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Abstract— Calibrated microwave power and phase
measurements are presented for the first recirculating planar
magnetron prototype consisting of two coupled six-cavity 1-GHz
planar cavity arrays. The results are presented for a solid cathode
and two mode-control cathodes (MCCs) with aluminum or velvet
electron emitters. The measurements were conducted using a
prototype coaxial microwave power extraction scheme. The
experimental operating parameters included: pulsed cathode
voltages between −250 and −300 kV, voltage pulselengths
of 200–600 µs, axial magnetic fields of 0.1–0.32 T, and entrance
currents of 1–10 kA. The results showed improved oscillator
frequency locking for the MCCs and increases in power and
efficiency using the velvet electron emitter.

Index Terms— Cavity magnetron, frequency locking,
high-power microwaves (HPMs), recirculating planar
magnetron (RPM), vacuum electronics.

I. INTRODUCTION

H IGH-POWER microwaves (HPMs) have important
applications to fusion plasma heating [1], advanced

radar, and potentially countering improvised explosive
devices [2]. The optimal combination of compactness and high
microwave power is generally recognized as the magnetron
and its variant, the crossed-field amplifier (CFA) [3]. Thus,
magnetrons and CFAs are utilized extensively in military
systems, including the U.S. Navy’s Aegis combat system and
the Patriot missile system [4]. However, conventional mag-
netrons have several limitations when attempting to scale the
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Fig. 1. Experimental configuration for the phase measurements.
(a) Photograph of RPM-12A viewed from the front. The center plate is
the LC-1 cathode. Anode periodic structures are to the left and right of
the cathode. (b) Cross-sectional top view of the experimental setup for the
RPM-12A phase measurements.

microwave power to hundreds of megawatt or gigawatt levels
at long pulses (microseconds to milliseconds), due in part to
the geometry of the device. The concentric configuration of the
anode and cathode in a cylindrical magnetron inherently limits
the available surface area of both electrodes. This geometric
limitation may restrict both the available current from the
cathode as well as the ability to dissipate heat generated in
the anode.

Researchers at the University of Michigan (UM) have
invented and developed a new variant of the magnetron,
the recirculating planar magnetron (RPM), which addresses
many of the shortcomings of conventional magnetrons for
HPM generation [5], [6]. Fig. 1(a) shows a photograph of
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Fig. 2. Cross-sectional top view of the experimental setup for microwave power measurements with the prototype coaxial extraction system.

the UM RPM-12A, the first RPM prototype [7]. RPM-12A

couples two planar 1-GHz magnetron oscillator sections with
cylindrical bends permitting recirculation of RF and the
electron beam.

The advantages of the RPM include:
1) larger cathode area yields much higher available

electron current at a given current density;
2) larger anode area for improved heat dissipation;
3) decoupling of the design of the anode–cathode (AK) gap

from the vane geometry;
4) scalability to higher powers by increasing the number of

cavities (shown in simulations [8]);
5) decreased volume of magnetic field (scales as N)

compared with that in conventional cylindrical
magnetrons (scales as N2), where N is the number of
cavities.

Computer simulations and experiments at the UM have
demonstrated that this unoptimized RPM device can operate
as a relativistic magnetron with similar efficiencies as conven-
tional cylindrical relativistic magnetrons [9]–[13].

In this paper, we present the first calibrated microwave
power measurements and phase measurements for RPM-12A.

II. EXPERIMENTAL CONFIGURATION

The Michigan electron long beam accelerator with a ceramic
insulator stack (MELBA-C) was used to operate RPM-12A

at voltages between −250 and −300 kV for pulselengths
of 200–600 μs. Pulsed electromagnets were placed approx-
imately 21.6-cm apart in a pseudo-Helmholtz configuration
and centered over the anode region to create a nearly uniform
axial magnetic field, which was varied on a per-shot basis
from 0.1 to 0.32 T. The magnetron was housed within a
cylindrical, 63.5-cm long, 39.4-cm diameter, #304 stainless
steel vacuum chamber and was operated at vacuums between
10−6 and 10−5 torr. The MELBA-C voltage pulse was sampled
by a CuSO4 resistive divider and the current entering
RPM-12A was measured by a Rogowski coil embedded in
the MELBA-C output port.

The phase measurements were obtained using signals
generated by 2-mm2 Ḃ loops installed on both oscil-
lators approximately 4 mm axially from the central
open-ended cavity of each of the RPM-12A anode

slow-wave structures (SWSs), as shown in Fig. 1(b) [14].
The signals from each Ḃ loop were transmitted to the
Faraday cage housing the data recording oscilloscopes
by two identical RG-213U n-type cables. A 4-GHz,
20-GS/s Tektronix 7404 (Tek7404) oscilloscope was used to
directly record the Ḃ signals.

Fig. 2 shows the experimental configuration for RPM-12A

with the first iteration of the coaxial extraction system.
Microwave output power was extracted via two symmetric
coaxial waveguides (2.5-cm Outer Diameter (OD) and
0.75-cm Inner Diameter) whose inner conductors were
mounted directly to the central vane of each oscillator
of the RPM. Axially downstream from the magnetron,
the coaxial transmission line was transitioned to WR 650
waveguide where the RF power was sampled by a directional
coupler (−58 dB), and dissipated in an Ecosorb load.
To observe and diagnose the operation and internal
coupling between each oscillator, the output from each SWS
was not externally combined. The sampled microwave signals
were transmitted to the Faraday cage using two RG-213U
n-type cables and attenuated by 20–25 dB using in-line
attenuators. The signal was split using a two-way power
divider to be: 1) directly sampled by the Tek7404 oscilloscope
and 2) rectified by calibrated Agilent 8472B low-barrier
Schottky diode microwave detectors, which were connected to
a 500-MHz Tektronix 3054 oscilloscope for power
measurement. Direct sampling via the Tek7404 captured
the relative phase of the signals, as well as the time-
dependent frequency information. While an endloss current
measurement was not feasible for this extraction setup,
endloss measurements were performed using a modification
of the setup shown in Fig. 1(b) in which the Lexan output
window was replaced with an electron beam collector. These
measurements were used to estimate the endloss current for
shots conducted using the configuration shown in Fig. 2.

Several cathode variations were used in this paper. The
various cathodes are shown in Fig. 3. The first
embodiment (Low Current (LC)-1) was a solid planar
cathode 24-cm wide, 1.3-cm thick, and 15-cm deep. This
cathode was tested with a bare aluminum surface with
10 × 2 cm strips of dielectric fiber in an emission-priming
configuration [15].
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Fig. 3. Cathode designs and configurations. (a) LC-1. (b) MCC-1.
(c) MCC-2. (d) MCC-2 with Glyptal paint and velvet emitters.

To improve mode separation, the mode-control
cathode (MCC) was developed. While geometrically
similar to the transparent cathode [16], the periodically
slotted geometry of the MCC is unique in that it acted as
both an emission-primed electron source as well as a resonant

TABLE I

CATHODE DESIGN PARAMETERS

TABLE II

FREQUENCY-LOCKING PERCENTAGE

electromagnetic coupler, which facilitated the propagation of
RF power from one oscillator to the other [17]. Two models
of the MCC, designated as MCC-1 and MCC-2, were
constructed for the operation in the unloaded RPM-12A

experimental setup shown in Fig. 1. These two MCC models
were evaluated against LC-1 on the basis of relative phase
differences between symmetric cavities of each planar
oscillator. A summary of the geometric parameters of these
devices may be found in Table I.

Both MCCs featured a periodic array of hollow aluminum
emitters spaced 3.8-cm apart, matching the vane-cavity
periodicity of the surrounding SWS to facilitate emission-
priming of the electrode. The MCC-1 was designed using
five (2.2-cm OD) cylindrical conductors, which provided an
effective AK gap of 3.4 cm. Each rod was press-fit into
two 25-cm long, 5.1-cm diameter end caps spaced 22-cm apart.
The MCC-2, designed to reduce the effective AK gap of the
RPM diode, was composed of five hollow, 1.9 × 3.8 cm
rectangular structures, resulting in an AK gap of 2.6 cm.
Including the end caps, it was 23 cm in length. To suppress
undesirable emission, the end caps of both MCCs were coated
with the Glyptal insulating paint. The final embodiment of the
MCC-2 added (1.9 cm)2 velvet squares to the center of the
cathode using conductive silver epoxy adhesive.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Phase Measurements

High-frequency noise on the Ḃ signals (>1.5 GHz) was
numerically filtered and the time resolved phase of magnetron
oscillations was extracted by application of a Hilbert transform
to generate an analytic representation. Measurement inaccu-
racies were mitigated by restricting our analysis to only the
relative phase difference between the two oscillators. Residual
jitter and noise on the relative phase traces were removed using
a moving average over a 5-ns window [18].

For the purposes of consistency, frequency locking was
defined in our study as a state of operation wherein the
relative phase difference between each oscillator was static
for durations greater than 20 ns with a margin of error
defined ±10°. The data in Table II represent the percentage
of shots having HPM pulselengths in excess of 100 ns that
achieved this locked state during the operation.

The solid aluminum cathode (LC-1) facilitated some margin
of coupling between oscillators via the cylindrical bends
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Fig. 4. Microwave oscillations sampled by the anode Ḃ loops plotted with the
relative phase between each SWS. Here, the cathode variant was the MCC-1.
(a) Onset of oscillations leading to a locked state. (b) Zoomed-in plot of the
locked state above.

of RPM-12A and therefore exhibited instances of coherency
between each oscillator. The LC-1 cathode, which featured
no electromagnetic coupling through the electrode, was also
highly susceptible to electron endloss. This limited both
RF power and the ability of RPM-12A to frequency-lock [19].
The inclusion of end caps in the MCC-1 design, shown
in Fig. 3(b), was observed to reduce parasitic current in the
device from 1.5 kA to less than 0.2 kA, but resulted in a higher
susceptibility to gap closure and subsequent pulse shortening.
This behavior is consistent with [10] and [20] although there
have been instances of end cap implementation that did not
suffer an increase in gap closure susceptibility [14].

The MCC-1 was the first cathode prototype featuring
electromagnetic coupling through the emitting structure and
demonstrated a 9% increased propensity to achieve a state of
frequency-locked operation. Frequency locking occurred, on
average, 111 ns after the first oscillations were observed in
RPM-12A and was typically toward the end of the microwave
pulse. The time to achieve frequency locking was heavily
influenced by mode competition in the device and, in some
cases, extended to more than 180 ns when bimodal operation
was observed. An example of this behavior is shown by the
signal trace in Fig. 4.

The long frequency-locking times observed with the MCC-1
were attributed largely to the 3.4-cm AK-gap, which
severely limited the cross-oscillator coupling provided by the
cathode [17]. The analytic dispersion relation for RPM-12A

with MCC-1 revealed a tightly spaced competitive mode
structure where as little as 3-MHz separation exists between
the even and odd π modes. Furthermore, the magnitude of
the RF electric field on the cathode surface falls off with
increased AK separation, thus limiting the RF power coupled

to the opposing oscillator. Previous simulation work, using the
3-D particle-in-cell code MAGIC, showed that for AK gaps
in excess of 3.0 cm, up to 150 ns of uninterrupted oscillation
may be required to yield a fully locked state of operation.
The improved performance of MCC-1, in comparison with
that of LC-1, was indicative of both this minor improvement
to the coupling between oscillators as well as a reduction in
endloss current.

Improvements to the MCC-1 design were incorporated into
the second prototype, MCC-2, which was described in the
previous section. MCC-2 included a thicker body
(approximately 3.8 cm) to reduce the AK gap from
3.4 cm (for the MCC-1) to 2.6 cm (for the MCC-2). MCC-2
also featured a more conservative end cap design intended
to limit both parasitic current and plasma-induced gap
closure, though the average microwave pulse length did not
statistically improve.

RPM-12A with MCC-2, which achieved frequency locking
on 57% of viable HPM pulses, demonstrated a significant
improvement over MCC-1 (32%). Due to the improved
performance of the MCC-2 over its experimentally tested
predecessors, this cathode was exclusively tested as part of
the power extraction study performed on RPM-12A.

B. Power Measurements

A total of 93 shots were conducted using the setup shown
in Fig. 2 with the objective of measuring the output power.
These shots were divided among two variations of MCC-2.
In the first set, the emitter surface was 101 cm2 of bare
aluminum, and in the second set, the emitter surface area
was replaced with 36 cm2 of velvet fabric and conductive
epoxy adhesive described in the experimental configuration
section.

The voltages varied from −250 to −300 kV, with a brief
overshoot at the peak of the pulse occasionally reaching as
high as −330 kV. The range of magnetic fields was approxi-
mately 0.23–0.27 T for the aluminum emitter and 0.2–0.34 T
for the velvet emitter.

Typical total currents entering the magnetron were 2–4 kA
at the onset of oscillations. Due to the absence of an endloss
current collector in the coaxial power extractor assembly,
the precise endloss current during these shots was unknown.
Quoted efficiencies in this paper are therefore total efficiencies,
not electronic efficiencies.

An additional series of shots was conducted with an endloss
collector in place of the extractor assembly (as described in
the experimental configuration section). These showed typical
endloss currents of less than 200 A, suggesting the end cap
design of the MCC-2 cathode was effective at electrostatically
confining the electron flow to the interaction region. Because
the presence of the extractor does not significantly modify
the fields surrounding the interaction region, it is unlikely
that the endloss current changed significantly between
the shots conducted with and without the presence of the
coaxial power extractor assembly. Furthermore, the relatively
small measured endloss currents suggest the peak electronic
efficiencies were not substantially higher than the quoted total
efficiencies below.
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Fig. 5. Sample shots illustrating the two broad types of the RPM-12A
operational behavior. (a) High-power, short-duration shot using the MCC-2
with a velvet emitter. (b) Low-power long-duration shot using the MCC-2
with a bare aluminum emitter.

Fig. 5 shows two sample shots with the total current,
voltage, and detected RF power for each waveguide. A typical
shot had a total voltage rise time between 100–150 ns.

The characteristic behavior of the current during the voltage
ramp depended on the type of emitter. The bare aluminum
typically drew less current during the voltage ramp than the
velvet up to the onset of oscillations, at which point the current
usually increased rapidly. The velvet usually experienced a
smoother current ramp through the voltage rise time and
the onset of oscillations. After oscillations ceased, current
continued to increase steadily in a manner consistent with
AK diode gap closure and space charge limited emission,
which has been described at length in [14], [21], and [22].

Typical microwave diode detector signals were qualitatively
similar for both the aluminum and velvet emitters. Shots for
each emitter fell into two broad categories: high-power pulses
(>100 MW) with short duration (<50 ns), and lower power
pulses with longer duration. For this analysis, a high-power
pulse refers to the total peak power, which is the peak of
the sum of the two waveguide powers. Fig. 5(a) shows an
example that falls into the former category, having a brief
high-power burst for approximately 40 ns with lower powers
for the remainder of the shot. Fig. 5(b) is an example that

Fig. 6. Comparison of peak total powers using MCC-2 and bare aluminum
or velvet emitters. (a) Peak total power versus |�t|, where �t is the difference
in time between the peak output power for each waveguide. (b) Peak total
power versus magnetic field for shots using MCC-2 with bare aluminum or
velvet electron emitters.

falls into the latter category, having a longer microwave pulse
duration, but at lower powers. These shots also tend to exhibit
greater mode hopping and mode competition.

The experimental results demonstrated clear differences in
the RPM-12A performance between the bare aluminum and
velvet emitters. The affected performance metrics include:
consistency of simultaneous high-power oscillations for each
of the SWSs, consistency of total power output, peak total
efficiency, and oscillation start time.

The total peak power is strongly affected by the times
at which each individual SWS reaches peak power output.
This effect is shown in Fig. 6(a), which shows the peak
total power versus |�t|, where �t is the difference in time
between the peak output power for each individual RPM-12A

section waveguide. High peak power shots (>100 MW) for
both emitters only occurred when |�t| was very small,
usually <5 ns. Table III shows the percentage of shots
with |�t| < 5 ns for each emitter.

Fig. 6(b) compares the peak total power versus magnetic
field for the different emitters. The range of peak output
powers was similar for both emitters. However, the aluminum
emitter produced a low peak power (<100 MW) far more
consistently than the velvet due to the decreased frequency of
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TABLE III

PERFORMANCE METRICS FOR ALUMINUM AND VELVET EMITTERS

shots having simultaneous peak output power from each SWS
(|�t| < 5 ns). The full operating range of the velvet emitter
could not be explored because the electromagnets could not
provide more than 0.32 T. Nonetheless, the ability of the
magnetron with a velvet emitter to operate at considerably
higher magnetic fields compared with that with the bare alu-
minum emitter is an interesting result. A possible explanation
for this observation is the higher plasma closure velocity
observed with velvet emitters [23]. Plasma expansion results
in a smaller effective AK gap, which would require a higher
B-field to achieve electron beam synchronism with the RF.
Similar behavior has also been observed in [19]. In that study,
the addition of end caps to the cathode led to both an increase
in the peak magnetron power and an increase in the peak
magnetic field at which the magnetron could operate.

The velvet emitter was also considerably more efficient,
on average, than the bare aluminum emitter. As discussed
previously, total instantaneous efficiencies were determined
using the total current (including endloss). Specifically, the
efficiency was determined by dividing the peak total output
power by the product of current and voltage at the time
of the peak total output power. Because of the slow
MELBA-C voltage rise time, no inductive loss correction
was needed. Table III shows that the velvet exhibited
a 50% efficiency improvement over the aluminum emitter.
High-power (>100 MW) shots exhibited peak instantaneous
efficiencies between 12%–32%.

The last metric investigated was the oscillation start time.
The reference time (t = 0) was the point on the rising edge at
which the MELBA-C voltage pulse was half of the maximum.
Table III shows the velvet decreased the mean time to the onset
of oscillations by about 55%. This observation, combined with
the general trend that the bare aluminum typically drew less
current during the voltage ramp than the velvet up to the
onset of oscillations, suggests the velvet emitter turned ON

at lower electric fields than the bare metal. Apart from the
increase in efficiency associated with operating at higher
magnetic fields [19], another contributing factor to the velvet
efficiency increase may stem from more uniform emission
coupled with emission over a larger area, which reduces the
localized current density. While the bare aluminum emitter
surface area was larger, typically emission actually occurs
from highly localized spots compared to velvet, which emits
more consistently over its entire surface [24]. A reduction
in current density has been shown to be associated with an
increase in efficiency in simulations [25].

IV. CONCLUSION

As a first prototype of the RPM concept, the unoptimized
unloaded experimental RPM-12A was initially prone to

significant mode competition, which was exacerbated by the
bifurcated mode structure intrinsic to an RPM [7]. In an
attempt to promote frequency-locked operation between the
two weakly coupled RPM-12A planar cavity arrays, the MCC
was developed. Prior analytic and simulation work demon-
strated that the MCC geometry, acting as both an emission-
primed electron source and a resonant electromagnetic coupler,
could promote frequency-locked operation and increase the
frequency separation between the even and odd π modes [17].

This paper has experimentally demonstrated the efficacy of
the MCC as a means of promoting frequency-locking relative
to a solid planar cathode. In particular, for the frequency-
locking criteria defined in Section III, the MCC-2 design
improved the frequency-locking probability from 23% of shots
to 57% of shots. While MCC-2 did show improvement, an
ideal design would reduce both the AK gap and cathode
thickness to increase the coupling between the planar
oscillators.

To experimentally determine the power and efficiency of
RPM-12A, a prototype coaxial microwave power extraction
assembly was installed and tested using MCC-2 with either
a bare aluminum or velvet dielectric electron emitter. The
results showed that peak total output powers were similar for
both emitters, but the velvet was considerably more consistent
from shot to shot. In both cases, peak total output power was
maximized only when both oscillators produced a maximum
power within approximately 5 ns of each other, which occurred
for 21% and 37% of shots for the aluminum and velvet
emitters, respectively. The velvet emitter also reduced the
mean time to oscillations from 51 ns (for the aluminum
emitter) to 23 ns. The peak total efficiency for the velvet was,
on average, 15%, a significant improvement over the aluminum
efficiency of 10%. High-power (>100 MW) velvet shots
exhibited between 12%–32% efficiency. While the endloss
current was unknown for these shots, a similar configuration
determined endloss was at most 200 A, which is low enough
to suggest that the electronic efficiencies were not appreciably
greater than the quoted total efficiencies.

During frequency-locked operation, each oscillator
exhibited a frequency between 970 and 990 MHz. This
represents the range of expected frequencies for the
loaded even/odd π and even/odd 5π /6 modes. However,
implementation of the asymmetric power extraction scheme
(with respect to the π and 5π /6 modes), in conjunction
with the MCC, created a complicated mode structure
supported by the RPM that remained susceptible to mode
competition during nonfrequency-locked shots. Mitigation of
this competition is being explored in a future design featuring
a symmetric all-cavity extraction technique [26], [27].
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