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Abstract— The harmonic recirculating planar magnetron
(HRPM) is a frequency-agile, multispectral HPM source. The
HRPM implements an L-band oscillator (LBO) and an S-band
oscillator (SBO) near 1 and 2 GHz, respectively. The novel
coaxial-all-cavity-extraction (CACE) method was implemented to
extract power from the SBO. The two oscillators demonstrated
harmonic frequency locking, where the SBO frequency locked
to the LBO second harmonic frequency. The two oscillators are
concluded to operate as a damped, driven, harmonic oscillator
system. In the locked state, the LBO acts as the driving oscillator,
the SBO acts as the driven oscillator, and the coupling mechanism
between the two oscillators is the harmonic content in the electron
spokes as they propagate directly from the LBO to the adjacent
SBO. The two primary variables studied in this system are
the LBO harmonic frequency and the SBO quality factor, Q.
In isolated SBO experiments, the dominant operating state of
the magnetron was the 5π /6 mode. However, when operated in
tandem with the LBO, the SBO was forced to operate in the
π-mode. Output powers in HRPM experiments generated SBO
powers of 9.5 ± 1.4 MW at high Q, 19 ± 6 MW at moderate Q,
and 28 ± 9 MW at low Q. Output powers in the isolated SBO
configuration were not significantly different from the HRPM.
By experimentally manipulating the hub drift direction and
altering the evolution of harmonic content received by the SBO,
the locked state was significantly diminished, suggesting that the
beam spokes play a crucial role.

Index Terms— Frequency harmonics, frequency locking, high-
power microwaves (HPM), radio frequency extraction, relativistic
magnetron.

I. INTRODUCTION AND MOTIVATION

MAGNETRONS are microwave oscillators used in a
range of applications, spanning from fundamental sci-

ence to defense and medical technologies. For defense appli-
cations, relativistic magnetrons are of particular interest as
sources of high-power microwaves (HPMs) [1]–[4]. Tens of
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millions of magnetrons are manufactured annually for use in
systems ranging from microwave ovens to radar because they
are uniquely compact, energy dense, and highly efficient [5].
The relativistic magnetron [6], [7] satisfies the specific need for
very high RF power generation, reaching as high as Gigawatt
level output powers. A limitation of the magnetron is that it
is narrowband, often designed to generate a single frequency.
This is undesirable in systems designed to deliver energy to
a target that may couple more strongly to electromagnetic
radiation in one frequency band than another. To expand the
frequency range of a conventional magnetron, one solution is
operation in different modes on the anode slow-wave structure
(SWS) [8]. This can be achieved by altering the operating
voltage or applied magnetic field, but in practice, these are
often held constant.

Magnetrons are commonly made frequency agile by intro-
ducing tuning methods to mechanically change the elec-
tromagnetic boundary conditions, and, thus, the resonant
frequency, of the anode SWS. Tuning ranges up to 33%
have been demonstrated [9]. However, this mechanical change
still limits the magnetron to operate at a single frequency
on the microsecond scale. To produce multiple frequencies
simultaneously with a single source, one viable solution is
to use multiple SWSs. This approach has been applied to
magnetically insulated line oscillators, traveling wave tubes,
and backward wave oscillators [10]–[12].

Contrary to the conventional magnetron, often marked
by a central cylindrical cathode and surrounding cylindrical
anode with an azimuthally symmetric SWS, University of
Michigan (UM) investigators invented the recirculating planar
magnetron (RPM) [13]–[15]. The RPM geometry recirculates
the Brillouin hub using two cylindrical bends that connect
planar regions on opposite sides of a planar cathode. This
approach elongates the cathode-emitting surface, enabling it to
emit larger currents in the space-charge-limited regime where
HPM sources are often operated. Furthermore, the opposing
planar regions on the anode allow for the implementation of
two different SWSs synchronized to the same beam velocity.
This enabled the multifrequency RPM (MFRPM) [16], [17]
to become the first magnetron to simultaneously produce
multiple frequencies. The MFRPM implements an L-band
oscillator (LBO) and an S-band oscillator (SBO), specifically
designed for operation near 1 and 2 GHz, respectively. The
MFRPM is also the first such magnetron to demonstrate
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Fig. 1. Particle-in-cell simulation of the HRPM in ICEPIC, showing spoke
generation in the LBO and SBO regions. The spokes and their harmonic
content are much better preserved in the planar drift region between the two
oscillators, whereas they are significantly dispersed after traveling around the
recirculating bend following the SBO.

harmonic frequency locking [18], a phenomenon where the
SBO resonant frequency locked to the second harmonic of
the LBO operating frequency. When this locked state was
discovered, it was theorized that the locking mechanism
between the two oscillators was harmonic content in the beam
spokes passed from the LBO to the SBO via the recirculating
bend. However, this device was not frequency tunable; without
varying the magnetic field, the LBO and SBO were each
capable of operating at a single frequency. Additionally, the
MFRPM did not demonstrate the efficacy of a magnetron that
could generate more than two frequencies. This is because the
LBO and SBO were placed on opposite sides of the planar
cathode; it did not conclusively demonstrate whether two
planar oscillators at different frequency bands could reliably
operate adjacent to each other with only a planar drift region
between them.

The harmonic RPM (HRPM) was developed at UM to
demonstrate the possibility of an even more robust multispec-
tral magnetron. The two oscillators of the HRPM are placed
adjacent to each other, on the same side of the cathode, with
the opposing side of the anode left as a smooth-bore drift
region. In a more advanced prototype, this drift region could
be replaced with another set of oscillators scaled to operate
at different frequencies from the opposing pair. Specifically
designed to study and take advantage of harmonic frequency
locking, the HRPM implements its own frequency-agile LBO
and SBO. Its applied magnetic field is oriented such that the

�EDC x �B drift velocity forces the electron hub and its harmonic
content to travel directly from the LBO to the adjacent SBO,
locking the SBO operating frequency to the tunable LBO.
The shorter, planar drift region better preserves the spokes’
harmonic content than the cylindrical recirculating bends
through which the spokes in the MFRPM needed to traverse.
The recirculating bends disperse and demodulate the spokes,
reducing the harmonic content; this effect is evident in Fig. 1,

as there are no spokes preserved in the planar drift region
opposite to the cathode of the two oscillators. Furthermore,
an additional oscillator tuned to the fourth harmonic of the
LBO could theoretically be placed downstream and locked to
the SBO. The HRPM serves as a prototype for a frequency-
agile magnetron capable of producing four or more frequencies
simultaneously at MW power levels.

II. DESIGN AND COLD TEST

The concept of harmonic frequency locking is important
because it strongly influences the design decisions made for
the HRPM. Based on evidence from experiments on the
MFRPM, it is hypothesized that the LBO and SBO of the
HRPM will behave as a damped, driven, harmonic oscillator
system. The driving oscillator is the LBO, and the driven
oscillator is the SBO. The coupling mechanism between the
two is thought to be the harmonic content in the beam spokes
as they propagate from the LBO to SBO. Fig. 1 shows an
Improved Concurrent Electromagnetic Particle in Cell Code
(ICEPIC) [19], [20] simulation of the modulated beam drifting
from the LBO to SBO.

The driving oscillator (LBO) delivers an excitation or
driving frequency to the driven oscillator (SBO); in the HRPM,
the driving frequency is the LBO’s second harmonic. The
driven oscillator will, when operating independently, oscil-
late at a particular mode-dependent, free-running frequency.
When the SBO is driven exactly at its π-mode free-running
frequency, it is expected to generate maximum power output.
However, when there is some difference between the driving
frequency and the driven oscillator’s free-running frequency,
the driven oscillator is expected to oscillate at the excitation
frequency and simply generate less output power. The fre-
quency range wherein the oscillators lock is determined by
the quality factor (Q) of the mode being excited.

Ultimately, to test the driven oscillator hypothesis and gain
more insight into harmonic frequency locking, the HRPM
was designed with two specific, controlled variables in mind:
driving frequency and total quality factor.

The driving frequency is varied to determine the locked
bandwidth between the LBO and SBO. Thus, the LBO was
designed with frequency agility in mind. Fig. 2(b) depicts the
anode from the point of view of the cathode and demonstrates
how frequency agility is achieved using cylindrical tuners.
They are located in the back of the LBO cavities and designed
to plunge downward from the top of the anode, with the depth
of their penetration denoted by the variable L. With this tuner,
the LBO frequency can be adjusted on a shot-by-shot basis.

The other variable of interest is the total quality factor, Qt ,
of the mode targeted for locking on the SBO. By decreasing
Qt , the bandwidth of the mode increases; in doing this,
the harmonic locked bandwidth is predicted to increase as
well. The Qt can be decreased by increasing the coupling
between the extractor and the SBO. In the HRPM, this is
controlled by the length, h, of the coupling aperture, shown
in Fig. 2(b), connecting the SBO cavities to its extractor.
Three different versions of the SBO were fabricated and tested,
all with different values of h, with the intent of performing
experiments at high Qt , moderate Qt , and low Qt .
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Fig. 2. (a) Top-down cross section of the HRPM. (b) Unit cells of the
SBO (top) and LBO (bottom) cavities, pictured from the view of the cathode.
The two independent variables are illustrated: the aperture length h and tuning
rod depth L . (c) Cross section of the entire experimental assembly with several
components transparent. The tuning stubs plunge downward into the cavities,
translating along the central axis.

Due to physical limitations introduced by the inner radius
of the electromagnets and vacuum chamber, some design

concessions were made. There was not ample physical space
to extract microwave power from both planar oscillators and
maintain frequency agility on the LBO. In the interest of
investigating harmonic frequency locking, it was decided that
extraction of microwave power from the SBO was more
pertinent than extraction from the LBO.

Thus, coaxial-all-cavity-extraction (CACE) was imple-
mented on the SBO [21]. The extractor is designed for
operation in the π-mode, where the electric field tangent to the
flow of electrons advances 180◦ per cavity. Such a field pattern
can excite a transverse electromagnetic (TEM) wave in all
three coaxial transmission lines (CTLs) simultaneously, each
coupled to the SWS cavities through slots of length h. Other
modes that may dominate and interact with the space charge
will have one or more null cavities whose phase does not
advance. One example is the 5π /6 mode, whose field pattern
does not advance in one of the two central cavities, resulting in
weak excitation of a TEM wave in the central CTL. This may
cause an uneven distribution of power in the CTLs, where the
two outer lines propagate greater fractions of the power when
compared with the π-mode. This could result in breakdown
of one of the CTLs and significant physical damage to the
extractor. The π-mode is best equipped to evenly distribute
the power across all three lines, enabling safer operation near
the Kilpatrick limit [22].

As the electromagnetic waves propagate down the transmis-
sion line, the smaller diameter coax is adapted to the larger
diameter coax outside of the test chamber with a flared and
tapered adaptor. The larger diameter portion of coax is then
adapted to waveguide with a distributed field adaptor (DFA),
originally designed for use in RPM-CACE [21]. The DFA has
a passband in the range of 1.85–2.2 GHz. Finally, the extracted
microwave energy is measured with a directional coupler, and
each waveguide is terminated with a microwave load.

The spacing between adjacent cavities, or circuit pitch,
of both oscillators was largely determined by the DFA pass-
band and inner diameter of the test chamber. The magnetic
field necessary for interaction between the SWSs and the
space charge hub is determined by the Buneman–Hartree
condition [23] stated in (1). The relevant parameters are the
gap voltage, VBH, magnetic field, B , electron mass, m, speed
of light, c, elementary charge, e, AK-gap distance, D, and
normalized SWS phase velocity, vph/c ≡ β

VBH = β B Dc − mc2

e

(
1 −

√
1 − β2

)
. (1)

In this application, it is desirable to minimize the required
magnetic field to ensure the electromagnets can provide
the necessary field strength. While maintaining synchronism
between the SWS and space charge hub, the lowest magnetic
field possible corresponds to the fastest SWS phase velocity
allowed by the application. The phase velocity, vph, is deter-
mined by the mode of operation, oscillation frequency, and
circuit pitch, according to the following equation:

vph = ω
/
β = 2π f

(ϕ
/

P)
. (2)
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The relevant variables are the circuit pitch, P , frequency, f ,
angular frequency, ω, wavenumber, β, and advancement of the
phase in the tangential electric field per unit cell, ϕ.

The most desirable mode is the π-mode, so the phase
velocity can only be increased by raising the frequency or
circuit pitch. The maximum allowed frequency is determined
by the upper frequency limit of the DFA, and the maximum
possible circuit pitch is determined by the diameter of the
vacuum chamber and electromagnets. Thus, for the SBO,
the largest circuit pitch considered possible with a 6-cavity
array was determined to be 1.6 cm. The electromagnetic
solver high-frequency structure simulator (HFSS) was used
to determine the cavity length necessary (2.8 cm) to set the
π-mode frequency near 2.2 GHz, which is the upper edge of
the DFA passband.

The LBO was designed knowing the phase velocity, fre-
quency, and circuit pitch of the SBO. To synchronize with
the same electron beam as the SBO, the LBO must have the
same phase velocity. To test the driven oscillator hypothesis,
its oscillation frequency, when tuned correctly, must be half of
that of the SBO. This ultimately means its circuit pitch must
double that of the SBO. The LBO cavity length and tuner
parameters were determined in HFSS to provide a large range
of available frequencies to excite the SBO. The number of
LBO cavities was set to three upon consideration of the results
obtained from particle-in-cell solvers CST-Particle Studio [24]
and ICEPIC, although it may have been possible to reduce the
number of cavities to two. Four or more cavities were avoided
due to the size constraints previously outlined and to reduce
the possibility of mode competition with the desired π-mode.

It is expected that the quality factor will behave in accor-
dance with the following equation, where Qt is the total
quality factor, Qu is the unloaded quality factor, and Qext is
the external quality factor [25]:

1

Qt
= 1

Qu
+ 1

Qext
. (3)

The unloaded quality factor arises from ohmic losses due to
the finite conductivity of the SWS and radiative losses. Dur-
ing the experiment, the HRPM rests in an electrically large test
chamber that may allow some portion of the electromagnetic
energy generated in the cavities to radiate out. However, Qu is
not expected to change when h is varied. When h is increased,
the quality factor presented by the extractor Qext is expected to
decrease, thus resulting in decreased Qt and increased output
power.

Cold tests were performed on the HRPM with an HP
8722D vector network analyzer to assess the frequency and
quality factor of relevant resonant modes. The two outer SBO
waveguides were excited and S21 was measured. Resonant
modes result in peaks on each S21 measurement; the labeled
local maxima in Fig. 3(a) are modes on the SWS identified
using HFSS. A similar method was performed with the LBO
by exciting recessed microwave B-dot loops in the two outer
cavities and measuring S21 to find the resonant π-mode peak.
Fig. 3(b) plots the LBO cold test harmonic frequency and
overlays the SBO π-mode cold test frequency for each quality
factor tested. The LBO frequency is linear in the region where

Fig. 3. (a) For each value of h, S21 is measured by exciting the two
outer waveguides of the SBO extractor. Prominent peaks are observed for the
π -mode and 5π /6 mode. (b) LBO cold test harmonic frequencies as a function
of tuner position (circles) with SBO π -mode frequency plotted for each value
of Qt (dashed lines). With beam loading, it is expected that the targeted SBO
modes will fall in the preferred, linear LBO tuning range of 2–11 cm.

L ranges from 2 to 11 cm, and it is, therefore, preferred to
operate in this range. Due to beam loading, the LBO hot test
harmonic frequency is expected to decrease more than the
SBO frequency, pushing the targeted modes further into the
preferred tuning range.

The total quality factor and cold test frequency of the
relevant resonant modes on the SBO were determined with
the 3-dB method [26] as h was varied from the data given
in Fig. 3(a) and are shown in Table I. Significantly, the π-mode
quality factor monotonically decreases as expected, while the
5π /6-mode quality factor is relatively unaffected. The resonant
frequency of both modes decreases in each case, as they are
further loaded by the extractor.

III. HRPM EXPERIMENTS

HRPM hot test experiments were driven by the Michi-
gan Electron Long Beam Accelerator-Ceramic Insulator
(MELBA-C) at −300 kV, drawing roughly 1 kA at generation
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TABLE I

COLD TEST QUALITY FACTOR AND FREQUENCY OF THE
RELEVANT MODES MEASURED IN HOT TEST, LISTED AS

A FUNCTION OF THE SLOT LENGTH h . THE π -MODE

QUALITY FACTOR MONOTONICALLY DECREASES

WITH h , WHILE THE 5π /6 QUALITY FACTOR IS
RELATIVELY UNAFFECTED

of peak microwave power. Voltage is applied for pulse lengths
of 300–500 ns. This configuration is expected to give more
insight on the driven oscillator hypothesis with respect to
harmonic frequency locking. Experiments with the aperture
length set to h1 (high Qt ), h2 (moderate Qt ), and h3 (low Qt )
were performed at a single magnetic field of 0.308, 0.284, and
0.283 T, respectively. The LBO frequency, SBO frequency, and
output power were determined using the following processes.

To determine SBO output power and frequency, each of the
three output waveguides feed their own directional coupler
whose output signal is then split into two different compo-
nents. One signal is passed through a calibrated HP 8472B
Low-Barrier Schottkey Diode (0.3-dB precision) into an oscil-
loscope for measuring power; the other raw signal is measured
directly by a 6-GHz, 20-GSa/s Agilent 58455A oscilloscope.
Directly sampled signals undergo Fourier analysis to determine
a dominant frequency for each SBO waveguide output. For
each shot, a single composite SBO frequency is determined
as the arithmetic mean of the dominant frequency from each
of the three sampled signals, that is, fcomp = ( f1 + f2 + f3)/3.
Sample signals for both the SBO and LBO and their Fourier
transform data are given in Fig. 4.

The LBO frequency is sampled using the same microwave
B-dot loops used in cold test. The output signals are directly
sampled at 20 GSa/s. The dominant frequency of all LBO
B-dot outputs is determined with Fourier analysis. A single,
composite LBO frequency is determined for every shot as the
arithmetic mean of the dominant frequency from all available
B-dot signals. This distinction is made because different
numbers of B-dot probes were available for the high, moderate,
and low Q experiments. The high Q experiment only sampled
the middle LBO cavity. Probes were placed in all three LBO
cavities for the moderate Q experiment, but the cables used
to sample the B-dots in the two outer cavities were destroyed
at different points in the experiment by axial endloss from
the cathode. Finally, in the low Q experiment, after garnering
some experience from the two previous experiments, all three
B-dots were sampled for every shot by adequately shielding
their cables from endloss currents. Thus, in the low Q exper-
iment, a single composite LBO frequency is determined for
every shot as the arithmetic mean of the dominant frequency
from each of the three sampled signals; in the same manner as
the SBO, fcomp = ( f1 + f2 + f3)/3. However, in the two other
experiments, each composite frequency was determined by the

Fig. 4. Waveforms and Fourier transforms from MELBA shot 17 755, with
L = 4.5 cm and h = h3. (a) Normalized B-dot signal of the center LBO
cavity is overlaid with the normalized waveguide signal from the center SBO
output. The signals from the other two B-dots and waveguides are not shown.
(b) Fourier transforms for the three LBO and SBO signals. The dominant
peaks of all three LBO signals cluster near 1.053 GHz, while the SBO signals
lock to the harmonic frequency near 2.105 GHz. Notice the smaller harmonic
peaks from the LBO also located near 2.105 GHz. For both the LBO and
SBO, the composite frequency is the arithmetic mean of all signals that
were measured. In this shot, the LBO composite frequency is 1.0526 GHz,
its composite harmonic frequency is 2.1052 GHz, and the SBO composite
frequency is 2.1059 GHz.

arithmetic mean of one, two, or three signals, depending on
how many probes were available for that specific shot.

The output frequency results for the HRPM are shown
in Fig. 5. At each tuner position L, multiple shots were
taken. Each data point for the LBO harmonic frequency trend
and SBO frequency trend represents the arithmetic mean of
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Fig. 5. LBO harmonic frequency and SBO frequency trends as a function
of tuner length (L) for (a) high Qt , (b) moderate Qt , and (c) low Qt .
For each value of L , multiple shots were taken. The arithmetic mean of
the set of composite frequencies at each value of L determines the plotted
trends. Error bars extend one standard deviation from each data point.
(c) Diamonds represent shots where the SBO exhibited drastically different
operating frequencies in one of the outputs when compared with the other two.
Operation in the π -mode is observed when the LBO is tuned to the appropriate
value of L , and the arrows indicate the tuner position where maximum SBO
output power was observed. In each case, maximum power was observed
within 10 MHz of the free-running SBO π -mode frequency predicted by PIC
simulations in CST-PS. The SBO frequency locks more consistently to the
LBO harmonic frequency and over a wider range as the π -mode quality factor
is decreased.

all composite frequencies taken at that specific value of L.
That is, for the SBO, every data point is determined as

favg = ( fcomp,1 + fcomp,2+ …+ fcomp,n)/n, where n is the
number of shots taken at that value of L. For the LBO,
the average dominant frequency for each value of L is
determined with the same process. The plotted trend is the
collection of the average frequencies, multiplied by two to
get the average harmonic frequency. At each value of L,
the standard deviation is calculated from the associated set
of composite frequencies; the vertical error bars extend one
standard deviation in each direction from the data point. All of
this information is overlaid with the SBO 5π /6- and π-mode
cold test frequencies. The LBO is tuned across a range suitable
for excitation of both the 5π /6- and π-modes on the SBO.
A total of 131, 88, and 93 shots were taken at high Qt ,
moderate Qt , and low Qt , respectively. At low Qt , a total
of seven shots demonstrated significant mode competition
between the π and 4π /6 modes to the point where each
was dominant in one or two waveguides but not all three.
For reference, three of these shots are displayed separately
in Fig. 5(c) in diamonds. The others are removed for plotting
purposes.

As the tuner depth is increased, the LBO harmonic fre-
quency increases as expected from the cold test results of
Fig. 3(b). For each quality factor tested, the SBO demon-
strates harmonic frequency locking with the LBO harmonic
frequency across a certain range of L. Furthermore, the SBO
frequency can be controlled across a wider range as the quality
factor decreases, which is consistent with the driven oscillator
hypothesis.

This is an important result; by correctly adjusting its quality
factor, the SBO is made frequency agile due to the presence
of the LBO. Judging from Fig. 5, the locked ranges are
2.165–2.182 GHz at high Qt , 2.134–2.149 GHz at moderate
Qt , and 2.072–2.105 GHz at low Qt . Additionally, as the total
quality factor is decreased across the three experiments, both
the SBO and LBO frequencies track in a more consistent and
linear fashion with the tuner length. The error bars significantly
decrease across the tested range of L as the quality factor
is decreased, demonstrating increased shot-to-shot consistency
due to harmonic frequency locking.

Significantly, the SBO was observed to operate in π-mode
in the HRPM geometry, whereas π-mode was not observed
as a dominant mode in the isolated SBO experiment (to be
presented later). This is demonstrated in Fig. 5, where at
certain tuner positions, the SBO output frequency can be tuned
to agree more with the π-mode than 5π /6-mode cold test
frequencies. This is another important result, as it shows the
introduction of an upstream LBO can be used as a form of
mode control on the SBO.

The SBO demonstrated some interesting behavior in
unlocked portions of the tuning range as well. First, consider
Fig. 5(a) where L ranges from 6.2 to 7.6 cm. The SBO average
frequency does not agree with any mode observed in cold test.
This is again because the output frequencies in each waveguide
were significantly different from each other. In this range,
for a given shot, the waveguide outputs corresponding to the
center or right-most pair of cavities [referencing Fig. 2(a)]
may demonstrate π- or 5π /6-mode dominance. Meanwhile,
the waveguide output corresponding to the pair of cavities
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nearest to the LBO may demonstrate harmonic frequency
locking. This results in a composite frequency that is neither
harmonically locked nor consistent with any specific mode
found in cold test. Because this behavior is inconsistent, large
error bars are observed in this portion of the tuning range.

Additionally, consider Fig. 5(b), where π-mode operation is
consistently demonstrated with L ranging from 8.0 to 8.5 cm
in an unlocked state. In this range, the SBO hot test frequency
of 2.147 GHz agrees well with the π-mode cold test frequency
of 2.154 GHz, even as the LBO harmonic frequency continues
to increase; the frequency difference is very likely due to beam
loading. This region of unlocked operation shows that, even in
the absence of harmonic frequency locking, the LBO strongly
influences the operating mode of the SBO.

Finally, SBO output power is plotted in Fig. 6 as a func-
tion of the tuner position and total quality factor. The total
microwave power is defined as the sum of the three output
waveguides, and the peak power is the maximum of this total
power pulse. The red Xs indicate individual shots, whereas the
black circles and error bars represent the arithmetic mean and
standard deviation of the peak power for all shots taken at that
tuner position, respectively. First, note that the extracted power
increases as the π-mode Qt decreases, which is expected.
Maximum power output of the SBO is observed with L set to
8.4, 7.5, and 4.5 cm at high Qt , moderate Qt , and low Qt ,
respectively. At these optimal operating points, the SBO mean
composite frequency was 2.173 GHz ± 7.1 MHz, 2.148 GHz
± 2.8 MHz, and 2.102 GHz ± 1.5 MHz. These points are
marked in Fig. 5 with black arrows, each demonstrating
optimal operation when the SBO is excited slightly below
the π-mode cold test frequency. This is also consistent with
the driven oscillator hypothesis: when π-mode is excited on
resonance, maximum power output is observed. The π-mode
free-running frequency, obtained from PIC simulations in CST-
Particle Studio, was predicted to be 2.1775 GHz at high Qt ,
2.14 GHz at moderate Qt , and 2.092 GHz at low Qt . All these
agree within 10 MHz to the mean composite frequency of the
SBO where maximum power was observed, further suggesting
that it was indeed being driven on resonance.

The output power is compared with isolated SBO
in Table II; at high Qt and moderate Qt , the output power is
not changed from isolated SBO to HRPM operation, whereas
at low Qt , the HRPM output power is approximately 25%
lower than the isolated SBO experiment.

IV. ISOLATED SBO EXPERIMENTS

Additional experiments were completed with a smooth-bore
drift region in place of the LBO. In these isolated SBO
experiments, the magnetic field was swept for each aperture
length to determine its effect on the SBO operating mode and
output power.

Fig. 7(a) depicts the frequency information from the isolated
SBO hot test. The 4π /6 and 5π /6 modes were dominant in the
isolated SBO experiment; significantly, the π-mode was not
observed as a dominant mode. Thus, for each value of h that
was tested, it was either the 4π /6 or 5π /6 mode that resonated

Fig. 6. SBO peak output power as a function of L for (a) high Qt (h1),
(b) moderate Qt (h2), and (c) low Qt (h3). Red crosses indicate individual
shots, and black circles indicate the arithmetic mean of all peak powers
recorded for an individual value of L. The standard deviation was also
calculated for each collection of shots at a given L . The spread is represented
in the error bars, which extend one standard deviation in each direction.
In each case, maximum power generation is observed when the SBO π -mode
is excited 5–20 MHz beneath its cold test frequency, as indicated by the black
arrows in Fig. 5. It is plausible that the π -mode free-running frequency would
fall in such a range due to beam loading. Note that the vertical axes in each of
these plots are different. This is because it is important to clearly demonstrate
where maximum power is generated in each experiment. As h is increased
and, thus, the π -mode Qt is decreased (shown in Table I), the expected result
of increased output power is observed.
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TABLE II

COMPARISON OF OPERATION BETWEEN THE ISOLATED SBO
EXPERIMENTS AND HRPM EXPERIMENTS. HRPM

EXPERIMENTS DEMONSTRATED π -MODE DOMINANCE

AT POWERS COMPARABLE TO THE ISOLATED SBO
EXPERIMENTS THAT OPERATED PRIMARILY

IN THE 5π /6 MODE

most strongly. More often, the 5π /6 mode was dominant, and
thus, its data are presented in ellipses, where the height and
width indicate the spread from several shots. On the other
hand, the 4π /6 mode appeared seldom enough that it suffices
to present the composite frequency of each shot individually,
as Xs.

For each shot, a single composite frequency is determined
as the arithmetic mean of the three waveguide outputs, in the
same process that was implemented for the HRPM. The
center of each ellipse is located at the arithmetic mean of
all composite frequencies from a cluster of shots operating
in the 5π /6 mode at a given magnetic field. The width and
height of each ellipse represent one standard deviation in
the magnetic field and composite frequency measurements,
respectively. Therefore, smaller ellipses represent data with
little spread. A total of 50, 77, and 64 shots were taken with
the aperture length set to 28 mm (h1), 32 mm (h2), and
36 mm (h3), respectively. In each set of experiments, the total
number of shots was distributed evenly among the magnetic
fields tested.

The experiments demonstrated that the SBO 5π /6 mode
was consistently the dominant operating state. For each aper-
ture length, the composite output frequency on most shots
agreed best with the 5π /6 mode cold test frequency. At h1,
the 5π /6 mode was dominant on every shot, whereas at h2 and
h3, it was dominant on 74% and 75% of the shots, respectively.
At h2 and h3, the 4π /6 mode located at 1.98 and 1.95 GHz
was observed on 20% and 15% of shots, respectively. The
remainder of the shots (6% at h2 and 10% at h3) demonstrated
a large degree of mode competition such that one frequency
would be dominant in one output waveguide, while another
would be dominant in the other two. Thus, on these shots,
the composite frequency was bounded between the two modes
previously discussed. These data points are excluded from
Fig. 7(a) because it is not obvious that they agree with any of
the cold test mode frequencies, but this is only because there is
strong mode competition between the 4π /6 and 5π /6 modes.
Again, the π-mode was not observed as a dominant mode in
the isolated SBO configuration.

Fig. 7(b) presents the isolated SBO output power para-
meterized as a function of magnetic field and h. Each data

Fig. 7. (a) Composite output frequency information for the isolated SBO
configuration is displayed in the form of ellipses and crosses as a function
of the magnetic field and aperture length h. Each ellipse is centered at the
arithmetic mean of the magnetic field and power measurements for a set
of shots demonstrating 5π /6 mode operation, while each X represents the
composite frequency and magnetic field measurements for individual shots
operating in the 4π /6 mode. The height and width of each ellipse repre-
sent one standard deviation of the composite frequency and magnetic field
measurements for the sets of shots operating in the 5π /6 mode, respectively.
Significantly, the π -mode was not observed. The 5π /6 mode was dominant
in the majority of shots for each value of h. (b) Output power is given as a
function of magnetic field and h. The data points are located along the ordinate
at the arithmetic mean of the output power for all shots at a given magnetic
field. Vertical and horizontal error bars extend one standard deviation in either
direction. The output power was observed to increase as h was increased.

point represents a set of shots tested at one magnetic field,
although there was a small amount of spread in the magnetic
field measurements. Therefore, these data points are centered
at the arithmetic mean of the sets of peak output power and
magnetic field. For each set clustered at one mean magnetic
field, the standard deviation was calculated for the output
power and magnetic field measurements. The vertical and
horizontal error bars, thus, extend one standard deviation from
the arithmetic mean for these clusters. The greater values
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of h yielded increased output powers. At h1, h2, and h3,
the highest output powers are 9.9 ± 1.7 MW, 18 ± 5.2 MW,
and 37 ± 12 MW, at magnetic fields of 0.215, 0.210, and
0.206 T, respectively. These are compared to HRPM operation
in Table II, which is given Section III.

In the low Qt experiments, the isolated SBO operated at
an instantaneous peak efficiency of 18% ± 8% at the optimal
magnetic field for power generation, while the HRPM had an
efficiency of 9% ± 2% at the optimal tuner position. This
is defined as the ratio of the SBO power to the cathode
power, each measured at the time of peak microwave power
generation. The cathode power is defined as the product of
current entering the magnetron and the applied voltage. It is
suspected that a large amount of current becomes endloss,
emitted from the tops of the planar cathode, so the electronic
efficiency may be higher. The amount of endloss has not
been experimentally measured, but physical hardware such as
cables have been damaged and destroyed due to the presence
of axial currents in the chamber. Cathode endloss could be
improved by using materials better suited to insulate emission.
The efficiency could also be improved by further decreasing
the quality factor. In the HRPM, it is speculated that the SBO
could operate at a Qt even lower than possible in the isolated
SBO. Here, the LBO would act as a driving oscillator that,
with its harmonic content, promotes the SBO to start when it
otherwise could not oscillate in isolation [27].

The efficiency could also be improved by extracting from
the LBO. The isolated SBO demonstrates a greater efficiency
than the HRPM likely in part because the LBO is not present.
In the HRPM, the LBO draws current, but none of its power
is extracted. Thus, efficiency could be improved with the
implementation of extraction on the LBO. However, this could
perhaps be detrimental to the device. It is possible that the
highly repeatable output frequencies observed in Fig. 5(c)
are enabled because the LBO is itself a comparatively high
Q oscillator. As a high Q oscillator, its frequency does not
drift, but if its quality factor was decreased then the LBO
would likely impart a greater range of harmonic frequencies
upon the SBO, resulting in output frequencies with greater
variance. Additionally, it is unclear how extraction would
affect harmonic content in the hub and consequently the
kinetic interaction between the oscillators. Implementation of
extraction on the LBO would be of significant importance in
a subsequent prototype.

Despite the fact that the application of (3) appeared to be
appropriate for the π-mode, this does not appear to be the
case for the 5π /6 mode. As shown in Table I, the 5π /6 Qt

remains relatively constant as a function of h, which suggests
the output power in this mode should not increase as h is
increased but rather remain the same. Although this is not
understood, the fact that the 5π /6-mode output power increases
as h increases suggests that Qext is indeed inversely propor-
tional to h. This is only possible if, according to (3), Qu is
proportional to h for the 5π /6 mode, but it is unclear why
that would be. Because operation of the HRPM experiments
primarily concerns the π-mode, this result was not pursued
further.

Fig. 8. Average LBO harmonic frequency and individual waveguide frequen-
cies over L for the low Qt reverse magnetic field experiment. By reversing
the magnetic field, harmonic frequency locking is significantly reduced. This
is the expected result, because the harmonic content in the LBO-modulated
electron hub would diminish as it travels a much larger distance to reach the
SBO.

V. HRPM EXPERIMENTS WITH REVERSED

MAGNETIC FIELD

To further examine the nature of the locking mechanism
between the two oscillators, an experiment was performed
with the magnetic field oriented in the reverse direction.
By reversing the magnetic field, the electron hub flows from
the SBO to LBO. If the locking mechanism was indeed the
beam, the oscillators would be less likely to lock with the
reverse beam because PIC simulations show that harmonic
content dissipates as the space charge spoke travels around
both recirculating bends and the opposing planar drift region.
As an example, this is demonstrated in Fig. 1, where the spokes
from the SBO are almost nonexistent after traveling around the
first recirculating bend. If the behavior shown in Fig. 5(c) is
still observed with the reverse beam, then perhaps the two
structures are locking due to coupled electromagnetic fields
or some global mode between them, instead of the beam.

This experiment was performed with aperture length set
to h3, or low Qt , and the results are shown in Fig. 8. The
legend adopts the terminology “WG N,” where N represents
the waveguide physically closest to the LBO. For example,
WG 1 is the nearest to the LBO, while WG3 is the farthest
away. A total of 35 shots were taken to complete this experi-
ment, distributed evenly among six different tuner positions.

In this experiment, the waveguide outputs’ demonstrated
behavior so varied that each was separated in the analysis.
While the LBO was unaffected by the change in magnetic
field direction, the SBO frequency significantly varied on a
shot-to-shot basis.

Furthermore, there is no longer a clear trend between the
LBO harmonic frequency and SBO waveguide frequencies.
The output from WG 1 significantly disagrees with the LBO
harmonic frequency across the entire range of L. WG 2 and
3 are in significant disagreement with the LBO harmonic fre-
quency as well, except for when L is set to 4 cm. Interestingly,
at this point, the output frequencies from WG 2 and 3 appear to
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lock to the LBO harmonic, but this interaction ceases in WG 1.
This point aside, the strong interaction between oscillators
observed in Fig. 5(c) was not observed, and it is concluded
that harmonic frequency locking is not demonstrated with a
reversed magnetic field.

VI. CONCLUSION

The HRPM is a multifrequency oscillator designed to
advance the state of the art in high-power multifrequency
sources. The HRPM demonstrated oscillation at L-band and
S-band simultaneously by implementing two planar oscillators
adjacent to each other in the RPM geometry, leaving a
smooth-bore drift region on the opposite side of the cathode.
This smooth-bore drift region could feasibly be replaced with
a pair of oscillators scaled to two other frequencies, enabling
greater multispectral capabilities in a subsequent prototype.
Additionally, each oscillator is frequency agile due to the
leveraging of harmonic frequency locking. Multiple SBO
quality factors and LBO excitation frequencies were examined
to determine their effects on output power and the nature of
the harmonic frequency-locked state. When tested in isolation,
the SBO was observed to operate primarily in the 5π /6 mode,
whereas the HRPM demonstrated π-mode operation. This
shows that the introduction of the LBO can be used as a
method of mode control when tuned properly. Furthermore,
the SBO output power did not significantly change between
the isolated SBO and HRPM experiments. Finally, the SBO
demonstrated operation consistent with the driven oscillator
hypothesis implemented in the design of the HRPM. Reversing
the magnetic field eliminated harmonic frequency locking,
which further validates the coupling mechanism for harmonic
frequency locking in magnetrons is indeed harmonic content
in the beam spokes.
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