing
will be enhanced, then the spoke shape will be fixed., Under these con-
ditions the induced current will be given by Eq 1.3.

The value of pg is undetermined; however, it may be related
to the dc anode current and anode potential in the following manner., Since
the current density through the spoke to the anode is proportional to the

dc anode current

(pgVin = CyIp (1.4)
where
IT = temperature~limited current
Cl = & constant
(psv)n = arrival current at the anode.

If the total amount of charge collected at the anode per second is
limited to IT’ then an increase in anode potential must increase the

arrival velocity of the electrons. Therefore,

v o= Colly (1.5)
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Combining this relation with Eq 1.4 we have

CyI
by = o= (1.6)
27a
Also, we may assume
f = Can (1.7)

Substituting Eqs 1.6 and 1.7 into Eq 1.3, we have

I, = [IT E%:—l 8Lr2 (sin 3 B) F (o, N, Ry, Rn)} (1.8)
This expression indiates that the induced current depends on frequency
through the variation of Rn in the function F (G,N,Ra,Rn); however, F
varies very slowly with frequency. Equation 1.8 shows that the induced
current is directly proportional to the dc anode current IT'

This implies that under temperature-limitec operation the
magnetron acts as a constant-current generator, with very slight variation

in current with frequency. Combining the expression for the threshold

potential (see Appendix A for derivation of this equation)

7B

o . M2 2 pomt
By = 3 f(ra - rc) - 2

2 2

T (1.9)
en® 2
with an expression relating anode potential to threshold potential

e

= cos 26 (1.10)
2KVI,f
and
g
E.p = 1] (1.11)

Welch obtains the following expression

I
B 2 2 2 2m 2.2
E, =\/—2-Kcos29ﬁ%+~ﬁ-rcf(Ra-Rc)-2ﬂg R,E% (1.12)

ol



where

K = meximum value of rf potential difference between anode segments
meximum value of fundamental traveling-wave component of anode
rf potential

©
I

phase angle between center of spoke and zero of rf potential in
electrical degrees

YT = admittance of circuit connected to magnetron anodes
This expression is general and represents an approximately linear
relation between anode potential and frequency for the following
conditions:
a) Ig ©, |Yp| are not frequency dependent, and
b) the f2 term is negligible; this requires that the
magnetic field be relatively large.

The general expression for the power output is:

2

I
P = T§§T cos © (1.13)

The first condition (a above) makes the power output constant. These
ideal characteristics for voltage tuning are shown in Fig. 1.9.

Welch concludes that for good voltage tuning a circuit should
have a constant admittance over a wide frequency range and be inductive,
since a lagging phase angle of the order of -20° to -50° 1is necessary
to produce good phase focusing.

The work of both Needle and Welch indicated that the circuit
properties are some of the important parameters which limits the power
output of a voltage-tunable magnetron at microwave frequencies. The
electrons should "see" a low conductance and an inductive susceptance
which varies slowly with frequency. One of the primary limitations on
the operation of the Model 9 coaxial magnetron used by Needle in his

work was the low impedance which the circuit presented to the electrons;
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FIG. 1.9
IDEAL VOLTAGE TUNING CHARACTERISTICS
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the maximum value of this impedance was of the order of 25 ohms. Since

a circuit which possesses the characteristics discussed above is neces-
sary if satisfactory voltage-tuning operation is to be obtained, con-
sideration was given to the circuit problem before considering the design
of a tube. Consideration of the above circuit requirements resulted in
the conclusion that a waveguide structure offered a possibility for ful-

filling these requirements.

_}.h Discussion of Preliminary Experimental Work Using a 3J22 Magnetron

In order to obtain as much information as possible before
attempting to design a voltage-tunable magnetron a study was made of
all devices which showed promise of yielding information useful in the
design of a new tube. The Sylvania 3J22, an external-cavity interdigital
magnetron designed for use in a mechanically-tunable resonator, appeared
to possess some of the characteristics desired in a voltage-tunable
magnetron. This tube was used in several preliminary experiments to
obtain information which could be used in the design of a voltage-tunable
magnetron. These experiments gave valuable information concerning the
operation of a magnetron in various waveguide circuit arrangements. A
brief discussion of the experiments performed is presented.

1.4.1 Experiment No. 1. In the first experiment, a mechen-

ically-tunable, rectangular cavity was used. The dimensions of the cavity
were 2-1/2" by 5/16" by T-1/2"; the length was varied by adjusting movable
plungers in btoth ends. Since the interaction space of the magnetron was
approximately equal to the height of the waveguide, the 3J22 tube could
be mounted directly in the center of the cavity without any special match-
ing arrangement., Data were obtained for various positions of the plungers

and no voltage tuning was observed. The frequency was determined by the
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position of the plungers. The tube was mechanically tunable from 1670
to 2500 mc, with a maximum cw power output of 60 milliwatts. Power was
coupled out by using a coupling loop placed close to the tube. This type
of circuit has a high Q and does not meet the requirements for voltage=-
tunable operation.

With the cavity filled with steel wool and with shorting plates
beyond the steel wool, it was possible to voltage-tune the magnetron from
1870 to 2160 me. This range of tuning required a change in anode potential
of only 100 volts (from 700 to 800 volts). A maximum cw power output of
140 milliwatts was obtained. Lowering of the Q in this manner made voltage
tuning possible; however, the circuit was not optimum since the power out-
put varied over a wide range and the tuning range was rather limited.

1.4.2 Experiment No. 2. In the second experiment, a 3J22 was

mounted in the center of a 23 inch section of the X-band waveguide. No
special matching arrangement was required since the height of the waveguide
was approximately the same as the length of the interaction space of the
tube. A coupling loop was used, placed very near the tube. The tube
operated at a frequency below the cutoff frequency of the waveguide; there-
fore, the waveguide presented an inductive susceptance to the tube. Even
though this susceptance was not a slowly varying function of frequency,

it was possible to voltage-tune the tube from 1750 to 2390 wmec, with a
change of 240 volts in anode potential (from 720 volts to 960 volts). A
maximum cw power output of 1.6 watts was obtained. However, in the region
of 2000 to 2150 mc the power output was too small to make quantitative
measurements. The fact that the wave was attenuated very rapidly in the
guide was demonstrated by using shorting plungers in the guide. As ex-

pected, for operating frequencies below cutoff frequency, it was found that
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the plungers did not affect the operation of the tube until they were
brought very near the tube.

1.%.3 Experiment No. 3. In the third experiment, a 3J22 was

mounted in a section of S-band waveguide, and each end of the waveguide
was connected to a tapered ridge waveguide-to-coaxial-line junction. A
special tapered matching section was necessary for mounting the tube, A
schematic diagram of the circuit arrangement used is shown in Fig. 1.10.
One of the output terminals was connected through several feet of lossy
line to a 50 ohm termination, and output power for measuring purposes was
coupled out through the other coaxial términal., On pulsed tests the tube
was operated from 2160 to 5200 mc. Under cw operating conditions the tube
was voltage-tuned from 2140 to 2950 mc, with a change of 200 volts in
anode voltage (from 1300 volts to 1500 volts). The power output remained
fairly constant at about 0,35 milliwatts over this range. Complete cw
operating data were not obtained because of tube failure. Even though
forced air cooling was used on the tube, the glass-to-copper seals used
would not hold under these operating conditions. Another reason why cw
operating data could not be obtained was that the cathode temperature was
unstable due to back heating, and it was difficult to maintain the proper
cathode power input., The voltage-tunable operation was sensitive to the
cathode temperature, requiring that the temperature of the cathode be
below that for normal operation of a magnetron. In some cases, the cathode
input could be reduced to zero and the tube would continue to oscillate,
the cathode heating being supplied entirely by back bombardment. This
tube uses an oxide-coated cathode which was found to be less satisfactory
for voltage-tunable operation than either a thoriated tungsten or a pure

tungsten cathode.
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The results of this last experiment indicated that the circuit
arrangement shown in Fig. 1.10 possessed the characteristics necessary for
voltage-tunable operation. The tube could be voltage-tuned over a wide
frequency range, and the power output did not display wide variation in
amplitude as had been the case in all previous experiments. With both
ends of the waveguide matched to a 50-ohm coaxial line by means of a
tapered ridge waveguide-to-coaxial-line junction the admittance, as
"seen" by the electrons in the interaction space, is determined by the
type of termination used on the coaxial-line output terminals. The
Junctions used have a very large bandwidth. Therefore, when the coaxial
line is terminated in its characteristic impedance, the conductance
"looking" into the waveguide from the anode bars of the tube is approx-
imately the characteristic conductance of the waveguide and the sus-
septance is a slowly varying function of frequency. In the arrangement
used, the effective characteristic impedance of the waveguide is equal
to that of a waveguide 3" by 3/8" since the tapered section used for
mounting the tubeextends the full width of the waveguide, but is only
3/8" deep at the tube end of the tapered section.

1.4.4 Conclusions Based on Preliminary Experimental Work

Using 3J22 Magnetron. The experiments with the 3J22 magnetron indi-

cated that an interdigital magnetron could be voltage-tuned when
operated in the waveguide structure shown in Fig. 1.10. However, there
are three important defects in the 3J22 which prevent satisfactory
voltage-tunable operation:
a) The cathode temperature is unstable and cannot be main-
tained at the temperature necessary for good voltage-

tunable operation.
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b) The construction of the tube is such that it is impossible
to satisfactorily decouple the cathode from the cavity
when the tube is operated in the w-mode. This results in
power being coupled out at the cathode support and prevents
oscillation at high power levels,

c) The glass-to-copper seals fail when the power input is
raised to a sufficiently high level to obtain significant
voltage-tunable power output.

The interdigital structure appears to be especially well

suited for voltage-tunable operation, since it is adapted to operation

in a single external cavity. In voltage-tunable operation it is desirable
to have a cavity which will operate over a wide range of frequencies in

a single mode. Even though a single resonant structure may have several
modes of operation, they will be much more widely spaced in frequency

than the closely spaced resonant modes of a multicavity structure.



CHAPTER 2

DESIGN OF THE MODEL 11 MAGNETRON AND ASSOCIATED
CAVITY STRUCTURE

2.1 Introduction

On the basis of the results from the experiments using the
3J22 magnetron, it was concluded that an interdigital magnetron could
be designed which would give satisfactory voltage-tunable operation.

The design of the tube would be such that the obvious defects found in
the 3J22 for voltage-tunable operation would be eliminated. It was also
concluded that a waveguide cavity somewhat similar to that shown in

Fig. 1.8 would be satisfactory for voltage-tunable operation of a magne-
tron. In this chapter, the design of such a tube, (designated the Model

11 magnetron) together with its associated cavity, is presented.

2.2 The Interdigital Structure

The interdigital magnetron has received attention because of
its wide range tuning possibilities and the simplicity of its mechanical
structure. Most of the work on this type of magnetron has been directed
toward obtaining a tunable high-Q magnetron. The 3J22 magnetron which
was developed in the Research Laboratory of Sylvania by Benedict and
Breeden, is a glass-enclosed, external-cavity magnetron whiech gives a
peak pulse power output of 80 watts, at a frequency of 5000 mc (Ref. 18).

Crawford and Hare developed an all-metal interdigital magnetron "The

~4o.
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Donutron" (Ref. 19), which gave approximately 50 watts output under cw
operating conditions at about the same frequency as the 3J22, Attempts
to operate these tubes in the n-mode met with little success. These
tubes exhibit a tendency to oscillate in the first-order mode. The
power output obtainable in the first-order mode is less than in the
n-mode because the rf fields in the interaction space are smaller in the
case of the first-order mode. Hull and Randalls (Ref. 20) have shown
that the difficulty in operating the interdigital magnetron in the n-mode
is due to the loading of the cavity as a result of power coupled out by
the cathode. They obtained peak power outputs up to 1.4 kw, and cw
outputs up to 500 watts at frequencies near 3000 mc with efficiencies of
about 70 percent. These results were obtained by using a specially
designed tube with a cathode decoupling choke and a cylindrical pill-box
cavity. The cathode coupling problem will be discussed in a later

section.

2.3 Design of Cavity for the Model 11 Magnetron

In the design of the Model 1l magnetron and its associated
cavity, two factors were considered essential if a satisfactory voltage-
tunable magnetron was to be developed. These factors were:

a) Low anode-to-anode capacitance;

b) A high-impedance external cavity, the impedance being

a slowly varying function of frequency. By high impedance,
we mean in the order of 150 ohms.
The low anode-to-anode capacitance is necessary because this capacitance
is in parallel with the external circuit and must be driven by the
magnetron. The high overallimpedance is necessary if significant power

output is to be obtained, since the induced current in the external
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circuit is proportional to the total dc anode current, and the dc anode
current is limited (for voltage-tunable operation) by the temperature
conditions under which the cathode must be operated. Since significant
rf fields are required to produce effective bunching, the small induced
current obtainable in the external circuit requires that a high impedance
be an essential design objective of the circuit.

From Section 1.3.3 the power output is given by the relation:

2
I
P = —£_ cos 6 (2.1)
Y
B
where
Yp = the total admittance as "seen" by the electrons
© = the phase angle of this complex admittance (this is
also the angle between the center of the space-charge
spoke and the zero of the rf potential wave)
Ig = rf induced current in the admittance YT
In the waveguide structure the properties of low anode-to-anode
capacitance and high circuit impedance are mutually exclusive. For a

low anode-to-anode capacitance it is desirable to have the anode bars as
short as possible and still maintain the necessary length of interaction
space. However, if the interdigital tube is to be mounted in a manner
similar to that shown in Fig. 1.7, the circuit impedance will be reduced
as the space between anode supports is reduced, since the characteristic
impedance of a waveguide is directly proportional to its height.

The ridge waveguide (Ref., 21) offers a possibility for
increasing the circuit impedance over that of a rectangular waveguide
for a given spacing between anode supports. The ridge waveguide is
characterized by its lowered cutoff frequency and lowered impedance

(compared with a rectangular guide of equal dimensions), and by a wide

bandwidth free from higher-mode interference. Ridge waveguide may
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have either a single or double ridge; Fig. 2.1 shows a cross-section
of the ridge waveguide, indicating the dimensions which determine the

characteristics of the waveguide; For given dimensions 8y and b,, the

1
characteristic impedance of the ridge waveguide decreases with an increase
in 8, Or a decrease in b,. Thus, for a high impedance it it necessary
to have a, as small as possible and b, as large as possible, The value
of by is determined by the allowable spacing between the anode supports.

A section of standard S-band waveguide, which has inside
dimensions of 1.34 x 2.84 inches, was used. A single-ridge waveguide

was used because of its mechanical simplicity. A value of 0.5 inches

for b2 was used, thus giving

b2 S
5 T TS C .39k

The other impedance-determining factor 85 was limited by the minimum
diameter of the glass envelope of the tube. This value was determined

by a consideration of the heat-dissipating capacity of the glass envelope,
and the maximum power expected to be radiated from cathode and anode.
These considerations resulted in a minimum diameter of the glass envelope

of one inch. This gives a ratio of

8 1
ay 2.8 $3%2

Using these ratios we find from the design curves given by
Cohn (Ref. 21) that the characteristic impedance of such a ridge wave-
guide at infinite frequency, (Zqy), is 160 ohms. This value of impedance
was considered feasible; however, an even higher value would be desirable.
Also, from these curves we find that the cutoff frequency of the ridge
waveguide is 1250 mc as compared to a cutoff frequency of 2100 me for

the waveguide without the ridge. The characteristic impedance as a
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(a.) SINGLE-RIDGE WAVEGUIDE

|

2b, 2b,

"

(b.) DOUBLE-RIDGE WAVEGUIDE

FIG. 2.1
CROSS SECTION SHAPE OF RIDGE WAVEGUIDES
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function of frequency is given by the relation

7. = 20 (2.2)

1\
1 - |—=
7

cutoff frequency of ridge waveguide

where

}-’,
]

operating frequency of ridge waveguide

]

Fig. 2.2 shows a plot of the characteristic impedance versus operating
frequency.

Since it is desirable to have a coaxial output from the magne-
tron, a tapered-ridge waveguide-to-coaxial-line junction was used to
terminate each end of the ridge waveguide. This arrangement is shown
in Fig. 2.3. The Junctions used are based on a design given by Cohn
(Ref. 22). These junctions have an upper cutoff frequency of approxi-
mately 4800 mc, therefore, when used in conjunction with a ridge wave-
guide with a lower cutoff frequency of 1250 mc, give & very wide-
band structure. The impedance which this circuit presents to the
magnetron is, to a very large extent, determined by the termination used
on the coaxial output terminals. Theoretically, this impedance would be
a pure resistance whose magnitude is given by Eq 2.2 +when the coaxial
output terminals are terminated in their characteristic impedances,

This type of cavity has two outputs, which makes it necessary to

dissipate 50 percent of the power in a line termination.

2.4 Design of Model 11 Magnetron

There are four principal factors that affect the operation of

a magnetron and thus must be considered in design: the interaction space,
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the magnetic circuit, the cathode, and the rf electric circuit. These
factors are, in general, interdependent and cannot be considered
separately, In addition, it is necessary that the overall design be
consistent with good mechanical design with respect to such factors as
heat dissipation, spacing, size of parts, and tolerances.

In general, there are two ways to design a magnetron. One
method is to base the design on that of magnetrons which are known to
operate satisfactorily and make the desired changes in tube parameters
by using the "scaling relations" (Ref's 23, 24). The second method is
to follow a more analytical procedure, making use of the theoretical
expressions which describe the operation of a magnetron. The design
of the Model 1l magnetron is based primarily on known operable magnetrons,
with certain modifications which were considered necessary for the
particular application intended for this tube., In the initial phase
of design, tentative values were assigned to the various parameters
involved in the design of the cavity and the tube. Since no one of the
four factors (i.e., interaction space, magnetic circuit, cathode, and
electric circuit) can be designed independently of the other three, the
final values used are the result of a compromise in conflicting designs
of separate components which we believe offers the greatest possibilities
for satisfactory operation of the magnetron. The design of the cavity
(the rf electric circuit), discussed in the previous section, was arrived
at in this manner, and not through an independent process of design.

2.4,1 The Interaction Space. In the design of the interaction

space for the Model 1l magnetron, there were two factors, the anode-to
anode capacitance and the shape of the anode bars, which were considered

to be critical to voltage-tunable operation. Thus, in addition to the
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usual consideration of current, voltage, frequency, magnetic field and
interaction space dimensions, special attention was given to these two
parameters.

Hull (Ref. 25) has suggested that the operation of a typical
magnetron can be improved by redesigning the interaction space to
reduce the higher-order space (or Hartree) harmonics of the rf field.
His analysis was made for the case of n-mode operation and for planar
geometry. It appears that the greatest improvement is obtained for low
values of operating voltage and magnetic field. If the anodes of a
planar magnetron are shaped in accordance with the following equation,
space-harmonics other than the sn-mode components will not exist in the

interaction space.

- d ’ 1z ‘
X = a+ - In |sec 3 (2.3)

Fig. 2.4 shows a plot of Eq 2.3, with the various parameters defined.
This equation is for a planar structure; however, it is a good approxi-
mation for the cylindrical case when the number of anode bars is greater
than 16 or when rc/ra is large. When the number of anode bars is small,
a better approximation for the cylindrical case may be found by applying
the conformal transformation w = (X + in/Nd) to the curve of Eq 2.3.

The shape of that portion of the anode bars nearest the cathode deter-
mines the field configuration between the anode and cathode; therefore,
it is necessary to consider only this portion of the anode bars. From

a consideration of Fig. 2.4 it can be shown that a good approximation to
the desired anode shape can be obtained by making the anode bars round
with a diameter of 2/3d (where 4 is the center-to-center spacing of

the anode bars).
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In a typical high-Q magnetron, the potential between adjacent
anode bars is very nearly sinusoidal with time when the tube is oscillating
in the n-mode. This is made possible through the filtering action of the
magnetron cavity, since the rf field in the interaction space of most
magnetrons contains considerable space harmonics. The induced current in
a megnetron circuit due to the rotating space charge is determined by
the space distribution and velocity of the charge in the interaction space.
In the high-Q case, appreciable rf voltage can be developed only at the
resonant frequency of the tank circuit; induced currents at harmonic
frequencies may flow in the circuit but will contribute very little to
output voltage because of the relatively low impedance at these harmonic
frequencies. Therefore, under normal operating conditions (i.e., high
voltage and magnetic field), the higher space harmonics of the rf field
in the interaction space are of little concern in the case of the high-Q
magnetron.

In the operation of a low-Q magnetron, the presence of the
space harmonics other than the s-mode components can causesignificant
harmonic content to exist in the output voltage of the magnetron due
to the fact that the impedance at the harmonic frequencies may be
appreciable for a low-Q, wide-band circuit. In other words, the circuit
will not serve as a filter to assure that only the fundamental frequency
will occur in the output voltage.

On the basis of these considerations, it was decided to use
round anode bars in the design of the Model 11 magnetron. However, the
design suggested by Hull for the complete elimination of space harmonics
called for an anode diameter of 2/5& (where d is the center-to-center

spacing of adJjacent anode bars), which is inconsistent with a design
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for low anode-to-anode capacitance. Therefore, the spacing between
adjacent anode bars was made equal to the diameter of the anode bars.

The decision to design the tube for operation in the frequency
range of 2000 to 3000 mc was based primarily on the fact that test
equipment was available in this range. The choice of 12 anode bars and
the ratio of cathode to anode radii of .6 were chosen on the basis of
known performance of operable tubes. From a mechanical viewpoint, it
was desirable to use material which was commercially available for
fabricating the anode bars; 0.035-inch molybdenum rod was chosen for
this purpose. With the spacing between adjacent anode bars equal to
0.0%5 inch, this then fixed the center-to-center anode diameter at
0.268 inch, or an inside diameter of 0.233 inch. For an r,/r, ratio
of 0.6 the diameter of the cathode is then 0.140 inch.

An efficiency of 10 percent and a power output of 5 watts
was assumed for purposes of determining the length of active cathode
required. Thus, a power input of 50 watts at an anode potential of
1000 volts requires 50 milliamperesof anode current. Allowing a factor
of two, and designing the cathode to supply a space-charge=-limited
current of 100 milliamperes, requires an active length of cathode of
0.150 inch. The length of the overlap of the two sets of anode bars is
determined by the length of the active portion of the cathode and the two
end hats; this results in the anode bars being 0.395 inch long with an
overlap of 0.280 inch. This leaves a length of 0.105 inch anode bar
outside of the interaction space, and adds some inductance in series
with the anode-to-anode capacitance. However, since this inductance
is the equivalent inductance of the six anode bars in parallel it was

considered that this inductance would have a less detrimental effect
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on the operation of a voltage-tunable magnetron than would result from
reducing the circuit impedance by decreasing the spacing of the anode
supports.,

Figures 2.5 and 2.6 give E, versus r, with n\ as a parameter,
and BO versus rc/ra with n\ as a parameter. Assuming an operating fre-
quency of 3000 mc, which gives a value of n\ of 60, we find EO = 250
volts and B, = 550 gauss. For good voltage-tunable operation (Ref. 16),
it is desirable to operate at relatively high magnetic fields, perhaps
DBysor in the order of 3000 gauss.

The anode-to-anode capacitance was determined by finding the
capacitance from a single wire to two infinite planes placed d/2 from
the wire, then taking l/h of this value to find the capacitance between
adjacent anode bars. This method makes use of a conformal transformation
and design equations given by Wholey and Eldred (Ref. 26). Fig. 2.7
shows a schematic diagram of the equivalent circuit used in making
the calculations, with the various parameters defined. In this method,
the single conductor and two infinite planes are transformed to a
coaxial arrangement and the capacitance is then found by the standard

formula:

C = 2=x l‘r farads per meter (2.4)

The total anode-to-anode capacitance is l.8;q¢f per centimeter, and
since the anode overlap is approximately one half centimeter, this
gives a capacitance of 0.9 upf. This value will be increased some-
what by the presence of the cathode and cathode end hats.

Listed below are the values of the parameters which resulted

from the design of the interaction space.
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f = 3000 mc (chosen to suit available test equipment)
Pi = 50 watts
Ib = ,050 amperes (required to satisfy the maximum power
demand at an anode voltage of 1000 volts)
N = 12 (number of anode bars, based on existing magnetrons)
rc/ra = 0.6 (ratio of cathode to anode radii, based on existing
magnetrons)
r, = .233 inch (determined by size of molybdenum rod avail-
able, and anode radius of existing magnetrons)
L, = .150 inch (length of emitting surface on cathode
required to satisfy maximum power requirements with
a safety factor of two)
ls = ,290 inch (overlap length of anode bars; chosen to
allow for length of emitting portion of cathode and
end hats)
EO = 250 volts
Bo = 550 gauss
Cp = .9uuf (anode-to-anode capacitance, no cathode present)

2,4.2 The Magnetic Circuit. In the design of the magnetic

circuit there were two factors which were considered to be important

to the successful operation of the tube: that the magnetic field be as
nearly uniform as possible throughout the interaction space and that
relatively high fields, in the order of 3000 gauss, be obtained with-
out unreasonable requirements for an electromagnet. The uniform field
is necessary if the tﬁbe is to operate satisfactorily over a wide range
of anode voltages. A high magnetic field will improve voltage-tunable
operation for two reasons: first, the power output will be more nearly
constant (Ref. 16); and second, since the cathode is operated under
temperature limited conditions, the dec anode current will be small,
therefore it is desirable to have a high value of cutoff voltage so

that the dc power input to the tube will be large enough to give
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significant rf power output. The high dc input is necessary because of
the very low efficiency of voltage-tunable magnetrons. Iron pole pieces
were built into the tube; this arrangement satisfied the demand for a
low-reluctance magnetic circuit which will produce a very nearly uniform
magnetic field in the interaction space, and also satisfied the require-
ments of mechanical strength and feasibility. Figure 2.8 shows a draw-
ing of the Model 11 magnetron with an oxide-coated cathode in place.

As indicated, the iron pole pieces, part 1, serve as anode supports.

The molybdenum rods are brazed onto the pole pieces., Parts 2 and 3 are
made of Kovar to facilitate making the glass seals as indicated.

2.4k,3 The Cathode. The cathode serves two useful functions:

it serves as a source of electrons (which must be sufficient to satisfy
the maximum power requirements), and the end hats on the cathode prevent
leakage current; that is, they confine the electron flow to the region
of the interaction space., It is implied that the cathode also has
certain undesirable features; these will be discussed in a later section.
As previously stated in the discussion of the interaction space, the
diameter of the cathode was determined primarily from information on
existing magnetrons; it was necessary to consider this in designing the
interaction space, since the cathode serves as one boundary of the
interaction space. The length was determined by the emission required
to satisfy the assumed maximum input power., It was considered necessary
to keep the leakage current to a minimum; therefore, the end hats were
designed to give as complete shielding as possible while still maintain-
ing reasonable mechanical and electrical tolerances. The construction
and mounting techniques were based largely on previous experience with

the Model 9 magnetrons, Figure 2.9 shows an assembly drawing of the
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oxide-coated cathode used in Model 11, Part 1 is the nickel base to
which the oxide coating is applied; parts 2 and 3 were made of Kovar
to make possible the necessary glass seals,

Figure 2.10 shows an assembly drawing for the thoriated-
tungsten and pure-tungsten cathodes. In this design, additional
material has been added to part 1 to increase the heat dissipating capac-
ity of the cathode, since with the oxide-coated cathode backheating caused
the temperature of the cathode to be unstable. The dimensions of this
cathode are approximately the same as for the oxide-coated cathode.

Parts 1, 3 and 5 are made of molybdenum to provide maximum heat-dissipating
capacity. Parts 6 and 7 are made of Kovar to facilitate making the
necessary glass seals. The diameter of this cathode was increased to

0.150 inch in order to make use of existing equipment for winding the
helices.

One of the chief difficulties in the operation of voltage-
tunable magnetrons is that the operation is very sensitive to the
temperature of the cathode., Also, in the case of the interdigital
magnetron (as will be shown in a later section), the cathode serves to
couple power out of the cavity and may have a very serious effect on the
operation of the tube unless some method of decoupling is used. The
button cathode shown in Fig. 2.1l was designed to eliminate both of
these difficulties. This cathode consists of an emitter and a repeller
(or collector,depending on the mode of operation). The emitter consists
of either a nickel or molybdenum base which is given an oxide coating, the
emitter and repeller are designed so that they serve as end hats and are
spaced so that the interaction space has the same length as when regular

cathodes are used. This arrangement eliminates the cathode as a physical
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boundary for the interaction space, and also prevents power from being

coupled out by the cathode support.

2.5 Voltage-Tunable Magnetrons Models 1lA and 11B

Two modifications were made in the design of the Model 11
magnetron:

a) Square anode bars are used with an inside anode diameter
of .235 inch. The anode bars are .030 inch, The bars
are formed by grinding .O045 molybdenum rods to the
desired dimension. This tube, which is otherwise identi-
cal to the Model 11, has been designated Model 1lA.

b) The inside anode diameter was changed to 0.205 inch,
and .030 inch molydenum rods were used as anode bars.
With this arrangement, the spacing between adjacent
anode bars is also .030 inch. This tube, which is
otherwise identical with the Model 11, has been desig-
nated Model 11B.

The purpose of the Model 11A was to make possible a comparison
of two similar tubes, one with round anode bars, and one with square
anode bars.

The design of the Model 11B was based on a consideration of
the operation of a voltage-tunable magnetron. The output of the Model
11 is in the order of 15 milliwatts, which indicates a very small rf
voltage across the anode bars. For small rf voltages, it is reasonable
to expect that bunching and interaction efficiency will be enhanced by
increasing the ratio rc/ra so that the rf fields will penetrate farther
into the interaction space. The Model 11B was designed for the purpose

of determining the validity of this assumption. Tungsten cathodes
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with a diameter of .150 inch were used in the Model 11B, giving an
rc/ra ratio of .75, as compared to a nominal value of .6 for conventional

high-Q wagnetrons.

2.6 Analysis of Cathode Circuit

Hull and Randals (Ref. 20) have shown that the reason the
interdigital megnetron will not operate in the n-mode in a high-Q
cavity at high power level is that power is coupled out by the cathode
support. The power coupled out by the cathode support reduces the
unloaded Q of the circuit to such an extent that stable oscillations
cannot be maintained at high power levels. These tubes operate satis-
factorily in the first order mode because the currents induced in the
cathode support (due to different portions of the circuit) cancel;
therefore, there is no loading on the cavity. However, it is possible
to obtain higher efficiencies when the tubes are operated in the n-mode.

Figure 2.12 shows a rolled-out view of the anode structure
as seen from the cathode. Figure 2.12(a) shows the rf potential
distribution around the anode support for the n-mode of operation. This
mode is characterized by the fact that all of the anodes of a set are
always at the same rf potential. Figure 2.12(b) shows the rf potential
distribution around the anode support for the first-order mode of
operation; this mode is characterized by the fact that the rf potential
on a set of anodes varies sinusoidally around the anode support. There
is one complete cycle of variation around the anode in the first-order
mode of operation. Higher-order modes of operation are similar to the
first order mode, there being n sinusoidal variations of the anode rf

th

potential around the anode support for the n*" mode.



(a) I MODE

(b) FIRST ORDER MODE

FI1G. 2.12

POTENTIAL DISTRIBUTION ON ANODE
STRUCTURE OF INTERDIGITAL MAGNETRON
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Figure 2.13 shows a cross-section of the Model 1l magnetron with
an equivalent circuit to show how power is coupled out by the cathode
support. Operation in the z-mode is assumed. Cl is the capacitance between
the lower end hat and the lower anode set, 02 is the capacitance between
the upper end hat and the upper anode set, and Z is the impedance between
the cathode support and the pole piece looking out from the cathode. The
voltage € is the rf voltage existing between the anode sets,

The power coupled out by the cathode may be expressed in terms
of the power dissipated in the resistance R in the equivalent circuit.

This expression is

2 C2 \2 Co 1§
R® (1L + %) +[X(l+—-—)-a-c-j
For optimum operating conditions in the s-mode it is desirable to
minimize the power coupled out by the anode support. This can be
accomplished in two ways; (1) make R approach zero or, (2) make R
approach infinity. These conditions can be approximated by placing
a "choke" on the cathode support as shown in Fig. 2.13a. For the
condition of R = O the choke must be slightly greater than an odd

number of quarter wavelengths long. Figure 2.14 shows an adjustable

choke which was used on the Model 11 magnetron.

2.7 Equivalent Circuit of Model 11 Magnetron and Associated Cavity

The essential properties of an operating magnetron may be
shown by a simple circuit using lumped constant elements (Ref. 24).
This approximate equivalent circuit is valid when the magnetron is
operating in a single mode. A general solution of the equivalent-

circuit problem would require the solution of Maxwell s equations with
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the boundary conditions as determined by the cavity; hpwever, suitable
values way be obtained for the lumped constant circuit elements by an
approximate solution of the problem, Figure 2.15 shows an approximate
equivalent circuit for the Model 1l magnetron and its associated cavity.
Figure 2.15(a) is a first approximation in which the various elements
are defined as follows:

Ig is a current generator representing the rf current induced

in the circuit by the space charge. © is the phase angle be-

tween the rf voltage and rf current, the relation being

|| le - IELQ
rf
where Ig and E,.p, are rms values, © being defined so that it

is negative for a lagging current.

Cp is the total capacitance between anode sets, equal to

approximately 1lupf.

LP is the equivalent inductance of the anode bars between the

interaction space and the anode supports, equal to approximately

130,

Z. is the impedance of the coaxial line formed by the cathode

(¢

support and the pole piece looking out from the cathode, its

value is given approximately by

Zo= - JZ cot ?{_l (2.6)
where
Z, = 28.5 ohms (characteristic impedance of the line)
I = length of the line



-73=-
N = wave length
This assumes that the losses in the line, and losses due to radiation
from the extension of the center conductor, are negligible.
Cl and 02 are as defined in Fig. 2.13.
Gt is the equivalent conductance representing the losses in

the waveguide portion of the structure.

Tl and T2 represent the waveguide-to-coaxial junctions,

assumed to be ideal transformers.

1 and Z!2 are the external loads connected to the coaxial

output terminals.

Z1

Figure 2.15(b) represents a second approximation in which it
has been assumed that the coaxial output terminals are terminated in
their characteristic impedances and that the losses in the wave guide -
are negligible compared to the load. Since the reactance due to 2 Lp is
never more than 10 percent of the reactance due to Cp, XLp is neglected,
Xc is the equivalent reactance of the combination of Cl’ 02, and Zc’

where Zc is assumed to be a pure reactance.

1
Zo w (Cy +Cp) - 1

(2.7)

(el
|

o) (1 - Zg oCp)

where Z, 1s given by Eq 2.6, and J Z; = Zc' Z0 is the characteristic

impedance of the ridge waveguide assumed to be a pure resistance given
by

(2.8)
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The admittance of the circuit shown in Fig. 2.15(b) may there-

fore be expressed as

2 . 1
YT = —Z-; + chp + JT(; (2.9)

where Xc may be either positive or negative.

In a study of the cathode circuit problem, it was discovered
(Ref, 28) that when helical cathodes are used, rf power is coupled through
the heater connections in addition to that coupled through the cathode
support. In this study, both Model 9 and Model 11 magnetrons were used,
In the previous discussion of the cathode circuit it was assumed that
no appreciable rf voltage could exist across the emitting portion of the
cathode. IHowever, when an open helix is used, as shown in Fig. 2.10,
a voltage can exist between the end hats, and the coaxial line formed
by the filament leads will be excited., If the frequency of operation is
such that the coaxial line formed by the filament leads is near an odd
number of quarter wavelengths then rf power will be coupled out of the
cavity by this arrangement. Figure 2.16 shows a schematic diagram of the
equivalent circuit for the filament leads and cathode support when an
open helix is used as the cathode emitter. Cl and 02 are the capacitances
betveen end hats and respective anode sets, Zl is the impedance of the helix

between end hats, and Z_  is the impedance of the coaxial line formed by

2
the filament leads.

Therefore, for the case of the open helix cathode, we nust

modify Eq 2.9 for the total admittance of the circuit. We define

Z = X + X, +X

g = X 5 3 (2.10)



where
1
X, = —=—
1 ijl
1
1Cy e
., = ——
e 1
Z, + ——
JuCo
- - 2l
Z2 = J ZO COt'TK_
Z+ Z
Z = .__.]'__—2_-.
p) Zq + Zp
Z, = 39.2 ohms (characteristic impedance of coaxial

filament line)

Yo = 7+ JC + = (2.11)

when an open helix cathode is used.

Further discussion of the equivalent circuit and Eq 2.11
for the admittance is given in Section 4.1 where experimental results
are correlated with the above analysis.

The Q-parameters which are normally associated with magnetron
circuits have little significance when used in connection with the

circuit shown in Fig. 2.15. The loaded Q, defined as

ox maximum energy stored in electric field
energy dissipated in total conductance per cycle

QL =
is very low, probably less than five. Energy can be stored in the
anode-to-anode capacitance, the cathode support line, and the waveguide

cavity. The losses in the internal circuit are small compared to energy

dissipated in the external load, and the unloaded Q, defined as

Q = 2x meximum energy stored in electric field
0 energy dissipated in internal circuit losses per cycle
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is relatively high., Therefore, the external Q, defined as

Q = 2n maximum energy stored in electric field
e energy dissipated in external load per cycle

is approximately equal to the loaded Q, QL. The relation between the
various Q's being

L (2.12)
Qe QL Qo

Since the operation of a voltage-tunable magnetron is very
sensitive to the character of the load, a small mismatch in the termi-
nations will produce a significant effect on the operation of the tube.
The power output varies as the impedance of the circuit varies, the power
decreases with a decrease in impedance. A large change in impedance may
cause discontinuities in the oscillations as the frequency is varied.
The mismatch of the load is important because of the so-called "long-
line effect" (Ref's 16, 27). When an oscillator is connected to a load
by a transmission line which is a few wavelengths long, if the load is
not perfectly matched to the transmission line, the admittance and phase
characteristics of the load, as seen by the oscillator, will vary
periodically with frequency. For a lossless line this impedance may be

expressed as

. J/
2.+ Zo tan 2n

Z = Z, ’; (2.13)
2o + J 2, tan Q“K
where
Zo = characteristic impedance of the line
Zr = terminating impedance on the line

This impedance varies periodically with the electrical length

of the line, the period being a half wavelength 2§£ = 180°. Figure 2.17
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shows typical phase and admittance characteristics of a shorted trans-
mission line with attenuation. In the case of a lossy line, the limiting
value of the admittance as the length of the line is increased is the
characteristic admittance of the line. This suggests a possible method

of eliminating the long-line effect, by the use of lossy line or atten-
vators. The use of attenuation in the transmission line is a widely used
technique to isolate an oscillator from its load. For microwave oscillators
used as signal generators, the long-line effect is a serious problem since
it reduces the available power and results in insufficient power for many
measurement applications. This effect can also be eliminated by making
the line between oscillator and load very short; however, 1t is seldom
feasible to depend on this technique alone. Making the line as short as
possible is desirable, however, since this makes the variations in ad-
mittance farther apart in frequency and, in the case of high-Q magnetrons,
results in a wider range of operating frequency between the "holes" caused

by the unstable operation of the magnetron due to the long-line effect.



CHAPTER 3

EXPERIMENTAL RESULTS

3.1l Introduction

Considerable data on the operation of the various forms of
the Model 11 tube, (Model 11, 1lA and 11B) were obtained and in this
chapter typical results are presented for each form., A total of
thirty-one tubes were studied in this investigation, in this chapter
data is presented from ten of these tubes. The data have been selected
so that each tube reported on represents a significant step in the
research program.

In this chapter the data are presented without comment. 1In
Chapter L4 the data are discussed and the results of the experimental
investigation are correlated with theory. The reader not interested in
the mass of experimental data may proceed to Chapter 4 and obtain an
evaluation of the significant results.

Several types of cathodes were used, namely; oxide-coated,
thoriated tungsten, tungsten, and a button cathode. Results are pre-
sented which indicate effects of these various cathodes on the operation
of the tube. Presentation of the data is arranged according to tube
model rather than according to the types of measurements which were

performed.

-81-
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The results of experimental tests on the Model 11 tubes are
presented first., This was the first model to be constructed and the
results of the tests were in general quite satisfactory. Measurement
techniques were designed and perfected during the testing of these
Model 11 tubes. The Model 11B magnetron was designed in an attempt to
improve the efficiency of the Model 1l tubes. Data are presented which
indicate the improvement in operating characteristics of the Model 11B
over the Model 11. Tungsten cathodes were used in all Model 11B tubes.
The Model 11A +tube was designed to allow comparison of the operating
characteristics of two similar magnetrons, one having round anode bars
and the other square anode bars. Sufficient data are presented on the
Model 11A to allow comparison with the Model 1l. Measurements were made
on the cavity which show its bandwidth and relative impedance. TFlux
plots are presented which show the potential distribution in the inter-
action space of the Model 11B and Model 1lA tubes. Diode characteristics
for Model 1lA and 11B tubes are presented. These data were obtained in an
effort to determine the conditions at the cathode which were optimum for
voltage-tunable operation.

Figures 3.1 and 3.2 show photographs of a tube and its various
parts. Figure 3.2 shows a close-up of the anode structure before and
after the Kovar flange has been brazed into place. In this investigation,
the local oscillator application of the tube has been emphasized; therefore,
most of the data presented below have resulted from measurements made

under cw operating conditions,
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3,2 Model 11

3,2,1 Model 11, No. 74. The first tube completed was the

Model 11, No. Th. This tube used an oxide-coated cathode. Under pulsed
operation, the tube was voltage-tunable from 2060 to 2750 me. A sche-
matic diagram of the test equipment used in these tests is shown in

Fig. 3.3. As indicated there it is possible to observe either the
volt-ampere characteristic of the tube, or to observe the output of the
wavemeter as a function of the anode voltage. Thus, by tuning the
wavemeter and observing a continuous output over a wide voltage range,

it was determined that the tube was operating over the frequency range

of 2060 to 2750 mc. The cathode temperature was critical but could be
adjusted for stable operation. The cathode temperature affects not

only the stability of operation but also the frequency of oscillation.

An increase in cathode temperature causes a decrease in the frequency of
oscillation. The external choke was used on the cathode support while
making these tests. It was impossible to test this tube under cw con-
ditions due to the backheating of the cathode. Once the tube started to
oscillate, the backheating was sufficient to prevent the adjustment of the
cathode temperature for voltage-tunable operation. There was a very narrow
cathode temperature range in which the tube produced a coherent signal.
The tube was operated with a magnetic field of 2625 gauss and a filament
current of 1.25 amperes. Figure 3.4 shows a photograph of the test setup
used; one end of the cavity was terminated in a 50 ohm resistor, and power
was taken out of the other end. Figure 3.5 shows a close-up of the Model
11 magnetron mounted in its cavity and its associated electromagnet.

3.2.2 Model 11, No. 80. Results of the tests on the Model 11,

No. T4, indicated a need for a change in the design of the cathode if cw
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operation was to be obtained. In an attempt to satisfy this need, the

No. 80 tube was built, using a thoriated tungsten cathode which was not
carburized. In order to determine the feasibility of using this tube as

a local oscillator, it was employed as such in an S-band spectrum analyzer
(as indicated in Fig. 3.6). The frequency was swept by superimposing an
ac voltage on the magnetron dc anode supply.

The total range of the frequency sweep was determined by using
the output of a klystron as the input to the spectrum analyzer and
mechanically tuning this klystron over the range of frequencies covered
by the magnetron local oscillator. The frequency of the klystron at
the extreme points was determined by using a coaxial wavemeter. In this
manner, it was determined that the magnetron frequency could be swept
from 1760 to 2475 mc with continuous, and very nearly constant, power
output. Initially, it was necessary to adjust the cathode temperature to
a critical value, which once obtained, required no further adjustment over
the frequency range. Figure 3.7 shows the results as presented on the
oscilloscope. The voltage change corresponding to the frequency change
of T15 mc was approximately 1000 volts. These tests indicated that the
magnetron was quite satisfactory as a local oscillator in a spectrum
analyzer,

Qualitative measurements on the noise content of the magnetron
output were made by comparing its output signal with the output of a re-
flex klystron. This comparison was made by alternately feeding the two
signals into an S-band spectrum analyzer, using a second reflex klystron as
the local oscillator for the spectrum analyzer. When the magnetron was
operated cw, the signal as observed on the spectrum analyzer appeared to

be unstable in that there were random shifts in the frequency, and also,
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the signal was alternately noisy and clean. The cathode input power was

a critical factor in this operation. When the anode voltage was modulated
a very small amount at a 60 cycle rate the signal became steady and all
visible noise disappeared. The magnetron output signal under these con-
ditions compared favorably, in both magnitude and noise content, with a
TOT-B reflex klystron oscillator. Qualitative tests indicated a detectable
magnetron signal on the spectrum analyzer screen at least 60 db above
noise present. For the particular arrangement usgd, results were similar
when the output from a reflex klystron was substituted for the magnetron.

An attempt was made to determine the effect of the cathode tempera-
ture on the operating characteristics of the tube. Since the cathode was
visible through a small hole in the cavity, it was possible to measure cathode
temperature optically. A Leeds and Northrup optical pyrometer
vas used; this allowed determinavion of the temperature to within
50 degrees out of approximately 1800 degrees centigrade. The cathode power
input was changed very slightly but sufficiently to cause the output to
change from a coherent signal to noise, and an attempt was made to measure
the resulting cathode temperature change. It was found that this temperature
change could not be optically detected with the instrument used.

The arrangement shown in Fig. 3.8 was used to monitor the output
signal of the tube. This arrangement made it possible to observe the out-
put as a function of voltage, and to determine the effects of changing
various parameters. As indicated in Fig. 3.8, the x-axis sweeping voltage
was obtained from the same source as the anode modulating voltage. Thus,
with the proper phase shift adjustment, the horizontal sweep on the oscillo=-
scope could be synchronized with anode sweep voltage. The z-axis input was

used to blank the return trace from the screen. Since the frequency was
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linear with voltage it was possible to calibrate the oscilloscope to
give power output as a function of frequency.

During the cw operation the voltage could be varied only over
a quite limited range without readjustment of the cathode input power
in order to maintain a clean signal. This was due to the change in the
backheating which caused a corresponding change in the cathode temperature.
However, when the anode voltage was varied at a 60-cycle rate, it was
possible to adjust the cathode temperature so that the tube operated
satisfactorily over a sweep range of 1250 volts. Thus, once the sweep
range has been determined, giving an average backheating power, it is
possible to adjust the cathode input power for optimum clean-signal operation
of the tube.

Measurements of cw power output and frequency were made on this
tube, and the results are shown in Fig. 3.9 and 5.10. Figure 5.9 shows the
power output and frequency as a function of anode voltage. The power
indicated here is the available power at one output terminal of the cavity;
the other terminal was terminated in a 50-ohm resistance during these
measurements. The actual power measurements were made at the end of 10 feet
of RG-21/U cable. A Hewlett-Packard tunable bolometer (Model 475 B) and
Power Meter (Model 430A) were used to measure power. Figure 3.1l shows a
photograph of the test equipment used in the measurements. From these data
it is seen that the power output varies between 4,5 and 16 mw over a fre-
quency range of 1770 to 2950 mec., The discontinuities in the frequency vs.
anode voltage curve are the result of readjusting the cathode input power
at these points, The output signal was monitored, as shown in Fig. 3.8,
to insure that power measurements of a coherent signal were being made.

Since the frequency was sensitive to cathode temperature, a slight
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discontinuity occurred in the frequency curve each time the cathode input
pover was adjusted. The adjustment required was very slight. The tube
tuned at the rate of approximately 0.8 mc per volt change in anode
potential. The frequency-voltage relation as obtained from the Hartree
relation is also plotted in Fig. 3.9 for comparison with the experimental
data (the m-mode of operation is assumed). The reasons for the difference
between these two curves will be discussed in a later section.

The volt-ampere characteristic for the tube is shown in Fig. 3.10.
This shows that the plate current varied from 1 to 4 ma over the voltage
range used in these experiments.

3.2.3 Model 11, No. 8l. Since the thoriated-tungsten cathode

gave more stable operation than the oxide-coated cathode it was decided
to go one step farther and use pure tungsten wire in the cathode helix.
Except for the pure tungsten cathode, the Model 11, No. 81 was identical
with the Model 11, No. 80.

As expected, the output signal from the Model 11, No. 81, was
more stable and had fewer variations in output power than tube No. 80.
The cathode temperature was still critical, but the operation of the tube
was not as sensitive to changes in filament current as was the case for
No. 80. More anode current and more power output was obtained from this
tube than from No., 80. Figure 3.12 shows power output vs. anode voltage.
The anode current varied from 3.4 ma at 2400 volts to 10.4 ma at 3500
volts. Complete frequency measurements were not taken, however, spot
checks were made vhich indicated that the frequency range covered was

from 2000 to 3000 mc.

During the construction of the cathode for this tube a small

notch was burned in the cathode end hat while spot welding the filament
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to the end hat. The uneven surface caused sufficient concentration of
field strength at this point to cause the tube to break down at approxi-
mately 3600 volts. The resulting arc damaged one of the anode bars to
the extent that it was not considered feasible to continue testing even
though the tube could still be operated.

3,2.4  Model 11, No. 83. This tube was identical to No. 81,

and results obtained were approximately the same; however, additional data
were obtained from this tube. Figure 3.13 shows the voltage tuning char-
acteristic of the tube as cw frequency measurements were made from 1780
to 2450 mec.

The break in the tuning curve (as indicated by the dotted section)
is caused by readjustment of the cathode input power (which is necessary
in order to maintain a coherent signal output). It is possible to operate
the tube over a considerably wider frequency range when the anode voltage
is swept.

When the tube was used as a local oscillator (as indicated in
Fig. 3.6), it was possible to vary the frequency from 1840 to 2730 mc with
a coherent signal output throughout the frequency range. Conditions for this
test were as follows:

B

3940 gauss E 3350 volts

de
Ips7 = 8.95 amps E,, = 1200 volts peak-to-peak
The power output of the Model 11 with a pure tungsten cathode
was greater than 15 mw over a frequency range of several hundred mega-
cycles (see Figs. 3.12 and 3.13). This is sufficient power to allow
isolation of the oscillator (preventing the "long-line effect" from

disturbing the oscillator), and still furnish sufficient signal power

output for satisfactory use as a local oscillator.
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Figure 3.14 shows the spectra obtained when the anode voltage
is modulated with a sine wave signal. There was some jitter in the spec-
trum since the power supply was not regulated. The cathode power was

supplied by a storage battery during these tests,

5.3 Model 11B

Although the Model 1l magnetron operates satisfactorily as a
local oscillator, the electronic efficiency is very poor. Since the
impedance of the circuit is lower than for a high-Q magnetron, the rf
fields in the interaction space are very weak. To compensate for this
in the Model 11B, the anode diameter was decreased (from .233 inch
in the Model 11) to .205 inch. This decrease in anode diameter increased
the rc/ra ratio to .75 (from .6 in the Model 11), allowing greater
penetration of the rf fields into the interaction space. Test results
indicated a significant improvement in electronic efficiency as a con-
sequence of these changes. The Model 11B is otherwise identical with the
Model 11.

3.3.1 Model 11B, No. 88, A pure tungsten cathode was used in

this tube. Figure 3.15 shows the volt-ampere characteristic for this tube.
These data were taken without any readjustment of the cathode input power.
Tigure 3.16 shows the voltage tuning characteristics for this tube., One
terminal of the cavity was terminated in a 50-ohm resistor while these data
were being taken. The frequency characteristic is approximately linear,
having a slope of approximately 1,18 volts/mc. The sharp discontinuities
which were present in the frequency characteristic curves of the other
tubes are not present in this case, The frequency could be spot-tuned
anywhere within the indicated frequency range without readjusting the

cathode input power, When the anode voltage was modulated with a
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60-cycle sine-wave voltage, the tube could be tuned from 2000 to 2730
mc with a clean signal output over the entire range. The signal was
monitored, using the circuit arrangement shown in Fig. 3.6. The fre-
quency was measured in this case by using a coaxial-type wavemeter as an
absorption meter in the circuit shown in Fig. 3.6.

As indicated in Fig. 3.6, the power output varied from 100
milliwvatts to 2 watts over a frequency range of approximately 500 mec.
This is considerably larger than the power output of the Model 11 tubes.
Also, the operation of the tube was less sensitive to small changes in
the cathode input power; once the adjustment of cathode input power was
made, the operation of this tube was more stable than were the Model 1l
tubes,

%.3%.2 Model 11B, No. 92. This tube is identical with the Model

11B, No. 88. Figure 3.17 shows the volt-ampere characterisiic and

Fig. 3,18 shows the voltage tuning characteristic of this tube. The

frequency-vs.=-anode-potential curve obtained by using the Hartree relation

(assuming m-mode operation) is shown for comparison with the experimentally

observed data. TFor a given frequency, the experimentally observed anode

potential is approximately 50 percent higher than the value indicated by

the Hartree relation. This discrepancy is discussed in a later section.
The output signal, as observed on the oscilloscope in the circuit

arrangement shown in Fig. 3.6, appears to be free of noise. In obtaining

the cw data the frequency could be varied from 1200 to 2350 mc without

read justing the cathode input power. When sweeping the anode voltage

the frequency could be varied from approximately 2000 to 3000 mc with a

change of 1200 volts in anode potential.
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Figure 3.19 shows two pictures of power-output vs. anode-
potential; the lower picture was taken with no choke on the cathode,
and the upper picture was taken with the same conditions as in the lower
one except that an external cathode choke was formed by using aluminum
foil. This indicates that the large variations in power output (shown in
Fig. 3.18) may be due to the loading effect of the cathode support at

those frequencies.

3.%.5 Model 11B, No., 112, Tungsten rods were used as the anode

bars in this tube. The heat dissipating capacity of the anode structure is
increased over that of the tubes which use molybdenum anode bars. The
processing technique was modified in the construction of this tube in that
the cathode was vacuum-fired before mounting in the tube. This vacuum-
firing of the cathode before mounting eliminated the coating of the glass
envelope of the tube which had previously occurred in normal operation of
the tubes. (This coating was due to molybdenum evaporated from the cathode.)

This tube was tested under dynamic operating conditions, and the
results are as shown in Figs. 3.20 and 3.21, The conditions of operation are
indicated on the figures. A 60-cycle voltage was superimposed upon the
dc anode potential, giving an anode-voltage swing of 900 volts. Filament
power was supplied from a battery to eliminate the frequency modulation
caused by the variation of the magnetic field which is produced by an ac
heater current.

Figure 3.20 shows the variation of the frequency with the anode
voltage. To obtain these data the horizontal sweep on an oscilloscope was
synchronized with the ac anode voltage, and therefore, could be calibrated
in frequency. The output from the magnetron was fed through 22 db of

attenuation into a coaxial-type wavemeter, and the output of the wavemeter
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passed through a crystal detector into the vertical input of the oscillo-
scope. (It was determined that 22 db was the minimum attenuation which
would completely eliminate the effect of the wavemeter on the magnetron).
In this manner, the frequency of operation could be measured at all
voltages.

In addition to the voltage-tunable mode indicated in Fig. 3.20,
there were two other modes which were very weak, but still detectable (by
reducing the attenuation somevhat) over portions of the voltage range.
One of these modes tuned from 2845 mc at 2100 volts to 3170 mc at 2300
volts; the second tuned from 4080 mc at 2050 volts to 4370 me at 2200
volts. In the voltage range 2350 to 2850 only the main mode was present.
Under certain conditions of operation, there are discontinuities in the
operation of the main mode. These discontinuities in the operation are
detectable in either the power output or anode current curves (shown in
Fig. 3.21). Continuous operation can be obtained by proper adjustment of
the various parameters. Frequency deviations of 400 to 600 me can
be obtained with no difficulty in maintaining continuous operation; for
frequency deviations of the order of 800 to 1000 mc, the adjustment of
the cathode temperature becomes more critical.

With the modulation voltage reduced to 450 volts peak-to-peak, the
frequency of operation could be shifted as much as 30 mc by varying the
filament heater current and still maintain coherent operation over the
voltage range. An increase in cathode temperature decreases the frequency
of oscillation. The tube seemed to operate best at, or near, the lower
cathode temperature.

For cw operating conditions it was possible to vary the

filament current from 8.9 amps to 9.3 amps, and still maintain a coherent
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signal output. The power output varied from 52 mw at an anode current
of 5 ma to 350 mw at an anode current of 18,75 ma. The corresponding
frequency variation was from 2450 me to 2320 mc.

Figure 3,21 shows the variation in power output and anode cur-
rent with the anode voltage. The frequency range in Fig. 3.21 is approxi-
mately 900 mc (as shown in Fig. 3.20) and the peak power is of the order
of 550 milliwatts, Figure 3.21(b) shows the variation of anode current
with anode voltage, the average current being approximately 15 ma. It
should be noted that there are no discontinuities in the operation and it
was determined that the tube was oscillating coherently throughout the
range. The decrease in the power output in the right (high frequency)
side of Fig., 3.21(a) is due to the loading of the cathode circuit at that
frequency.

This tube was operated with battery supplies for the filament
and anode, and an electrically regulated power supply for the electromagnet.
Under these conditions, the output signal (as observed on a spectrum analyzer)
was stable; no jitter was present in cw operation. The output could be
tuned over several hundred mcs without readjusting the cathode temperature.
Qualitative measurements using the spectrum analyzer indicated thaf the
coherent output signal was at least 65 db above the noise present in the
output signal,

Satisfactory operation was obtained with anode voltages as low
as 800 volts and frequencies in the order of 2000 mc.

Under these conditions the output power was reduced but the

signal was stable and free of noise.
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3.4 Model 11A

The Model 1lA is similar to the Model 1l except that square
anode bars are used. The anode bars are .030 inch square and are
arranged such that the spacing between bars is approximately .030 inch.
The inside anode diameter is ,235 inch; this is approximately equal to the
inside anode diameter in the Model 1l. The original design of the Model
1l was based on the assumption that round anode bars would reduce the
higher space harmonics in the interaction space and thus improve the
operation of a low-Q voltage-tunable magnetron., The Model 1lA was
constructed for the purpose of comparing the operation of similar
tubes with round and with square anode bars., The Model 11 and Model 11A
are identical except for the shape, size, and spacing of anode bars. Since
the Model 11 has more desirable characteristics as a voltage-tunable magne-
tron, it is concluded that a large portion of this improvement may be
attributed to the use of round anode bars.

3,4,1 Model 11A, No. 90. The Model 11A, No. 90 has a thoriated

tungsten cathode. Figure 3.22 shows the voltage-tuning characteristic, and
Fig. 3.23 shows the volt-ampere characteristic for this tube. The frequency
can be varied continuously from 1760 to 2510 mc; however, it is necessary
to readjust the cathode input power at almost every point. The dis-
continuities in the anode potential vs. frequency curve are caused by this
change in cathode temperature.

Figure 3.24 shows a photograph of power output vs. anode potential,
using a 60 cycle, series modulating voltage. The circuit arrangement shown
in Fig. 3.6 was used. This picture was taken under approximately the
same conditions as indicated for Fig. 3.23., The blur at the left is due

to noise at the low-voltage range of operation, and there is a discontinuity

in the power output at the high voltage end.
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3,4,2 Model 11A, No. 89. The Model 11A, No. 89 is identical

to the Model 11A, No.90 except that No. 89 has a pure tungsten cathode.
Figure 3.25 shows the volt-ampere characteristic for this tube. The
operation is quite similar to the operation of the Model 11A, No. 90.

It was necessary to readjust the cathode input power while taking the
data. Figure 3.26 shows a photograph of power output vs., anode potential.
The upper picture is for a sweep voltage of 550 volts peak-to-peak, and
shows that there are no discontinuities in the output, however, there is
noise present in the high voltage region. The lower picture is for a
sweep of 1200 volts peak-to-peak, and shows the type of output which is
obtained when one tries to sweep the tube over a wide frequency range.
In addition to the discontinuities there is noise present over much of
the frequency range.

The experimentally determined Vvoltages are approximately 50
percent greater than indicated by the Hartree relation, assuming sx-mode of
operation. In general, the Model 11A is more sensitive to cathode tempera-
ture than either Model 1l or Model 11B, and cannot be tuned over as wide
a frequency range. The output signal contains more noise than in either
Model 11 or 11B. The power output ié greater than for the Model 11,

but less than for the Model 11B.

3.5 Button Cathode Model 11, No. 82

In Section 2.1 it was shown that the loading of the cavity by
the cathode support is a result of the rf voltage which is coupled through
the active portion of the cathode. As indicated in Section 2.4, the
purpose of the button cathode is to eliminate this loading of the cavity
by the cathode support (and the filament leads), when the tube is oper-

ating in the m-mode. A Model 11 tube, No. 82, was constructed using such
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a cathode., This arrangement is shown in Fig. 3.27. The upper end hat
is oxide-coated and serves as the electron source for the tube. The
lower end hat is pure nickel and contains no heater and no enmitting
surface. The lower end hat served to contain the electrons within the
interaction space, serving as a repeller or as a collector, depending
upon the mode of operation.

The tube was first tested with an anode voltage consisting of
a 600 peak volt, 60-cycle sine wave superimposed upon the dec supply.
For this test, the lower end hat (or collector) was connected directly
to the cathode. A filament current of 1.8 amperes was required to start
oscillation. However, once the tube started to oscillate, both the
cathode and collector began to heat up. The filament current could be
reduced to zero and the tube continued to oscillate; in fact, both the
cathode and the collector were heated to a bright red by the back
bombardment. Under these conditions there was a visible discharge be-
tween the cathode and collector, the discharge was light blue in color,
and slightly smaller in diameter than the cathode emitting surface. This
discharge appeared to terminate on the cathode and collector surfaces. The
plate voltage could not be raised above 1500 volts because above this level
the cathode temperature became unstable and tended to "run away", causing
arc-over in the tube. The power output vs. anode voltage (as observed on
an oscilloscope, using the circuit arrangement shown in Fig. 3.6), was
stable and nearly uniform over a wide frequency range. It was impossible
to make cw measurements due to the instability of the cathode temperature.
Pulses tests indicated that the tube voltage-tuned from 1380 to 2380 mc
with a magnetic field of 2900 gauss,and from 1200 to 1900 mc with a

magnetic field of 3900 gauss. Thus, for similar values of B, the



123

0-110'0) =§] ‘on-oma

3ivo | 3Inssi

NOILVYDILHISSVYID

30OHLVYI NOLLNE HILIM

6002

INOULINOVA TVLIOIGYILNI I T3QON A23roud
i L NVOIHDIW HOENV NNV
25- £/ 8 3va] . s . A8 a3k NVOIHDI\| 40 ALISHIAIN[)
2 Twvos M77__Aa nmvua LNLILSN| HO¥VASIY ONINZANIONT ]
A€ QIAONLIY ¥o2¢78 ¥/ Aa aanoisaa

V-¥ NOILO3S

o% F MVINONY ,,'800° ¥ TIWWIDIA .,*™% ¥ TYNOILOVYL - IDNVHITOL ¥ OL GI3H 38 1SNW a3IJIDIdS ISIMHIHLO SSITINA SNOISNIWIA 1TV

L2'¢e 9ld

il

(ec08-v)

30OH LV ¥37113d3y v

L

(2e08-V)
3QOHLVYD NOLLINS

owG. No. B




-124-

frequency range of voltage-tunable operation for this tube is lower
than for the tubes with regular cathodes.

The following experiments were performed to determine the
nature and cause of the heating of the cathode and collector. First,
a milliammeter was connected between the collector and cathode., This
meter indicated that the collector was being bombarded by electrons.

A variable voltage supply was then connected between the collector and
cathode, the collector being negative with respect to the cathode. It
was necessary to make the collector 100 volts negative, with respect
to the cathode, before the collector current was reduced to zero, It
was found that the condition for optimum voltage-tunable operation
occurred when the collector current was at, or very near, zero. The
tube was operated with the collector floating. Under these conditions
the cathode heated up but the collector was not heated. However, the
output did not appear to be as great, or the signal as clean, over a
wide frequency range.

These experiments thus indicate that electrons exist in the
interaction space which have energies sufficient to build up a space
charge that it approximately 100 volts negative with respect to the
cathode. These are the electrons which gain energy from the rf field
in the sorting process and are returned to the cathode (in a magnetron
with a physical cathode). In the normal magnetron structure, these
high-energy electrons are collected on their return to the cathode and
their energy is dissipated in the form of heat at the cathode, producing
backheating. In the present case there is no physical cathode to collect
these electrons, thus making possible the formation of a space-charge

cloud which is 100 volts negative with respect to the emitter. Once
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this space-charge cloud has been formed, both the collector and the
button cathode will be bombarded by electrons producing the heating
effects which were observed.

The collector was made 500 volts negative with respect to the
cathode with no indication of ion current to the collector. A visible
discharge would require that there be some ions present, and, of course,
there will always be some gas molecules present in any vacuum envelope.
The tube was vacuum processed a number of times in an attempt to obtain
a vacuum in which the glow-type of discharge could not be maintained

T

(pressures in the order of 10" ' mm of Hg were obtained); however, when
the tubes were tested the discharge was always present, With this type
of operation it was not possible to operate the tube at a high

enough anode voltage to obtain a significant power output.

3,6 Measurements Using an Intermediate-Q Cavity

The Model 11B, No. 88 tube was tested in cavity No. 2 (shown
in Fig. 3.28). This cavity consisted of a section of tapered-ridge
waveguide in which the tube was mounted, a tapered-ridge waveguide-to-
coaxial junction, and a section of waveguide with a shorting plunger.
This tube was mounted in S-band ridge waveguide (the same as that used
in cavity No. 1). The particular arrangement used was chosen as &
matter of convenience since most of the components were available in
the laboratory.

Voltage-standing-wave ratio measurements which were made on
this cavity, with a dummy tube in place, indicated resonances at 2440
mc and at 3480 mc. These resonant points were dependent upon the position
of the shorting plunger. Since there were frequency-sensitive elements

in the cavity other than the shorted section of waveguide, there were
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a number of variations in the VSWR over the frequency range of 2200 to
3500 me. Since the cavity was terminated at one end in a nearly lossless
short circuit, and at the other end in the characteristic impedance of
the waveguide, the effective Q of the circuit was perhaps of the order

of 10.

When the Model 11B, No. 88 tube was tested in this cavity it was
found thal the output was very sensitive to the position of the shorting
plunger. For an anode voltage of 2500 volts dc, and a plate current
of 10 ma, the anode voltage could be modulated by as much as plus or
minus 800 volts and still maintain a uniform power output of 2500 milli-
watts, The anode current was more unstable than when the tube was tested
in cavity No, 1; the current tended to "run away" and level off at 30 to
40 ma. The signal output appeared to be free of noise.

CW power measurements were made with E, = 2500 volts, I_ = 4O ma,

a
and a power output up to 4 watts was observed. Several tests were made,
allowing the tube to operate at this high-power level only long enough to
obtain power readings.

The Model 11B, No. 112 tube was also tested in this cavity. Under
cw operating conditions, 2 to 4 watts of coherent signal power was obtained.
This tube could be operated continuously at this power level, since tungsten
anode bars were used. The signal was voltage-tunable over a frequency

range of approximately 200 me, and the frequency limits of this voltage-

tunable range depended upon the position of the shorting plunger.

3,7 Measurements on Cavity No. 1

The cavity impedance of interest is that which the electrons
"see" when the tube is in operation. To obtain measurements of this

quantity it is necessary to measure the impedance across the anode bars
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with the tube in place. A factor of interest in high-Q magnetrons is
the Q of the cavity. However, the cavity structure used with the
Model 11 tubes is nonresonant so Q-measurements are useless in this
case, Figure 3.29 shows an arrangement which makes possible the
qualitative measurement of the impedance across the anode bars. This
arrangement is equivalent to terminating the tapered coaxial line in
the impedance across the anode bars, which is the quantity of interest.
This tube, with the transducer mounted as shown in Fig. 3.29, was
mounted in cavity No. 1. The output terminal of the transducer was
then connected directly to a slotted line which was used to make the
desired measurements of VSWR, position of minimum VSWR, and wavelength.
The two output terminals of the cavity were terminated in 50-ohm
resistors,

This arrangement allowed determination of the impedance at
the putput of the transducer. To determine the desired impedance across
the anode terminals, it is necessary to know the transformation ratio
of the transducer. With this type of transducer it is impractical to
make the necessary measurements from which the transformation ratio can
be determined. Measurements were made on the transducer to show that
the transformation ratio is not frequency sensitive., These measurements
consisted of shorting the transducer with a special inner conductor and
making VSWR measurements to determine that there were no resonances in
the frequency range in which the device was to be used. Thus, this
device will allow measurements of the relative magnitude of the impedance
across the anode bars.

Figure 3.30 shows the results of these measurements plotted

on a circular impedance chart. The reference used for determining the
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position of the voltage minimum was taken as the first discontinuity

in the transducer shown in Fig. 3.29, which is the bottom of the top

pole piece. If it is assumed that the transducer acts as an ideal
transformer then the curve shown in Fig. 3.30 gives the impedance between
the anode sets. The impedance as presented is normalized to the charac-
teristic impedance of the coaxial line at the input of the

transducer, (Zo = 46 ohms).

3,8 Potential Distribution in Interaction Space

As an aid in studying the operation of the Model 11B and
Model 1lA tubes, a flux plot of the field distribution in the inter-
action space of each tube was made, These plots are shown in Figures
3.31 and 3.32,

One significant difference in the two flux plots is the
variation in the field strength in the region "a" (Figs. 3.31, 3.32)
for the two geometries, assuming equal rf voltages on each. Since a
high rf field is necessary to produce effective bunching within this
region, the square anode structure would seem to be more effective,
However, since the anode-to-anode capacitance is greater for the square
anode structure than for the round anode structure, it will require a
greater induced current in the square anode structure to produce the
same voltage. Thus, the development of a high rf field and the
bunching of the electrons are interdependent phenomena and it is im-
possible to conclude from the flux plots alone which type of structure
is better for voltage-tunable operation.

Figures 3.33 and 3.3L4 show potential distribution curves for
the interaction spaces in the Model 11 and Model 1lA tubes. These

data were obtained by constructing models of the anode and cathode
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structures on resistive paper, and using metal foil for the tube elements.
A dc voltage is applied between the anode segments and the cathode is
maintained at a potential midway between the anode bars (representing a
balanced cathode condition). Point-by-point readings are then made to
determine the equipotential curves, These curves then represent the
space distribution of potential in the tube, since the space distribution
is not a function of time but only of the geometry of the tube structure.
Fig. 3.33 shows the space potential distribution in the Model 11 with

the radius as a parameter. Figure 3,34 shows similar data for the Model
11A.

The round anode structure has lower field intensity in the
interaction region than the square anode structure. A lower electronic
efficiency would therefore be expected for the round anode structure.

The significance of these data will be discussed in more detail

in a later section.

3.9 Diode Characteristics

Unsuccessful attempts were made to measure the cathode tempera-
ture required to shift the mode of operation of the tube from a coherent
signal to a noise signal output. Diode measurements were then made to
obtain qualitative determination of the conditions at the cathode which
were optimum for voltage~tunable operation., Figures 3.35 and 3.36 show
the diode characteristics for Model 11A and Model 11B respectively.

Figure 3.23 shows that the maximum anode current for the Model
11A, No. 90 tube was approximately 8 ma. Figure 3.35 shows that when this
tube is operated as a diode, its thoriated tungsten cathode is capable of

supplying up to approximately 25 ma at a filament current of 8.6 amperes

before temperature limitation sets in. Figure 3.15 indicates that the
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anode current of the Model 11B, No. 88 was less than 9 ma over most of

the operating range. Figure 3.36 shows that when No. 88 is operated as

a diode, its pure tungsten filament can supply up to approximately 25 ma
with a filament current of 9.6 amperes before temperature limitation occurs.
From these data it is seen that for best voltage-tunable operation the
cathode must operate at a temperature which could be expected to pro-

duce approximately three times the actual tube current if the tube were

to be operated as a diode. This 3 to 1 ratio for voltage-tunable operation
is in contrast to a ratio of from 5 or 10 to 1 for the diode current over
the actual tube current in high-Q magnetron operation (Ref. 16).

These results would seem to indicate that there should be
considerable space charge in the sub-synchronous swarm since there are
apparently more electrons emitted than ever reach the anode, and would
also indicate that it may not be necessary for the field to be zero
et the cathode for voltage-tunable operation. However, when it is
considered that the current at the anode is limited by the width of
the space charge spokes, it becomes apparent that the diode current
would be considerably greater than the tube current when operating as
an oscillator. It is thus conceivable that the portion of the cathode
vhich emits electrons in the proper phase for transmission to the anode

may be operating under temperature limited conditions.

3.10 Summary of Experimental Results

The results of the experimental work performed during this

investigation may be summerized as follows:
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A voltage-tunable magnetron which operates in the
frequency range 2000 to 3000 mc and delivers 100 mw

or more of usable power has been built and tested. A
voltage-tunable power output of 2 to 4 watts was obtained
over a limited frequency range.

This tube has been used as a local oscillator in an S-band
spectrum analyzer, and found to be quite satisfactory for
this application. The noise content in the signal output
under optimum conditions compares favorably with that of a
klystron.

The operation of this tube as a voltage-tunable magnetron
is quite sensitive to the cathode temperature (cathode
temperature was found to affect the stability of oper-
ation, and an increase in cathode temperature was found

to cause a decrease in magnetron frequency). Stable
operation may be obtained at a single frequency with very
little difficulty. However, for spot cw tuning readjust-
ment of the cathode input power may be necessary. When
the anode voltage is modulated, the frequency may be
varied as much as 800 mc with a signal output which is
free of noise. The operation is more stable when the
anode voltage is being modulated.

It has been shown that the external circuit characteristics
are critical if a wide range of voltage tuning is to be
achieved, A circuit which possesses the necessary char-
acteristics for voltage-tunable operation has been

developed and tested with this tube.
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5. Voltage-tunable operation is improved if the anode bars
arce shaped in such a manner that the space harmonics in
the interaction space are decreased. In this case, round
anode bars were used and results show these to be more
effective than square anode bars for coherent voltage-
tunable operation.

6. A ratio of rc/ra greater than the value normally used
in conventional high-Q magnetrons was found to produce
a significant increase in the electronic efficiency of
a voltage-tunable magnetron., The ratio of rc/ra for the
Model 11 is .6; this value was increased to .75 for the

Model 11B by decreasing the anode diameter.



CHAPTER 4

DISCUSSION OF EXPERIMENTAL RESULTS

4,1 Introduction

In this chapter a qualitative analysis of the mode of opera-
tion of the voltage-tunable magnetron is given. Experimental data are
correlated withexisting theory wherever possible, and additional theory
is proposed in an attempt to explain phenomens which have not been
previously observed or adequately explained.

The character of the rf circuit impedance, including cathode
support and filament leads is discussed. The decrease in the power out-
put at certain frequencies is correlated with resonances in the cathode
support and filament lead structures. These resonances reduce the total
shunt impedance of the rf circuit. The power output of the magnetron is
shown to be very closely related to this shunt impedance, the power being
a minimum when the shunt impedance is a minimum,

The results of the experimental investigation using several
types of cathodes are discussed. The operation of the Model 1l magnetrons
is sensitive to the temperature of the cathode in all cases. An oxide-
coated cathode was found unsatisfactory for use in the Model 11 voltage-

tunable magnetrons. A cathode consisting of a pure tungsten helix gave

-142-
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most satisfactory operation. Diode characteristics for a thoriated
tungsten and a pure tungsten cathode are discussed.

The design of the interaction space in the Model 11, Model 11A
and Model 11B magnetrons is discussed. The improvement in the voltage-
tunable operating characteristics of the Model 11B magnetron over that
of the Model 1lA are discussed., This improvement is attributed to a
smaller value of anode~to-anode capacitance and the use of round anode
bars in the Model 11B. The importance of the anode-to-anode capacitance
in determining the operating characteristics of a voltage-tunable magnetron
is discussed.

The space charge behavior in the Model 1l voltage-tunable magne-
trons is discussed. A theoretical voltage-tuning equation for a magnetron
is derived and the experimental data are compared with this theoretical
equation. It is proposed that the very low electron interaction effi-
ciencies obtained in the Model 11 magnetrons may be due to the electrons
arriving at the anode with considerable radial energy. It is also
proposed that the sensitivity of the Model 11 magnetron operation to
cathode temperature may be attributed primarily to the low impedance which

the anode and cavity structure presents to the electron stream.

4.2 Characteristics of Circuit Impedance

The various circuit components which affect the operation of

the magnetron were discussed in Section 2.7. An examination of Eq 2.11.

Yy = 2?;)+ Jwe, +Z}f- (2.11)

shows that all of the components considered are more or less frequency
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gensitive. The first term on the right side of Eq 2.1l represents
the admittance due to the ridge-waveguide structure and is assumed to
be a pure conductance. The magnitude of this conductance is a function
of frequency (Fig. 2.2). The second term on the right is the suscep-
tance due to the anode-to-anode capacitence. Results of measurements
on the cavity and a dummy tube verify the assumption that the totel
admittance, due to these first two terms, varies slowly over the
frequency range in which the tube is operated. A plot of the impedance
for the cavity and dummy tube is shown in Fig. 3.30.

The third term on the right in Eq 2.1l is the admittance
due to the arrangement of the cathode circult as described in Section
2.7. The lumped-constant equivalent circuit for the cathode is shown
in Fig. 2.16. The exact expression for Zp is complex since Zl’ 25, and
Z, are complex quantities. Z, and Z, probably can be approximated
very closely by assuming them to be pure reactances. The values of
C15 Co, and Z; can be determined approximately. The operation of the
magnetron will be adversely affected when Ze is a minimum, corresponding
to a series resonance of the circuit shown in Fig. 2.16. Since Zp 1s
a complex quantity its value will not reach zero but will pass through
a minimum., It is to be expected that a decrease in the power output
of the magnetron will occur at the frequency at which Z, is a minimum.
An examination of the power output vs frequency curves for all tubes
tested shows that a minimum in the power output occurs at approximately
2600 mc. Figure 3.19 shows power output vs. frequency for the Model 11B
No. 92. The lower curve was obtained with no choke on the cathode
support. A choke was improvised from a pilece of aluminum foil and

placed on the cathode support producing the result shown in the top
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picture. These results indicate that the sharp decrease in power
output is due to the loading of the cathode circuit. The frequency of
the power minimum shown in Fig. 3.19 is in the order of 2600 mc. Since
the effect on magnetron operation is due tc a combination of the cathode
support and the filament leads, changing either Z, or Zc will affect
the value of Zp and, therefore, the power output of the tube.

Figure 4.1 shows the value of the input reactance vs frequency
for the open sections of transmission line formed by the cathode
support and pole pieces, and by the filament leads. The length of the
coaxial line formed by the cathode support and pole piece is 3.8 cm.
From Fig. 4.1 we see that Z, will have a positive reactance of approxi-
mately 16 ohms at 2600 mc (Z, = 39 ohms). The approximate range of
operation of the magnetron is indicated in Fig. 4.1. Recent studies
of the cathode circuit problem (Ref. 28) show that a wide band coaxial
filter can be built into the cathode support structure to eliminate
the resonance effects of this line over a wide range of frequencies.

The length of the coaxial line formed by the filament leads
is approximately 12 cm. The variation of the impedance of this line
over the range of operation is indicated in Fig. 4.1. Theoretically,
broad-band filters could be built into the coaxial filament lead to
eliminate the loading due to this line; practically, this is difficult
because of the very small spacings involved. If the emitting surface
between end hats on the cathode consists of a solid cylinder, then
the filament line will have no effect on the operation of the tube.
The most common type of cathode of this form is the oxide-coated cathode;
however, experience has shown that this type of cathode is unsatis-

factory for good voltage-tunable operation. A possible solution would
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be to use a pure tungsten cylinder. This cylinder might be heated
indirectly by an internal helix; this, however, would require a high-
current, high-temperature helix and, consequently, short cathode life.
Another possibility would be to heat the tungsten cylinder by bom-
bardment from a coaxial oxide-coated cathode. This would require the
existence of a d-c potential between the tungsten cylinder cathode
and the imner oxide-coated cathode. This arrangement would seem to
satisfy the conditions for good voltage-tunable operation; however,
the cathode would be more complicated to comstruct and would require
an additional power supply to operate the tube.

Further work is needed on the cathode circuit to improve the

uniformity of the power output of the Model 11 tubes.

4.3 The Cathode

Experience has shown that an oxide-coated cathode is unsatis-
factory for coherent voltage-tunable operation of the Model 1l magne-
trons. It has been possible to obtain coherent voltage-tunable opera-
tion using axide cathodes; however, the mode of operation was very
sensitive to the cathode temperature. The operation of the tube was
unstable due to the backheating of the cathode. This backheating
caused the mode of operation to shift to such an extent that the output
signal changed from a coherent signal to a noise signal output. The
noise signal could be voltage-tuned over approximately the same
frequency range as the coherent signal. It was impossible to test
the tubes which used oxide cathodes under cw operating conditions as
the backheating was sufficient to cause the cathode temperature to

"run away" even with no external filament power being supplied.
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In order to overcome this difficulty in controlling the
cathode temperature, a cathode using a thoriated tungsten helix as the
emitter was designed. This cathode operates at a much higher tempera-
ture than the oxide cathode, 1750 degrees centigrade as compared to
850 degrees for the oxide cathode. It comsequently requires greater
heater power, considerably in excess of the backheating power, and
thus allows control of the cathode temperature during cw operation of
the tube. Good voltage-tunable operation was obtained with both the
Model 11 and Model 11B magnetrons using thoriated tungsten cathodes.
The operation was still sensitive to the cathode temperature; however,
stable conditions could be obtained under which a coherent signal
output was produced. The operation was more stable when the anode
voltage was being modulated than when the anode voltage was operated
at a fixed value.

A pure tungsten cathode which operates at approximately 2200
degrees centigrade was found to be most suitable for voltage-tunable
operation if coherent signal output is desired. The operation of the
magnetron is sensitive to the temperature of the cathode; however,
the filament input power can be adjusted to give stable coherent
operation.

The improvement in voltage-tunable operation of the magnetron
with the use of a pure tungsten cathode is attributed to the fact
that more filament power is required for the pure tungsten cathode
than either the thoriated tungsten or oxide cathodes. This increase
in filament power makes the operation of the tube relatively insensi-

tive to backheating of the cathode. Therefore, once the cathode



-149-

temperature has been adjusted to the optimum value for voltage-tunable
operation, a change in the backheating power does not seriously affect
the operation of the tube.

Figures 3.35 and 3.36 show the diode characteristics for a
thoriated tungsten and a pure tungsten cathode. The approximate maxi-
mum magnetron anode current is indicated in each case. It was suggested
in Section 1.3 that the spokes of space charge will be in the order
of 90 degrees wide, but may be as wide as 180 degrees. Thus, if only
one-third of the cathode is effective in supplying the magnetron
anode current, the anode current indicated in Figs. 3.35 and 3.36
corresponds to an operating point at approximately the knee of the
diode characteristic curve. Even though for the small-signal case
there may not be well-defined spokes, anode current can only be
collected in the oscillating magnetron over a small portion of the
rf cycle. Thus, it is impossible to determine from presently avaeilable
data the exact operating conditions at the cathode for voltage-tunable
operation. It has been determined experimentally that the mode of
operation is sensitive to the cathode temperature and that the magnetron
anode current varies with the temperature of the cathode. This change
in the amplitude of the magnetron anode current could be due to a
change in the mode of operation or to temperature-limited emission at
the cathode. The experimental data do not definitely prove that the
emission at the cathode is temperature-limited; however, they do agree
with the results which would be predicted from the above argument,

assuming temperature-limited emission.
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L.4 The Design of the Interaction Space

The design of the interaction space of the Model 1l magnetron
wag based on the assumption that a small anode-to-anode capacitance
was necessary for good voltage-tuneble operation. It was also assumed
that voltage-tunable operation would be improved if the anode bars
were shaped in such & manner that the space, or Hartree, harmonics in
the interaction space were reduced. The ratio of rc/ra was determined

by the empirical formula

r
c N -4

r, TN+b
and from knowledge of known.workable magnetrons. It has been pointed
out in Section 2.4 that the design of the cavity and the design of the
interaction space were interdependent, and it was assumed that for the
electrode design chosen a circuit impedance of the order of 100 to
200 ohms would be necessary if satisfactory voltage-tunable operation
was to be achieved. It has been shown experimentally that the cavity
shown in Fig. 2.3 satisfies this requirement over a wide range of
frequencies.

The Model 1l magnetron was designed using round anode bars
and a ratio of r¢/ry of 0.6. When a pure tungsten cathode was used,
this tube operated quite satisfactorily as a voltage-tunable tube with
power outputs in the order of 20 milliwatts. A tuning range in the
order of 1000 mc was achieved. With the Model 11B magnetron, which
is identical to the Model 11 except for differing rc/ra ratios (rc/ra
ratio is .6 in the Model 11 and is .75 in the Model 11B), power outputs

in the order of 250 milliwatts was obtained. The tuning range and

stability of operation remained unchanged.



-151-

The Model 1lA magnetron is approximately the same as the
Model 11 except that square, rather than round, anode bars are used.
This tube gave power outputs in the seme order of magnitude as the
Model 11; i.e., about 20 milliwatts. However, the voltage-tuning
renge was limited, and the output signal was more noisy than for the
Model 11 or Model 11B. The operation of the tube was more sensitive
to the temperature of the cathode.

From this data it is concluded that the shape of the anode
bars has a pronounced effect on the operation of a low Q voltage-tunable
magnetron. The operation of the Model 11 voltage-tunable magnetrons
is much more satisfactory when round, rather than square, anode bars
are used. Also, the operation of the voltage-tunable magnetron is
improved if the rc/ra ratio is Increased over the value which is
normally used in conventional magnetrons. In this case, a value of
0.75 was used, where standard practice indicates a velue of 0.6. There
is no conclusive evidence that 0.75 is the optimum value; however, it
is doubtful if much can be gained by increasing this ratio further.
The present improvement in operation may be attributed to the deeper
penetration of the rf field into the interacﬁion space near the
cathode. This would improve the phase focussing and thus increase
electron interaction efficiency. Since only two values of rc/i'a have
been tried, it will require further experimental work to determine the
opt imum rc/fa value for low-Q voltage-tunable magnetroms.

The value of the impedance presented by the cavity shown in
Fig. 2.3 is of the order of 80 ohms. Good voltage-tunable operation
is obtained with this cavity; however, the efficiency of operation is

low, less than 5 per cent. It is believed that a low-Q circuit with
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an impedance of 400 to 600 ohms would allow voltage-tunable operation
at a much higher efficiency. The impedence level of a non-resonant
circuit is limited by the reactance of the anode-to-anode capacitance.
For the Model 1l magnetrons this reactance is approximately 60 ohms

at 2500 mc. Thus the anode-to-anode capacitance causes the impedance
which the electrons "see" to be reduced considerably from the charac-
teristic impedance of the waveguide. This capacitance causes the
impedance to decrease with frequency. The upper limit in frequency of
operation is determined by the value of this capecitance. Any reduction
in this capacitance should improve the electronic efficiency of the
Model 1l magnetrons.

It should be pointed out that although the nominal dimen-
sions of the interaction space in the Model 1l1A and 11B tubes are
similar, the values of the anode-to-anode capacitance is different for
the two tubes, being less for the Model 11B. Thus some of the improve-.
ment in operating characteristics of the Model 11B over the Model 1llA
may be due to the smaller value of anode-to-anode capacitance
and not all due to a reduction in the higher space harmonics resulting
from use of round anode bars. However, the use of round anode bars
also results in a lower value of anode-to-anode capacitance.

Further experimental work is necessary to determine which
of the factors, reduction in capacitance or reduction in space har-
monics, is the most significant in improving the operation of the

Model 11B magnetrons.
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4.5 Space-Charge Behavior

4.,5.1 Theoretical Voltage-Tuning Equation for a Magnetron.

The characteristics of the magnetron which are related to the space-
charge behavior are discussed in this section. In order to compare

the voltage-tuning characteristics of all tubes, an equation describing
the frequency-anode voltage characteristic for voltage-tunable magne-
trons is derived. This equation is arranged in nondimensional form

so that all experimental data can be compared with the theoretical
expression by using a graphical presentation. This derivetion is based
on the equations for the high-Q magnetron; however, the results obtained
should approximately describe the behavior of the low-Q voltage-tunable
magnetron.

From Appendix A we have the following expressions:

o Yn 2 I'ce l(m)r2w2
Ey = B-é—-ra 1l - ;—a—z- -5lg)%e “n (Hartree equation)(A-31)
.2
o 2
- Be.2(y .S (Hull cutoff potential) (A-10)
U - gl-lT - ra2 P
m
25wy
BO = —-—-—-—-—-—2—'- (A-El)
T
-
n 2 2
E, = 7g ¥a @Wn (synchronous energy equation) (A-18
By 2B
—_ = =-1 (normalized Hartree equation) (A-32)
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Solving Eq A-32 for B we obtain,

“x
= %BO 1+E—o> (%.2)

Substituting Eq A-21 and A-18 for B, and Eo in Eq 4.2 there results

m
-—Yr w_ +
26 "a n EH
B = 2 (4.3)
%raewn< - c2>
Ta

If we now substitute Eq 4.3 for B in Eq A-31 and A-10, and divide

Eq A-10 into A-31 then, after rearranging terms, we obtain

y 2
E E r w
_E - H a n (,+ ll-)
E 2,25 EZ2 o )
u mr2 hwur r, Wy, H+Her
8e & "a n > om
or
N m o L r2 ra2 EH M o EHzer2 by
wn = BEr T, |t —-—E—-—--Eur& W, + (%.5)
2
Solving for w, , we obtain
1/2
2 2 L b o2 2 2 2
r Ty By L o4 r ra.EH r ra.EH 4
A\ - B % ) || + - By T
2 2 Lo 2
wn = .
BT Tl
(4.6)

T, after rearranging terms we obtain,

. _\1/2
m l H +'v? l_.—H
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If we assune r =

(%.7)
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We now define fo by the following equation,
2
. _om ( 2 ) h‘ﬂfo h‘ 8)

n

That is, frequency fo will be generated by an electron at the anode
with a tangential energy of E,. If we now substitute Eq 4.8 into

EQ 4.7 for E;, and substitute 2rf/n for wy, there results,
2 E_\ r_\1/2
_§=21-_2_EIL1‘2 1-4 (%.9)
bif u 'u

In all cases of interest,

f<<?f and
o]

EH<< Eu

therefore we need consider only the negative sign in Eq 4.9. We now

have for Eq 4.9

2 E

.f____l_g l_E..Ii.;.]_.._g. (1‘_.9&)
2 E E

g u u

o]

and therefore
i"f— =l1- /1- };:Eg. (4.10)
o u

4.5.2 Comparison of Experimental Results with Theoretical

Curves. Figure 4.2 shows a plot of Eq 4.10. This can be described as
e universal voltage-tuning curve for a magnetron. Equation 4.10
expresses the relation between f/fo and EH/Eu for all mode nurbers n.

f, is a characteristic frequency defined by Eq 4.8. Both Ep and £
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are functions of the mode number n; therefore, for quantitative com-
parison of experimental data, the correct value of n must be used.

In Fig. 4.3 typical data for the Model 11, 114, and 11B
magnetrons are plotted for comparison with the theoretical curve of
Fig. 4.2. The experimental data for £/f_ has been plotted vs E,/Eys
where f is the operating frequency and E, the anode potential. The
n-node of operation has been assumed in presenting the experimental
data in Fig. 4.3. It should be noted that the portion of the theoreti-
cal voltage-tuning curve shown in Fig. 4.3 is that portion within the
area enclosed by the dashed lines in Fig. 4.2. This shows that all
tubes tested operated in a region where the theoretical tuning curves
were essentially linear. As shown in Fig. 4.3, all experimental
voltage-tuning curves were linear with anode voltage. It can be seen
from Fig. 4.3 that when the n-mode of operation was assumed, the
operating anode voltage was greater than the Hartree voltage corres-
ponding to the operating frequency for all models of the tube. The
greatest deviation from the theoretical voltage-tuning curve was shown
by the Model 11B tubes.

The voltage-tuning characteristics of the Model 11B No. 112
are shown in Fig. 4.4. The experimental results are discussed in
Section 3.3. The data for the main mode of operation are plotted for
three different assumed velues of n; 3, 4, and 6. The data for the
two spurlous modes referred to in Section 3.3.3 are plotted with the
velue of n which agrees most closely with the theoretical curve. From
Fig. 4.4 it can be seen that for n = 6 there is a constant relative
discrepancy between the theorctical and experimental data; Ea is

approximately 1.63 as large as the corresponding value of Eg.
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FIG. 4.4
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4.5.3 Redial Energy of the Electron. It was assumed that

the Model 1l magnetron would operate in the n-mode. Rotating-probe
measurements on this tube and its associated cavity structure show
that with an rf voltage applied to one of the output terminals of the
cavity, a n-mode voltage distribution does exist on the anode bars.
The following explanation for the discrepancy between the experimental
and theoretical voltage-tuning characteristics is proposed. This
explanation is based on the assumption that, (1) the electrons arrive
at the magnetron anode with considerable radial energy, and (2) the
cathode is temperature-limited. These assumptions are consistent with
the experimentally observed facts; (1) the efficiency is very low
(order of 3 per cent), (2) the anode voltage is always greater than
the Hartree voltage would predict (assuming n-mode of operation),

(3) the operation is sensitive to cathode temperature, and (4) anode
current varies with filament current. There was also experimental
evidence that heating of the glass envelope was due to electrons with
high radial velocities passing between the anode bars and striking the
glass.

Consider Fig. 4.5 which shows the energy relations in a
planar magnetron. Planar geometry is assumed in this discussion’ because
the equations expressing the energy relations are simpler than those
for the cylindrical magnetron and thus much easier to work with. Any
conclusions arrived at by this analysis may be applied to the cylin-
drical magnetron with very little error, particularly for magnetrons
with large wvalues of re /ra. The cutoff energy parabola for the planar

magnetron is given by the following equation

_ B2

Eco o (k.11)
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FIG. 4.5
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wvhere y is the distance from the cathode. For y = y,, the corresponding
value of cutoff voltage hes been labeled E; in Fig. k.5, corresponding
to the Hull cutoff voltage in the cylindrical magnetron. Equation L4.11
is shown in Fig. 4.5, labeled cutoff energy parabola. The synchronous
energy level is a constant, being proportional to the synchronous
velocity (vn) of the rf voltage wave. This wvalue has been indicated
in Fig. 4.5. If we assume that the electrons have no radial energy

at the boundary of the synchronous swarm where synchronous velocity
(vn) is reached, then the boundary of this synchronous swarm is
determined by the intersection of the cutoff energy parabola and the
synchronous energy line as shown in Fig. 4.5. If the cathode is
operated under space-charge-limited conditions the charge will build
up within the synchronous swarm until the gradient at the cathode is
zero.

It has been shown (Ref. 29) that for the case of zero poten-
tial gradient at the cathode, the actual potential distribution curve
is tangent to the cutoff parabola at the swarm boundary. The anode
potential required for establishing a swarm within the synchronous
boundary y, is determined by drawing a straight line tangent to the
cutoff energy parabola at the intersection with the synchronous energy
level. The straight line gives the potential distribution in the
space-charge free region from y, to the anode. The anode potential
obtained by this method is shown in Fig. 4.5 as Eq, corresponding to
the Hartree potential for the cylindrical magnetron. This voltage is

given by the following expression (Ref. 16)

2
n

o|B

v

Ep = BV, 7, - -;'- (k.12)
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This voltage must be exceeded before any electrons which are moving
fast enough to deliver energy to the traveling wave exist in the inter-
action space. Since it is assumed that electrons arrive at the anode
with zero radial velocity and synchronous energy equal to E,, the energy
transferred from the dc electric field to the rf field is the difference
between Ep and E,, indicated as E.p in Fig. 4.5.

Now if we assume that the cathode is operating under tempera-
ture-limited conditions, the potential distribution may be as indicated
by the curve OE; in Fig. 4.5; this indicates that the potential gra-
dient is no longer zero at the cathode. Since the electric field has
been increased, p, (the radius of the rolling circle which is used to
depict the generation of the cycloidal motion of an electron in crossed

electric and magnetic fields) has also been increased since

Pe = F (h-12)

However, since A the tangential velocity of the electron is & func-

tion of only B and y, in the absence of rf fields
v, = =—By (4.14)
for 0< y< 2pc

electrons will reach synchronous velocity at the same distance from the
cathode as for the space charge limited case, y = Yy In this case the
electrons will possess considerable radial energy. Once synchronous
velocity has been reached it will be possible for the electrons to
interact with an rf field and transfer energy from the dc electric
field to the rf field. In this manner the electrons may transfer some

energy to the rf field and still reach the anode with considerable
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redial energy. This would result in very low electron interaction
efficiencies., This mode of operation would also result in higher
operating voltages than are predicted by the Hartree relation.

4.5.4 Requirement for Temperature-Limited Operation of the

Cathode. It has been shown in Section 1.3.3 that in order to obtain
constant power in voltage-tunable operation it is necessary to operate
the cathode under temperature-limited conditions. This is a very
desirable characteristic for a voltage-tunable magnetron; however, this
is not the compelling reason for operating the Model 1l magnetron
cathode under temperature-limited conditions, this is necessary to
obtain ooherent signal output.

The sensitivity of the Model 1l magnetron operation to
cathode temperature may be attributed primarily to the low impedance
which the anode and cavity structure presents to the electron stream.
Relatively large rf fields are required to produce effective bunching,
end it is difficult to produce a sufficiently large voltage across an
impedance of the order of 50 ohms (the approximate value of impedance
presented to the electron stream by anode and cavity structure) to
produce bunching. Since the bunching and production of the rf voltage
are interdependent, the whole mechanism of phase focusing breaks down
and a non-coherent signal is produced (for space-charge-limited
conditions). For temperature-limited operation of the cathode, there
will be less space-charge present in the interaction space. Therefore,
smaller rf fields may produce effective bunching, and thus allow
coherent signal output to be obtained. Now it might seem that if
decreasing the space-charge improved the bunching, the tube should

operate with very small values of current. However s 1t must be
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remembered that the bunching and generation of an rf voltage are inter-
dependent and a very small current would decrease the induced rf
current, and thus cause a breskdown in the mechanism of phase focusing.
It would be expected, therefore, that there would be some range of

anode current which would satisfy the combined requirements for coherent
operation of the magnetron. In the Model 1l magnetrons there is a

range of anode current for which a coherent signal is produced, for
values of anode current above and below this range non-coherent sig-
nals are produced.

There is also the possibility that the frequency stability
of voltage-tunable operation may depend in some mammer on the cathode
operating under temperature-limited conditions. No experimental
evidence has been obtained to indicate that this is the case. Since
the tubes are always operated well below cutoff it appears that the
frequency of operation will be determined by the tangential velocity
of the edge of the electron swarm corresponding to dc operation of
the tube. The electrons nearest the anode will interact with the anode
structure and produce an rf voltage between anode bars; the configura-
tion of the rf field in the interaction space will be determined by
the anode and cavity structure. Since the electrons cannot reach the
anode except by interacting with an rf field they must interact with
a field whose frequency is determined by the electrons at the edge of
the sub-synchronous swarm.

Experimental data obtained from Model 9 and Model 1l
magnetrons indicate that one of the most important parameters in
obtaining voltage-tunable operation is the impedance presented to the

electron stream by the anode and cavity structure. Coherent operation
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was obtained in the Model 9 with anode currents in the order of 100
nicro-amperes. The operation was very sensitive to cathode tempera-
ture and coherent operation was obtained over a very narrow range of
anode current; Coherent operation of Model 11 tubes has been obtained
with anode currents in the order of 5 to 20 ma. The interaction space
in the two models is quite similar. The most significant differences
are in the anode-to-anode capacitance and cavity impedance. The
anode-to-anode capacitance in the Model 9 is approximately 2 upuf
and in the Model 1l approximately 1 puf; the cavity impedance in
the Model 9 is 25 ohms and in the Model 11 it is 80 ohms.

It is believed that voltage-tunable operation of a magnetron
can be obtained under space-charge-limited operation of the cathode
if the impedance of the cavity and anode structure can be made suf-

sufficiently large.



CHAPTER 5

SUMMARY OF CONCLUSIONS

- A voltage-tunable magnetron has been developed with operating
characteristics that make the tube useful as a source of microwave
power. It has been shown that the tube is satisfactory as the local
oscillator of a spectrum analyzer and as an rf power source for most
rf measurement applications. Work is in progress to determine the
feasibility of using the tube as the local oscillator in microwave
receivers.

A pure tungsten cathode was found to give better voltage-
tunable operation than either an oxide-coated or a thoriated-tungsten
cathode. The cathode support and the filament leads were found to
cause variations in the power output of the tube. Further work is
required to eliminate these effects (possible solutions are indicated
in Section L4.2).

It was shown that round anode bars improve the operation of
the Model 1l magnetrons over that obtained with square anode bars. It
was also shown that an increase in the rc/ra ratio over the value used
in conventional magnetrons improves voltage-tunable operation. Further
research is necessary to determine the optimum value for this ratio.
With the present circuit arrangement, the anode-to-anode capacitance

appears to be the limiting factor in obtaining higher power from the

-167-
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tubes. A reduction in the value of this capacitance is necessary if
significantly higher powers are to be obtained. Some improvement in
efficiency and power output may be obtained by increasing the external
circuit impedance; however, the improvement to be obtained in this
way is limited.

A theoretical voltage-tuning curve for a magnetron is
derived and experimental data are compared to the theoretical results.
The operating anode voltage was found to be higher than predicted by
the Hartree equation, assuming n-mode of operation. This increase in
operating voltage is attributed primarily to the electrons reaching
the anode with considerable radially directed velocity. It is proposed
that the sensitivity of voltage-tunable operation to cathode temperature
is due primarily to the low impedance which is presented to the elec-

trons by the anode and cavity structure.



APPENDIX A

The Magnetron Equza.’cionsl

In this section the basic equations, which approximately
des¢ribe the operation of high-Q traveling-wave magnetrons, will be
derived. These equations will provide a quentitative description of
some of the various parameters which have previously been discussed in

this report.

A.1 The Non-Oscillating Smooth-Bore Magnetron

It is necessary to derive certain equations for the non-
oscillating smooth-bore magnetron which will be used later in the
development of the equations for the multi-anode magnetron with applied
rf field. Cylindrical geometry is assumed with an axial magnetic field,
B. One equation of motion for this case is obtained by equating the
time rate of change of the anguler momentum of the electron and the
torque on the electron. The angular momentum is the product of the
moment of inertia mr® and the angular velocity df/dt. The torque is
the product of the tangential force on the electron and the radial
distance from the axis. From this we have,

a 29@)_ ar A
T (m' ac/ = TBeF{ (8.1)

1This derivation is based on material presented by Professor W. G. Dow
in his course in Microwave Electron Tubes at the University of Michigan.
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where
m = mass of electron
e = charge on electron
# = azimthal angle through which the electron travels
r = radial distance from center of cathode

This equation may be written as

L) 2% (.2)
or |
fa(a? $)- % [a? a.3)

then
m*w = 24 where%g = w (A.4)

We assume the electrons leave the cathode with zero velocity; therefore,

when
r = r
c
w = 0
and
Be . 2
therefore
2
C = - 226‘ rc (A'5)
Therefore, we have
rca
W= w 1l - - (A.6)
r
where
w., = 22 (A.7)
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The energy of an electron at any radius r may be expressed as
- f_2 2
E¢ e = Fzm" w (A.8)

and substituting Eq A.6 for w in the above equation and solving for

Eg, we have
2
2 2
B = B 12 1-51% (A.9)

Thus Eg is the tangential kinetic energy, in electron volts,
of an electron at any radius r in a smooth-bore magnetron. This is
true regardless of the radial potential distribution but assumes no
tangential electric field and zero electron velocity at the cathode.

If we assume that all the electrons travel in circular orbits around
the cathode, then Eq A.9 gives the potential distribution in the smooth-
bore magnetron. The potential distribution given by this equation is
sketched in Fig. A.l, labeled tangential energy curve. The one other
significent voltage associated with a smooth bore magnetron is the

Hull cutoff potential for which electrons just graze the anode. This

is obtained by sétting r = rg in Eq A.9, giving

B 27 ?

w r

Ey = —Z1rg® [1-2S (A.10)
)+ I‘ae

A.2 The Non-Oscillating Magnetron with an Applied RF Field

We now assume a multi-anode magnetron structure to which an
external rf potential has been epplied. In order to find the poten-
tial distribution for this case, it is necessary to include a term in
the original equation (A.l) which accounts for the energy per radian

due to the interaction of the electron with the tangential rf field.
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We now define the following parameters:

Erp = the energy in electron volts that has been
given to the rf field by an electron since

it passed radius ry.

e dE.r = the work interchange between the electron
and the rf field in proceeding through an
angle ag.

rn = the radius at which the electrons reach a

synchronous velocity corresponding to the
frequency of the applied rf voltage.

The corresponding torque on the electron due to fhe tangentisl rf

field may be expressed as:

d
torque = radius x force = e —éE-Er—‘t (A.11)

We now rewrite Eq A.l using Eq A.11l, and we have

dr dErf 4 g@)_
Bera-_g-e-—aa—-a%(mredt = 0 (A.lE)

This becomes

dr2_edErf_mr2d2¢_md¢dr2
T g 32 - & at

-;-'-B e 0 (A.13)

Since all the electrons outside of r, are assumed to be rotating at a

constant engular velocity, d2@/dat2 = 0, and we have

1 dr2 ar2 ag
-_ - dae - — = A.)'l'
2% ° % Y - e Ay " TE Tt 0 (8.1%)

Rearranging temms, we have

2 dt

dE.p = [Esd _g( dt)e] ar? (A.15)

and since df/dt is assumed constent and equal tow, for values of r

greater than rn and less than rg, we have



_ : 2
Ee =fr 1pdf.n (8)°| & (A.16)
T 2 dt e dat
n
or
Epf = [%Bwn - gwn{J (r2 - rn2) (A.17)
We define E, as follows:
E, = the kinetic energy in electron volts of an
electron pursuing a circular path at a radius
Trg in synchronism with the rf field.
Therefore
m 2 2
EO = '2"'6‘ Tg wn (A.l8)
Where
N = number of anode segments
n = number of positive nodes on rf wave (mode number)
and
- axf A.L
Wp T Tn (8.19)

For the n-mode of operation

=
n
o 1=

We can also express Ec> in terms of Eq A.9 as follows,

2
2
Bo2 e 5 Ta
EO = —%— ra l - —-—2— (A-QO)

Ta

where B, 1s the magnetic field which produces the cutoff condition when
Ea. = E,. Thus, no interaction with the rf field is assumed in writing
Eq A.20 since this is simply an expression of electron energy under

specifiied conditions. Bo can be found fram Eq A.6 by setting r equal
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to r, and solving for Bo' We have therefore

B o= e (A.21)

The potential at the edge of the sub-synchronous space-

charge swarm may be found by the use of Eq A.9 which gives

2 1'22
B~ e 2 c
B o tm \17 2 (8.22)
r
n

This corresponds to the synchronous kinetic energy of the electron at

r = ry; the synchronous kinetic energy is given by the following

equation
1 2 2
e Esyn = zor w) (A.23)
or
lm o2 2
Esy‘n = 53 wy (A.23a)

The synchronous energy curve is shown in Fig. A.l as C-O-Eo. For
values of r less than T, the synchronous energy is greater than the
potential energy given by the potentia.i distribution curve A-0-Eg.
Therefore, all the electrons inside of r, are rotating at less than
synchronous velocity, and this region is described as the sub-
synchronous swarm. It is assumed here that in the region outside of
r, all electrons rotate at synchronous velocity, therefore the dif-
ference between the two curves 0-E o and O-EH mist represent the

energy given to the rf field by the electron. The curve O-EH represents
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the potential distribution in a non-oscillating magnetron in which
the electrons are delivering energy to a tangential field.
(A.2k)

E = Esyn + El'f

for

>
ra>r rn

The potential distribution for r less than r, is given by Eq A.9 and
is shown in Fig. A.l, Section A-O, The potential distribution curve
must be tangent to A-O-—Eu at T gince no discontinuities in potential
can exist. The potential distribution for the region r greater than
Ty is indicated by the curve O-B-Ea in Fig. A.1.

Equation A.24k may be written as follows,

2
B = [éwwf} +[£Bwn-ﬂ][r2-r2J (1.24a)

2 e

En rn
o] 2 r 2
Po¢ 2f, I
' r 2
[+ N
From Eqs A.18 and A.23a we obtain
2
E r
R (A.26)
Eo x 2
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Combining Eqs A.25 and A.26 we obtain

R (a.27)

2
r
B Be 1 c
2 =2 =) L (A.28)
B, 2 @ L2
a
Combining Eqs A.27 and A.28 we obtain
- 2 -
1. oe
wy, r02 ra.2~
=1l-—]| = = (A.29)
wy, r 2 r 21
a ] - =
r 2
b n -
or
r 2
2 c
r . = (A.292)
n wn
1 -2
Wy,

Substituting Eq A.29a into Eq A.2ka and rearranging terms, we obtain

m 2 2 lm 2 2
E = 7 Wy wy (7 "rc)"'é"é'rwn (A.30)
Thus Eq A.30 describes the potential distribution in the synchronous
swarm of a non-oscillating magnetron in which the electrons are
delivering energy to a tangential electric field. Equation A.30 is
plotted in Fig. A.l as O-B-EH. Radial energy of the electrons is

assumed to be negligible. The limiting value given by Eq A.30 by
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letting r = r, is known as the Hartree voltage and is the theoretical

voltage at which a magnetron can start oscillating.

lm
= %“’L W, (rag-rce) -—2--é-r2 w 2 (A.31)

EH a n

If Eq A.21 is solved for wn and this value is substituted in Eq A.31l

then Eq A.31 may be normelized to Eq A.20 giving

= B _
= = 2§; 1 (A.32)

Egs A.31 or A.32 may be used to predict very closely the starting
or threshold potential of high-Q magnetron oscillators,

There are in general three regions to be considered in the
non-oscillating magnetron interaction space: the inner or sub-
synchronous swarm, the synchronous swarm, and the space-charge-free
region. The boundary of the sub-synchronous swarm is determined by
the intersection of the synchronous energy curve and the actual poten-
tial energy curve indicated es point 0 in Fig. A.1l. For values of r
less than T, the synchronous energy is greater than the space potential
given by Eq A.9; therefore, the electrons cannot reach synchronous
energy in this region. In the region outside of r = T it is assumed
that the electrons give up energy to the rf field so that they remain
at the synchronous energy level. This transfer of energy is continuous,
energy being taken from the dc field and transferred to the rf field
through the medium of the space charge. This is one of the distinguish-
ing characteristics of the magnetron. The electrons can maintain

synchronism to the limit that the potential distribution in the
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interaction space satisfies Eq A.30. Outside of this limit there will
be no electrons and a space-charge-free region will exist. The poten-
tial distribution in the region outside the synchronous swarm will be
logarithmic,

Since the electrons reach the anode with an energy of at
least E volts, the maximum electron interaction efficiency for a

magnetron may be expressed as

n = aE- o (A.33)

The important relations for a conventional non-oscillating

high-Q magnetron thus become:

2
Bge 2 rc2
EU = &g T 1l- -5 (A.10)
r&

This is the Hull cutoff potential for a magnetic cylindrical diode, no

rf fields present.

Boa'3 2 rc2
EO = —g'm—ra l--—2- (a.20)
r
a
im 2 2
E, = 55 Wn Ta (A.18)
n
2'6 Wn
Bo = 3~ (a.21)
r
1- _°__>
r
a
m 2 2 1m 2 2
Ep = § @, Wn(Ya ~Tc)-55% Y (&.31)
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(A.32)

-9
_ 1o
€ = o farads /meter
8
¢ = 3x 10 meters/sec.
a; = 1 for ordinary values of r,/r,

L = length of cathode emitting surface (meters)

I, = the current that just begins to flow when the mag-

netic field is Bo and the anode voltage reaches Eo

with no rf field applied (Ref. 2k4).

The ratios:

td

=
Eo

H|H
o |P

are, In general, sufficient to allow scaling of a magnetron. That is,

in the design of a magnetron, one can first select values for f, E

a’

B, and Ia. s then design the interaction space so that the above ratios

are the same as for a known operable magnetron and the performance of

the new magnetron will be the same as in the original magnetron.
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