
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 65, NO. 6, JUNE 2018 2347

Harmonic Frequency Locking in the
Multifrequency Recirculating

Planar Magnetron
Geoffrey B. Greening , Member, IEEE, Steven C. Exelby , Student Member, IEEE,

Drew A. Packard, Student Member, IEEE, Nicholas M. Jordan , Member, IEEE,
Y. Y. Lau, Fellow, IEEE, and Ronald M. Gilgenbach, Life Fellow, IEEE

Abstract— This paper presents experimental results that
demonstrate the first known instance of harmonic frequency
locking in a magnetron. The prototype crossed-field high-
power microwave source, termed the multifrequency recir-
culating planar magnetron, consisted of two planar cavity
arrays having design frequencies near 1 and 2 GHz, respec-
tively, coupled by smooth-bore electron beam recirculation
bends. The magnetron was driven by the MELBA-C modified
Marx generator using −300-kV pulses supplying up to 3 kA
for approximately 300 ns. Using a 0.17-T axial magnetic field,
the harmonic frequency-locked state simultaneously pro-
duced microwave pulses of 32 ± 3 MW at 0.984 ± 0.001 GHz
and 13 ± 2 MW at 1.970 ± 0.002 GHz. In addition, changes in
the relative phase difference between the magnetron slow
wave structures (SWSs) were correlated with changes in
the axial magnetic field magnitude. This correlation, along
with the results from experiments that tested each individual
planar cavity array in isolation, suggested the locking was
facilitated through the second harmonic content of the
1-GHz modulated electron beam recirculating from the
1-to 2-GHz SWS. Analysis of shots conducted near 0.17 T
showed a ±17◦ shot-to-shot variation in the average rela-
tive phase difference between the SWSs, and the average
variation in this phase difference during a locked shot
was ±8◦.

Index Terms— Frequency harmonics, frequency lock-
ing, high-power microwave (HPM) generation, magnetrons,
microwave oscillators, vacuum electronics.
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I. INTRODUCTION

MAGNETRONS are powerful, compact, efficient RF
sources with applications in industry, science, and

defense [1]–[3]. Magnetrons have also been demonstrated as
a high-power microwave (HPM) source [4]–[6], although the
range of frequencies that can be produced using a single
magnetron is relatively limited because they are inherently
narrowband devices. Several methods have been developed
to expand the range of frequencies that can be produced
using a single magnetron, including mechanical tuning and
operation in different resonant electromagnetic modes [7]–[9].
Magnetrons have also been the subject of many oscillator
locking studies, including both master–slave and peer-to-peer
configurations for both conventional and relativistic mag-
netrons [10]–[16].

Recently, the multifrequency recirculating planar mag-
netron (RPM) [MFRPM, Fig. 1(b)] demonstrated simultaneous
HPM generation near both 1 and 2 GHz using two planar slow
wave structures (SWSs) having different design frequencies
coupled by smooth-bore cylindrical bends that recirculate the
electron beam from each SWS to the other [17]. The MFRPM
design was a variant of the single-frequency RPM, which
utilized two identical, planar SWSs [18]–[21].

Since the single-frequency RPM experimentally demon-
strated frequency locking between its two planar oscilla-
tors [20], the MFRPM was designed to determine whether
an analogous locking phenomenon would occur between two
structures related by a frequency harmonic, where the fre-
quency of the second oscillator would lock exactly to the sec-
ond harmonic of the first oscillator. Initial experiments using
the MFRPM did not demonstrate any locking behavior [17].
Further investigation determined that the absence of cylindri-
cal symmetry in the MFRPM resulted in location-dependent
magnetic field diffusion times, since the magnetic field must
diffuse into the structure from pulsed electromagnets located
outside the magnetron. An optimization of trigger delay times
corrected the field asymmetry, which led to the successful
demonstration of a harmonic frequency-locked state in the
MFRPM. This paper characterizes the locked state, which is
the first known instance of harmonic frequency locking in a
magnetron.
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Fig. 1. Photographs of two magnetron anode configurations.
Photographs of the (a) isolated SBO configuration in the MELBA-C
vacuum chamber and (b) MFRPM configuration in the MELBA-C vacuum
chamber.

The experimental configuration is first described, followed
by a summary of the experimental results. A detailed analysis
and discussion of the harmonic frequency-locked state follows,
and the final section offers concluding remarks on potential
areas for future study.

II. EXPERIMENTAL CONFIGURATIONS

The MFRPM anode consisted of a 1 GHz, six-cavity SWS
(termed the L-band oscillator, LBO) and a 2 GHz, eight-cavity
SWS (termed the S-band oscillator, SBO), each of which
was designed to operate in the π-mode (characterized by a
180◦ phase advance per cavity) and had a 2.6-cm anode–
cathode gap spacing. These two oscillators were coupled by
smooth-bore recirculation bends and shared a common cath-
ode. A detailed description of the design can be found in [17]
and [22]. Characterization of each individual oscillator was
performed using two separate, isolated anode configurations
in which one of the oscillators was replaced using a linear,
smooth drift region. Fig. 1 shows two photographs (a) an
isolated configuration (SBO) and (b) the full MFRPM anode.

Fig. 2 illustrates the experimental configuration. A pulsed
voltage (−300 kV, 200–400 ns) was applied to the cathode
(termed the second mode control cathode [20], [23]) using
the Michigan electron long beam accelerator with Ceramic
insulator (MELBA-C), and the magnetron typically drew
1–3 kA at peak microwave output power, depending on the
anode configuration. The cathode included endcaps to reduce
axial current losses, although the recirculation bends remained
uncovered and likely resulted in considerable endloss current
as evidenced by material erosion axially downstream from
the bends. Microwaves were extracted from the center vane
of each oscillator and coupled into coaxial transmission lines
using antennas. This axial extraction technique was a rela-
tively straightforward implementation that could be applied
within the limits of existing hardware and was not optimized
for maximum power extraction. The coax lines were then
adapted to WR-650 and WR-340 waveguide for the LBO and
SBO, respectively. Microwaves were sampled using waveguide
loop directional couplers, and each waveguide was terminated
using matched loads. In the isolated anode configurations,
the microwave antenna was omitted for the oscillator that was
replaced using the smooth drift region; all other components
were unchanged. The base pressure was approximately 1 μtorr
for all tested configurations. An axial magnetic field was
imposed on the structure using two pulsed electromagnets in
a pseudoHelmholtz configuration centered on the anode. Field
magnitudes were between 0.1 and 0.3 T.

The sampled microwave signal from each directional cou-
pler was split into two channels using 3-dB power dividers.
The first channel was recorded directly using a fast Agilent
54855A oscilloscope (20 Gsamples/s), and the second channel
was fed to calibrated Agilent 8472B low-barrier Shottky
diodes for power measurements captured using a Tektronix
3054 oscilloscope. Attenuation of all components (directional
couplers, cables, splitters, and attenuators) was determined at
the design frequencies of the two oscillators. The magnetron
current was determined using time-integrated Rogowski coil
signals, and the operating voltage was measured using a
CuSO4 voltage divider. Both diagnostics were captured using
the Tektronix oscilloscope.

III. EXPERIMENTAL RESULTS

Each SWS was tested individually using the isolated anode
configurations to establish an operating baseline for each
design. In Section II, these data are compared to results
obtained using the MFRPM anode configuration to understand
what operational changes was exhibited by the LBO and SBO
when run concurrently.

A. Results for the Isolated LBO and SBO Anodes

Baseline results for the isolated LBO and SBO are sum-
marized in Tables I and II, respectively. Both anodes demon-
strated optimal power production near B = 0.16 T, which
agrees with the Buneman–Hartree condition for synchronous
beam-wave interaction (BBH = 0.158 T at 300 kV). Note
that the isolated LBO also exhibited high microwave powers
at higher magnetic fields near B � 0.23 T [22], although this
range falls outside the region of interest for this paper.
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Fig. 2. Top sectional diagram of the MELBA-C vacuum chamber and MFRPM components. The anode support structure is not shown.

TABLE I
SUMMARIZED PERFORMANCE METRICS FOR THE

ISOLATED LBO NEAR B = 0.16 T

TABLE II
SUMMARIZED PERFORMANCE METRICS FOR THE

ISOLATED SBO NEAR B = 0.16 T

Several important observations resulted from these experi-
ments. First, the free-running π-mode frequency of the SBO
was not precisely twice the frequency of the free-running
π-mode frequency of the LBO. Were this the case, the fre-
quency of the SBO π-mode ought to fall near 1.97 GHz
instead of 2.022 GHz. Second, mode competition was min-
imal near B = 0.16 T, which suggested the π-mode was the
preferred operating mode for both oscillators at the magnetic
field corresponding to peak power production. Third, the fre-
quencies of the other oscillator modes were experimentally
identified as: 0.972 GHz (LBO 5π/6-mode), 1.94 GHz (SBO
6π/8-mode), and 2 GHz (SBO 7π/8-mode). These frequen-
cies were also in good agreement with both cold and hot tube
simulations [22] conducted using HFSS [24] and MAGIC [25],
respectively.

B. Results for the MFRPM Anode
Results for the MFRPM anode are summarized in Table III

for B = 0.16–0.18 T. This magnetic field range corresponded
to the region of optimal operation, which was characterized by
consistent production of high microwave powers and harmonic
frequency locking between the LBO and SBO, although it

TABLE III
SUMMARIZED PERFORMANCE METRICS FOR THE MFRPM IN

B = 0.16–0.18 T WHEREIN CONSISTENT FREQUENCY

LOCKING OCCURRED

should be noted that the range over which locking occurred
was broader (B = 0.14–0.18 T). These data will be discussed
in detail.

Plots illustrating the voltage, current, microwave powers,
and the time-integrated Fourier transforms for the LBO and
SBO RF voltages are shown by Fig. 3 for a sample shot. The
first plot [Fig. 3(a)] shows three features of note as follows.

1) The LBO was the first oscillator to start.
2) Both oscillators produced peak microwave powers with

near simultaneity.
3) The microwave pulsewidth at half maximum power was

approximately 20 ns.
These observations were generally true from shot to shot
in B = 0.14–0.18 T. The second and third plots
[Fig. 3(b) and (c)] show that, within uncertainty, the SBO
frequency corresponded exactly to the second harmonic of
the LBO. The combination of simultaneous peak power pro-
duction and the harmonic frequency relation between the
oscillators strongly suggests that the magnetron operated in
a harmonic frequency-locked state wherein both oscillators
behaved as a single, coupled device. This result represented a
significant improvement over earlier results that were obtained
prior to implementation of the trigger timing optimizations that
substantially reduced magnetic field asymmetries [17].

Plots illustrating the aforementioned characteristics over the
range of tested magnetic fields are shown in Fig. 4. As shown
in Fig. 4(a), peak microwave power generation was consistent
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Fig. 3. Example of a harmonic frequency-locked shot conducted using
the MFRPM anode and a 0.16-T axial magnetic field. (a) Plot of voltage,
current, and RF power. Time-integrated Fourier transform of the (b) LBO
RF voltage signal and (c) SBO RF voltage signal.

on a shot-to-shot basis in B = 0.14–0.18 T, whereas shots
conducted at higher magnetic fields exhibited a considerable
increase in shot-to-shot variability. Fig. 4(b) provides the
strongest evidence of harmonic frequency locking between
the structures, which clearly shows that the dominant SBO
frequency was, within uncertainty, exactly twice the dominant
frequency produced by the LBO. Furthermore, the aforemen-
tioned region of consistent power production corresponded to

Fig. 4. Standard metrics for the MFRPM anode configuration. (a) Peak
output powers for both oscillators versus magnetic field. Each point repre-
sents eight shots. The error bars indicate the standard deviation of each
group of eight shots to illustrate the change in repeatability with magnetic
field. (b) LBO dominant frequency and 0.5 × SBO dominant frequency
versus magnetic field. (c) Absolute time difference |Δt| between oscillator
peak powers versus magnetic field. Each point represents eight shots.
The error bars indicate the standard deviation of each group of eight
shots to illustrate the change in repeatability with magnetic field.

the same region in which harmonic frequency locking was
observed. Finally, Fig. 4(c) shows that the two oscillators
consistently produced peak power with near simultaneity in
the harmonic frequency-locked region. In the plot, the peak
power |�t| is defined by |�t| = |t2 − t1|, where t1 was
the time at which peak power was observed from the LBO,
and t2 was the time at which peak power was observed from
the SBO.
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IV. ANALYSIS OF THE HARMONIC

FREQUENCY-LOCKED STATE

An in-depth analysis of the harmonic frequency-locked state
was conducted to perform in the following.

1) Determine how the operation of each SWS differed
between the locked state and the isolated, free-running
configuration.

2) Identify a plausible locking mechanism.
3) Identify whether the locked state was a case of fre-

quency locking (wherein the relative phase difference
between the structures was random on a shot-to-shot
basis) or phase locking (a more stringent condition
wherein the relative phase difference was consistent
from shot to shot [10]).

Comparison between LBO operation in Table III with Table I
shows that, in the locked state, the LBO power increased from
25 to 32 MW, but the frequency did not change appreciably.
This suggested the operating LBO mode in the locked state
was the π-mode, as was the case in the isolated configuration
at the same magnetic fields. A similar comparison for the SBO
between Tables III and II shows that the SBO power was
reduced from 18 to 13 MW, and that the frequency changed
from 2.022 to 1.970 GHz. From these comparisons, it is clear
that SBO operation was substantially different in the locked
state relative to the isolated configuration, whereas the LBO
was affected to a lesser degree.

As previously mentioned, the 1.970-GHz SBO frequency
was not observed in the isolated configuration and did not
correspond to any known mode. However, at the lowest
magnetic fields tested, the SBO produced frequencies near
the free-running 6π/8-mode frequency on shots that did
not demonstrate locking. Given the relatively close spacing
between the second harmonic frequency of the LBO π-mode
and the free-running SBO 6π/8-mode frequency, it appears
that the LBO, which consistently started first, primed the
excitation of the SBO 6π/8-mode and, through some locking
mechanism, locked the SBO frequency to the exact LBO
frequency harmonic (a frequency that differed slightly from
the natural resonance of the 6π/8-mode). This is particularly
notable because the isolated SBO experiments demonstrated
that the SBO naturally favored operation in the π-mode in
B = 0.14–0.18 T, which suggests the locking mechanism
was sufficiently strong to not only lock the frequency of the
6π/8-mode OFF its natural resonance, but also excite the
6π/8-mode over the naturally favored π-mode.

The locked state appeared to be a case of Adler-like master–
slave locking because the SBO was strongly affected by
the locked state, whereas the LBO was considerably less
affected. While an Adler-like analytic model was developed
to describe harmonic frequency locking [22], [26], a direct
comparison with the experiment was not possible. However,
some insight into the locking mechanism can be gained by
investigating the relative phase difference between the SWSs.
If the locking occurred through the electromagnetic fields,
where the SBO structure fields coupled to the second harmonic
of the LBO structure fields, the relative phase difference
between the LBO and SBO should not be affected by changes
in the electron beam velocity, which scales approximately

Fig. 5. Phase metrics for the MFRPM. (a) Splined and filtered RF voltage
traces from both oscillators in the high-power time window. (b) Phase
difference Δφ between the oscillators in the high-power time window.
(c) Mean phase differences Δφ and associated standard deviations of
the means versus magnetic field. Frequency-locked operation occurred
between 0.14 and 0.18 T.

as vb ∝ 1/B . Alternatively, if the locking occurred via
the modulated electron beam exiting one SWS and entering
the other, changes in the beam velocity should change the
arrival time of the space charge bunches, thereby changing the
relative phase difference between the SWSs. Thus, in addition
to determining whether frequency locking or phase locking
occurred, a phase analysis was conducted to also provide
insight into the locking mechanism.
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TABLE IV
PHASE METRICS FOR THE MFRPM IN B = 0.16–0.17 T
ENCOMPASSING PEAK POWER PRODUCTION, WHEREIN

CONSISTENT FREQUENCY LOCKING AND PREFERENTIAL

SELECTION OF A RELATIVE PHASE

DIFFERENCE OCCURRED

To determine the relative phase difference between the two
SWSs, the RF voltage signals from each oscillator were first
digitally processed to remove jitter and noise [27] and a
processing time window was determined during which both
oscillators were operating at powers ≥67% of their respective
peak powers. Shots violating this condition were not consid-
ered in the phase analysis. An example of the RF traces for
a locked case is shown in Fig. 5(a). The filtering process was
thoroughly investigated to confirm that the original frequency
and phase information remained unaffected. The phases of the
signals were then extracted from their analytic representation,
which was obtained using the Hilbert transform [28], [29].
After converting the phases to degrees, the LBO phase was
multiplied by two to obtain its second harmonic, which was
then subtracted from the SBO phase. For the previous RF
voltage traces, the phase difference �φ is shown in Fig. 5(b).
A representative phase difference �φ for a shot was defined
as the mean of the values of the phase difference within the
processing window, and a measure of locking quality for each
shot was defined as the standard deviation σ�φ of the phase
difference �φ in the respective processing windows of the
shots. To avoid confusion between this quantity and standard
deviations obtained for other plotted quantities, the standard
deviation of the relative phase difference in the temporal
processing window, σ�φ , is termed the phase variation.

The representative phase difference �φ versus magnetic
field is shown in Fig. 5(c). Within B = 0.14–0.18 T, where
consistent locking was observed, a clear correlation existed
between changes in the magnetic field and changes in the
phase difference. This provides clear evidence for the mod-
ulated electron beam as the plausible locking mechanism,
where the SBO locked to the second harmonic content of
the LBO-modulated electron beam. Within the region that
produced the highest powers, the standard deviation of the set
of representative phase differences �φ was 17◦, which exceeds
the accepted criterion of ±10◦ for phase locking [10]. Thus,
the harmonic frequency locking cannot be strictly described
as phase locking. However, the phase difference between the
SWSs was clearly not random, as would be the case for simple
frequency locking. The mean phase variation σ�φ for shots
in the region of optimal operation was 8◦. As a proxy for
the locking duration, the mean processing window width was
found to be 17 ns. Table IV summarizes these results from the
phase analysis.

V. CONCLUSION

Experiments conducted using the MFRPM revealed the
existence of a harmonic frequency-locked state after correcting

for axial magnetic field asymmetries. The locked state was
characterized by low shot-to-shot variability and simultaneous
peak power production by both SWSs. A phase analysis of
the locked state showed that the shot-to-shot variation in
the phase difference was slightly greater than the accepted
standard for phase locking. However, the clear correlation
between changes in the magnetic field and changes in the
phase difference suggested the locking mechanism occurred
through the electron beam. It is therefore plausible that the
locking was facilitated by the second harmonic content of
the 1-GHz modulated electron beam as it exited the LBO
and entered the SBO. Experiments are being designed to
investigate this locking phenomenon in a controlled manner.
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