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Abstract—Microwave oscillation has been measured for the
first time in a 12-cavity axial-magnetic-field recirculating planar
magnetron, designed to operate in π mode at 1 GHz. The device
operates with a −300-kV pulsed cathode voltage and a 0.2-T axial
magnetic field, and oscillates at transverse currents exceeding 1 kA
when driven by an electron beam pulselength between 0.5 and
1 μs. Microwave pulses were measured at frequencies between
0.97–1 GHz and achieved several hundred nanoseconds in length.
Mode competition was observed between the π and 5 π/6 modes.

Index Terms—Cavity magnetron, high power microwave,
recirculating planar magnetron (RPM), vacuum electronics.

I. INTRODUCTION

MAGNETRONS are efficient microwave generators,
whose versatility and robust operation facilitate the

device’s extensive use in both military and commercial op-
erations. This compact device is well suited for applications
such as radar, counterelectronics, long-range communication,
and commercial heating [1]–[5]. Since the device’s inception
in 1940, the resonant cavity magnetron has seen continuous
advancement in both power output and efficiency [4], [5]. These
improvements, however, do not address the inherent limitations
of the device’s geometry [6].

Conventional cylindrical magnetrons are susceptible to rela-
tively limited diode currents due to small cathode area. Limited
diode currents may hinder both average and peak output power.
Low-impedance high-current structures can be attained but at
cost of a significant increase in the cross-sectional area, the
number of cavities, and the volume of the magnetic field.
Conversely, inverted magnetrons are comparatively limited in
the anode area, which hampers the heat removal and the number
of viable power extractors. Planar magnetrons, which provide
large surface areas and ideal power/volume scaling, are ineffi-
cient in comparison due to lack of recirculation and substantial
losses in beam dumps or collectors.

The recirculating planar magnetron (RPM) [6], [7] is a
crossed-field device that combines the advantages of high-
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Fig. 1. Photograph of the RPM-12a experiment viewed from the front of the
vacuum chamber. The center plate is the cathode, the anode periodic structures
are above and below the cathode, and the axial magnetic field points out of
the page.

efficiency recirculating devices with those of planar devices,
i.e., both large-area cathode (high current) and anode (improved
thermal management). Additionally, the magnetic-field volume
of the RPM scales with N as compared with N2 for cylindrical
magnetron, where N is the number of cavities. Two embodi-
ments of the RPM are the following: 1) the axial magnetic field
with the radial electric field and 2) the radial magnetic field with
axial electric field.

The primary focus of this paper will be the validation of the
RPM’s dispersion relation and operational feasibility through
theory and experiment using the first type, with an axial mag-
netic field, shown in Fig. 1. Output coupling and high efficiency
microwave power extraction are not included in this preliminary
paper.

Alternate configurations of the RPM, not discussed in this
paper, include the inverted polarity design and a continuous
slow-wave structure design with cavities along the cylindrical
sections [6].

0093-3813/$31.00 © 2013 IEEE
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II. THEORY AND DESIGN

The RPM consists of four distinct structural elements, i.e.,
two planar slow-wave structures with rectangular cavities and
two smoothbore, adjoining cylindrical sections to provide beam
recirculation.

The planar slow-wave structure is designed to support a
π-mode electric-field configuration at a given operational fre-
quency [2]–[5]. The basic configuration is simplified to periodic
rectangular cavities equally spaced between rectangular vanes.

An infinite series of identical planar resonators is analyzed,
with period L, the anode-cathode gap b, the cavity depth
h, the cavity width w, and the phase velocity ω/β0, where
ω is frequency and β0 is the fundamental propagation con-
stant for planar magnetron. The initial design of the RPM
is simplified by assuming equally spaced vanes and cavities
such that the period of the slow-wave structures, composed
of one vane of width w and one cavity of width w, may
be represented as L = 2w. Assuming a uniform electric field
between the planar vanes, terms βn = β0 + 2πn/L and γn =√
β2
n − (ω/c)2 (c is the speed of light) are introduced to

account for the superposition of higher order space harmonics.
The resultant dispersion relation may be numerically solved
as [8], [9]
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The applied electric and magnetic fields necessary to achieve
synchronism between the beam and the RF wave of the RPM
are estimated using the Brillouin flow model for a smooth
bore diode in Cartesian coordinates [10]–[12]. The relativistic
Hull cutoff voltage Vh and the Bunemann-Hartree condition,
shown in (2) and (3), respectively, are uniquely determined by
setting the applied magnetic field B, the anode height b, the
cathode height a, and phase velocity β (in units of c). For planar
magnetron, the following are the same for the Brillouin flow
model and the single particle model [10]–[12]:
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The RPM anode deviates from our ideal analytic assumption,
i.e., of an infinite planar array, with the inclusion of cylindrical
recirculation sections. The purpose of these smoothbore fea-
tures is to maximize propagation of beam current from one
oscillator to the other, which is analyzed using the metric of
beam recirculation efficiency. Beam recirculation efficiency can
be quantified in the simulation by observing the total current
entering the cylindrical regime from one oscillator versus the
total current leaving the same regime as it enters the opposing
oscillator [see Fig. 4(a)]. Additional considerations for this
recirculation region, such as RF feed through and space charge
spoke preservation, are not analytically included for in this
initial process. The anode radius is instead primarily selected to
optimize recirculated current (electron hub heights below 80%

of the AK gap) and match drift velocity of the planar slow-wave
structure (0.2–0.3 c). Canceling the common factor (Λ) (where
Λ = (1/rb)

√
((kb)2 + (γβ)2), the following are used to re-

lated the applied fields, the anode radius b, the cathode radius a,
and the beam velocity in units of c (β) to the electron hub height
rb for a smooth bore Brillouin flow (γ is the relativistic factor)
[10]–[12]:
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A. Design Parameters

A 1-GHz, 12-vane prototype RPM was designed and con-
structed assuming applied voltages in the range of −250 to
−300 kV and a 0.15- to 0.2-T axial magnetic field. A 12-cavity
model was chosen (six cavity-vane pairs on either planar side)
to balance the mode competition with the peak power [2].

Initial designs utilized a thin cathode, which is 1.27-cm thick,
to mitigate plasma expansion and diode closure. The initial
cathode (Cathode-LC1) is centered within the anode, shown
in Fig. 1, forming a 3.83-cm AK gap and spanning 24.3 cm
in length to house the six cavities. The depth of the resonant
cavities were set to 6.31 cm to achieve the π-mode resonance
at the design output frequency of 1-GHz. Vanes and cavities
have equal thickness w = 1.92 cm; the slow-wave structure pe-
riod L = 2w = 3.84 cm. Consequently, the wavelength of the
π-mode is 2L=7.86 cm with the corresponding phase veloc-
ity vph/c=2Lf/c=0.26. The radius of the anode was set at
4.45 cm in order to maintain an estimated electron beam veloc-
ity between 0.25 and 0.3 c, as well as limit the cylindrical elec-
tron hub height to approximately half the AK gap to enhance
recirculation efficiency. The anode block was designed to inhi-
bit the development of axial modes by limiting the axial length
to 11 cm, well below a half-free-space wavelength (15 cm).

III. SIMULATIONS AND COLD TESTS

The RPM-12a structure was rendered as an unloaded 3-D
model in the finite-element-solver High-Frequency Structure
Simulator (HFSS) [13]. Using the eigenmode solution routine,
axially uniform π and 5π/6 modes were identified at 1.01
and 0.988 GHz, respectively. These simulated results were
experimentally verified in cold-test measurement using a dipole
antenna, oriented parallel to the array of planar cavities. The
antenna, in conjunction with a 6772D Agilent frequency sweep-
ing network analyzer, was used to perform a frequency sweep
from 850 to 1050 MHz with 125-kHz resolution. The resultant
single-port (S11) data, shown in Fig. 2, demonstrates strong
agreement with simulated resonant modes; 1.008 (Q = 1740)
and 0.984 GHz (Q = 590) correlate well to the π and 5/6π
modes, respectively, found in the HFSS. The identification of
the modes is presented in Table I.

Degenerate or phase-shifted equivalent modes in a cylin-
drical magnetron are usually negligible due to the azimuthal
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Fig. 2. Experimental S(1,1) parameter of a dipole antenna inside the resonant
RPM cavity. Modes identified in Table I.

TABLE I
COMPARISON OF SIMULATED VERSUS EXPERIMENTAL

COLD TEST OF THE RPM CAVITY

Fig. 3. Simulated oscillating modes plotted versus Bunemann-Hartree reso-
nance and Hull cutoff conditions for the RPM-12a planar diode.

symmetry of both the device and the mode [2]. The RPM, in
contrast, experiences a geometrical discontinuity at the planar-
cylindrical interface. Phase-shifted modes, which are no longer
fully symmetric but have the same planar propagation con-
stant, consequently experience a spread in frequency. RPM-12a
demonstrates a twofold degeneracy in most operating modes,
where the position of nodes and antinodes are interchanged.
These separate and competing modes are classified as even
(0◦ phase shift) or odd (180◦ phase shift) between mirrored
cavities on the top versus bottom oscillators. The spatially
degenerate π and 5π/6 modes were identified in the HFSS at
frequencies of 1.012 and 0.999 GHz, respectively. While either
π-mode would result in the optimal planar operation, there
exists mode competition between them, which can adversely
affect the operation of the RPM.

A 3-D model of the full experimental setup for RPM-12a
was simulated using the electromagnetic particle in cell code
MAGIC. A −250-kV voltage pulse was imposed on the cathode
stalk, and the magnetic field was varied between 0.1 and 0.16 T,
in order to produce electron beam drift velocities in the vicinity
of π-mode phase velocities (vph ∼ 0.26c), for durations of
200ns. The resultant modes of operation for this device may be
estimated using the Brillouin flow theory, illustrated in Fig. 3.

Simulations with an applied B field equal to 0.12, 0.14,
and 0.16 T, which theoretically yielded drift velocities slightly
below 0.26 c, produced π-mode oscillations at 1.002 GHz,

Fig. 4. (a) MAGIC particle-in-cell 3-D phase space profile of RPM-12a in the
π-mode operation. (b) Simulated voltage, current, and net power of electrons
impacting the anode using MAGIC 3-D (Bo = 0.12 T).

while the case run using B = 0.10 T, which exceeded the
π-mode threshold, operated in the 5π/6 mode at a frequency of
0.975 GHz. Operating at magnetic fields below 0.10 T demon-
strated significant losses to the anode as the Hull cutoff condi-
tion is quickly reached.

A closer examination of these simulated runs using the
0.12-T applied magnetic-field case, as an example of the
π-mode operation, is presented in Fig. 4(a) and (b). Using
“endhat” structures to inhibit electrons from leaving the AK
gap, the simulation demonstrated that of the 3 kA emitted
from the cathode, approximately 2.6-kA average current re-
turned to the cathode; the remaining 400 A was primarily
lost to the anode structure. The net power of these electrons
impacting the anode reached nearly 60 MW or 63% of the
95-MW average input power, which is illustrated by the heavy
dotted curve in Fig. 4(b). An additional 13 MW is lost between
the resistive surface loss and the cathode heating, leaving an
upper limit of 22 MW or ∼20% to be radiated as microwaves
into the chamber before exiting the simulation through an
output port axially downstream from the anode.

Beam recirculation, calculated by electron interception in
the semi-circular sections in Fig. 4(a), was shown to exceed
98% under nominal operating conditions. Electrons in the
planar regions reach the synchronous drift velocity (0.26 c) at
approximately 1.8 cm above the cathode (∼50% of the AK
gap). The density of electrons past this point decays toward the
RPM anode.

IV. EXPERIMENTAL CONFIGURATION

The Michigan Electron Long Beam Accelerator, with a ce-
ramic insulator stack, (MELBA-C) drives the RPM at −300 kV
for pulselengths between 0.3 and 1 μs [14].

Fig. 5 depicts the experimental configuration for the RPM.
Time-resolved voltage and entrance current measurements are
made using a copper sulfate (CuSO4) resistive divider and an
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Fig. 5. Experimental RPM equipment diagram (right) from pulse generator
MELBA (left) to the RF load.

embedded Rogowski coil in the wall of the vacuum chamber,
respectively. Pulsed concentric electromagnets are spaced ap-
proximately 21.6 cm apart to form an approximate Helmholtz
pair and provide a nearly uniform axial magnetic field, ad-
justable between 0.1 and 0.3 T. In the Helmholtz magnetic-field
configuration, B varies in magnitude with respect to radial dis-
tance from the central axis of the electromagnets. The resultant
decrease in the magnetic field from the center of the device to
the exterior recirculation region was found to be approximately
10% of the peak on-axis field. Simulations using this realistic
magnetic-field profile have shown a negligible impact on the
overall operation and recirculation efficiency.

The #304 stainless steel vacuum chamber, which 63.5 cm in
length, has an inner diameter of 39.4 cm and, with cryopump-
ing, is capable of sustaining vacuum between 9× 10−7 and 4×
10−6 torr. The chamber terminates into a transparent 2.54-cm-
thick, Lexan window, which seals to an O-ring interface on the
outer most flange. The inner surface of the copper load chamber
is coated with an 8-cm-thick annulus of microwave absorber
(Ecosorb) in order to dissipate microwave power outside of the
vacuum system. Single-port simulations performed in the HFSS
indicate a return loss of −15 dB at 1 GHz.

The experimental anode prototype RPM-12a is centered in
the vacuum chamber with the Cathode-LC1 extending into the
midplane between the planar slow-wave structures. Dielectric
fibers were attached to the cathode in 10-cm strips approxi-
mately 1.9 cm wide to match the width of the anode vanes.
A total of six strips, with three placed underneath every other
vane on both sides of the cathode, were used to enhance π-mode
oscillations via cathode emission priming [15].

The open-cavity configuration of the RPM allows for gen-
erated microwave pulses to freely radiate (albeit inefficiently)
into the vacuum chamber from both sides of the anode via
diffraction coupling [16]. Microwave pulses traverse out of the
vacuum chamber, through the Lexan window, into the load
chamber before coupling to a WR650 waveguide with type-N
receiving antenna into RG-213U coaxial cable. The signal
is processed in the Faraday cage using a series of type-N
attenuators between 40 to 55 dB down before being split and
input to separate frequency and power diagnostics. Frequency is
observed using heterodyne detector, which mixes the attenuated
microwave pulse with a 1.2-GHz 10-dBm continuous-wave
signal from an Agilent E4422B signal generator. The attenuated

microwave signal is rectified by a calibrated Agilent 8472B
diode detector, from which the RPM power is established.

Axial electron endloss was measured by a Pearson coil
(Model 410) connected to a (36.6 cm X 10.2 cm) current
collector mounted on the inside of the Lexan window.

V. EXPERIMENTAL RESULTS

The RPM was pulsed at voltages between −250 and
−300 kV with externally applied axial magnetic fields in
the range of 0.18 to 0.2 T over 500 to 700-ns pulselengths.
Microwave pulselengths of several hundred nanoseconds were
consistently generated with microwave oscillation start times
between 150 and 300 ns, if the “start-oscillation” current
threshold was reached. The average total current emission was
between 2 and 4 kA during microwave oscillation including
endlosses. The electron endloss measured out one end of the
cathode was typically 20%–25% of the total current during peak
microwave power. The total electron endloss is anticipated to
reach nearly twice this value when considering similar losses
from the nearly symmetric outlet on the other side of the device.
Using this assumption for extrapolating the total endloss out of
the entire device, the transverse electron current in the device, at
start oscillation, would be in the range of 1–2 kA. The spectrum
of generated microwaves consisted of three primary frequencies
at 0.98, 1.01, and 1.015 GHz corresponding to 5π/6, even-π,
and odd-π modes.

The shot data, shown in Fig. 6(a), display the typical π-mode
operation of the RPM for 250 ns at an average voltage of
−250 kV and 0.2-T axial magnetic field. The average total
current during oscillation remained fairly constant at 3.3 kA;
the transverse electron current is estimated to be 1.3 kA. Mild
microwave power modulation and wave beating, which are ev-
ident in the discontinuous contour in Fig. 6(b) and neighboring
modes in Fig. 6(c), are attributed to the weak coupling of
dissimilar operating frequencies between the top and bottom
oscillators. Discrepancies in the operating frequency, on the
order of a few megahertz, may develop from nonuniform charge
density and beam loading or the development of out-of-phase or
degenerate modes previously discussed.

A case of severe mode competition is demonstrated in
Fig. 7(a)–(c). Plasma expansion and subsequent closure of
the AK gap caused the total emitted current to increase from
approximately 3 kA at startup to a total peak current of 4.2 kA
(estimated transverse current of 2.2 kA) when the microwave
oscillation ceased. The unstable oscillating mode can be at-
tributed to both the closely spaced mode structure and the
dynamic changes in the current density and the effective AK
gap of the RPM. The failure of the cavities to lock to a single
frequency also caused a substantial drop in sampled microwave
power.

Mode competition may also result in dual frequency “mode
hopping” or bimodal shot profiles [3]. The Fourier transform
shown in Fig. 8 displays strong competition between neighbor-
ing 5π/6 (0.988 GHz) and odd-π modes (1.015 GHz).

RPM-12a, at these electric and magnetic fields, was highly
susceptible to mode competition and demonstrated a lack
of consistency in producing a single operating mode on a
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Fig. 6. (a) Experimental RPM shot data. (b) Heterodyne time_frequency
analysis (black = highest signal strength). (c) Fast Fourier transform over the
entire microwave pulse.

Fig. 7. (a) Experimental RPM shot data. (b) Heterodyne time_frequency
analysis (black = highest signal strength). (c) Fast Fourier transform over the
entire microwave pulse.

shot-to-shot basis. A summary of the π-mode, 5π/6-mode, and
bimodal results are shown in Fig. 9, representing all of the shots
on RPM-12a.

Fig. 8. Time-integrated fast Fourier transform demonstrating the bimodal
operation of RPM-12a.

Fig. 9. Quantitative summary of operating modes for all experimental
RPM-12a shots at applied fields of −250 kV and 0.2 T.

The sampled microwave power measurements were only
used for mode identification and the timing of generated radi-
ation. Calibrated experimental extracted power measurements
are not included in this paper, as there was no guided extraction
mechanism included in the prototype anode (a subject of future
research).

VI. CONCLUSION AND FUTURE RESEARCH

The RPM represents a novel adaptation of the modern cavity
magnetron, which holds numerous geometrical advantages over
purely cylindrical or planar systems. This paper has described
the design and the operation of an L-band prototype with
12-vane dual-linear six-cavity arrays. The AK gap (3.83 cm),
the π-mode frequency (1.01 GHz), and the π-mode phase
velocity (0.26 c) were selected to match the pulsed driver
MELBA-C at approximately −300-kV pulsed cathode voltage.

The primary goal of these experiments has been to gen-
erate microwave oscillation in the RPM and to interpret the
data in terms of the analytic dispersion relation. Results have
demonstrated that the device is capable of producing microwave
radiation at a specifically designed π-mode frequency but is
highly susceptible to mode competition from neighboring op-
erating modes. Further simulations and experiments are being
performed to mitigate mode competition and enhance startup
including anode strapping, cathode emission priming, planar
“rising sun” cavity configurations, reducing the number of
cavities in each oscillator, and mode control through novel
cathode structures. Advanced cathodes will also include end-
loss inhibitors (endcaps), which are also anticipated to improve
overall efficiency.
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Future recirculating planar magnetron research will concen-
trate on microwave extraction techniques to improve the elec-
tronic efficiency to values competitive with previous relativistic
magnetron experiments [3], [14].
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