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Abstract — The results of particle-in-cell simula-
tions of annular electron beam interaction with the
non-axisymmetric HE;; mode in the antenna-
amplifier device using the 3-D version of the
MAGIC code are presented. The results have been
obtained for the real geometry and parameters of
electron diode and interaction space to be used in
the experiments planned to prove the antenna-
amplifier concept; these parameters provide the
operating HE;; mode being dominant. Achievable
gain, bandwidth, and device efficiency have been
investigated at different values of the interaction
region length, input RF power and pulse duration.
The peak gain occurs at a 9.3 GHz drive frequency,
it reaches ~18.5 dB with the interaction space
length of ~25 cm. At the increased interaction re-
gion length and RF drive power, the device effi-
ciency reaches ~15% at an output power of ~30
MW. Simulations with the short RF drive pulse
have also been carried out.

1. Introduction

An antenna-amplifier, Cherenkov maser with a rod
slow-wave structure operating in the non-
axisymmetric HE;; mode (fundamental mode of a
dielectric rod antenna), can be a compact, controllable,
high-power microwave source [1]. The first antenna-
amplifier simulation results obtained using the 3-D
version of the MAGIC particle-in-cell code were pre-
sented in our earlier work [2]. Those initial simula-
tions were performed for an idealized geometry and
simplified model of particles emission not accounting
for the conditions of electron beam generation in a real
diode configuration. Also, the parameters taken for
simulations in [2] corresponded to the physical situa-
tion allowing for the RF drive frequency harmonics
generation due to excitation of higher-order modes at
the nonlinear stage of interaction, and the goal was to
verify possibilities of novel tuning schemes for con-
trolling harmonics content in the output signal spec-
trum.

Meanwhile, the proof-of-principle experiments are
planned [3] on gain demonstration in the X-band an-
tenna-amplifier. Parameters chosen for these experi-

ments correspond to the situation of the operating HE;
mode being dominant, and the annular electron beam
is produced from the explosive emission cathode of
the magnetically insulated diode. The objective of the
present work is to investigate achievable gain and
bandwidth for the geometry close to that of the proof-
of-principle experiments and current model experi-
ments on beam transport [3]. Also important is to
study the electric field produced along the dielectric
surface inside the annular beam.

2. Simulations for the coaxial diode geometry

The coaxial diode geometry corresponds to the case of
already performed model experiments on beam gen-
eration and transport in the guide magnetic field with-
out the RF drive signal [3]. The configuration of the
simulation space is presented in Fig. 1.
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Fig. 1. System geometry and beam axial cross-section

The boundary in radial direction is formed by the
conducting anode (3 cm radius) and drift tube (2 cm
radius) with the tapered buffer section of 26 mm
length in between. Inside the conducting cathode, the
dielectric rod (6 mm radius, £ = 5) is inserted. At the
left boundary, two ports are set: outer (with respect to
the cathode) for the voltage applied, and inner for the
microwave input. The right boundary was set as
FREESPACE. The EMISSION EXPLOSIVE com-
mand was used to set particles emission. The emitting
edge of the cathode is of 1 mm thickness and 10 mm
mean radius; its axial coordinate was 6 cm in all simu-
lations. Tapered region inside the cathode is the same
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as used in the experiments; the rest of cathode geome-
try is simplified. The input voltage set at the left
boundary was adjusted in the way providing the diode
voltage of ~290 kV and beam current of ~1.17 kA.
The beam was guided by a strong preset magnetic
field (3.0 T), so that the length of this preset field de-
termined the interaction region length. The input X-
band signal was injected in the fundamental TEj
mode of the waveguide totally filled with the dielec-
tric, which excited (being very similar in field pattern)
the HE;; mode of the dielectric rod. The signal was
linearly polarized, i.e., the TE;; mode field pattern
was fixed in time keeping purely radial electric com-
ponent along the horizontal line (azimuth ¢ = 0).
Typical run time for simulations was 10.2 ns.
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Fig. 2. Electrons Lorentz factor (top) and E, field at
the rod radius vs. z coordinate (bottom). No RF input

For the case of no RF signal at the input, the simu-
lations were performed at the magnetic field length
(and entire simulation space) 10 cm shorter than
shown in Fig. 1. The beam phase portrait and axial
electric field at the rod surface (inside the beam) are
presented in Fig. 2. It is seen from the phase space
plot that at the acceleration stage, the beam acquires a
significant energy spread determined both by its finite
thickness and explosive emission process. As to the
electric field under the beam, it is practically absent in
the region of phase space uniformity, since the dc
space charge field inside a uniform annular beam is
zero. E. is non-zero in the region of acceleration and
beam dump, and its actual values are important as this
field may cause the surface breakdown along the rod.
At the beam dump, E, ~ 15-16 kV/cm, that seems
quite acceptable. Its maximum value falls to ~3 mm

downstream of the cathode edge location and exceeds
60 kV/cm; this implies a certain requirements on the
rod material electric strength and vacuum conditions.
The radiation downstream of the beam dump pro-
duced in case of no RF input signal represents the
beam noise. There is the peak of ~60 kW in the power
time dependence corresponding to the moment of the
beam head reaches the dump place. After that, the
power falls down to several kilowatts. The spectrum is
noisy with the maximum at the X-band as expected.

3. RF at the input: linear stage

For the results obtained with the RF drive signal at the
inner input port, which are presented in this section,
the lengths of beam, rod, and entire simulation space
were exactly as shown in Fig. 1. Simulations per-
formed at different drive frequencies have shown the
maximum gain at 9.3 GHz. The beam bunching in the
non-axisymmetric RF field is clearly expressed as
seen from the top plot of Fig. 3. The gain is seen from
two other plots of Fig. 3 showing the input and output
RF power time dependences at this frequency.
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Fig. 3. Beam phase portrait and RF powers observed
at 1 cm from the input port (middle) and 1 cm before
the rod end (bottom) for 9.3 GHz drive frequency
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The input power is obtained by integrating
Poynting flux over the inner waveguide cross-section.
The decrease in the observed power near the input
appears due to reflection from the rod end. It should
be noted that simulations were carried out with the rod
tapering at its end as well; this eliminates reflection
but weakly affects the gain. The output power is ob-
tained by integrating Poynting flux over the drift tube
cross-section downstream of the beam dump but still
including dielectric, upstream of its end, because in
the real antenna-amplifier geometry, dielectric extends
out of vacuum space. Thus, comparing the output
power in Fig. 3 (13-15 MW) to the input power (~210
kW), one can conclude that the maximum gain at the
given beam length reaches ~18.5 dB.
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Fig. 4. Output spectrum (9.3 GHz RF input). The ob-
servation points are at the rod radius, 1 cm before its
end, at azimuths @ = 0 (top) and ¢ = 90° (bottom)

The radiation spectrum at the output is presented
in Fig. 4 as the FFT of the radial electric field time
behavior for two points of different azimuthal posi-
tions: one corresponding to the input wave polariza-
tion and another one, at which the input wave has zero
E, component. It is seen that the peak corresponding
to the drive frequency is much higher at the top plot;
also, the rest of spectrum at ¢ = 90° is noisy whereas
at ¢ = 0, frequency harmonics are clearly expressed.
Evidently, the peak at the drive frequency in the point
where the HE;; mode has zero E, component is asso-
ciated with non-synchronous ac space charge oscilla-
tions. This is well seen from the comparison of the
plots showing E, component profiles along the rod for
these two azimuths, which are given in Fig. 5. The
field profile at @ = 90° is similar to that obtained
without RF input (Fig. 2), whereas the profile at ¢ =0

associated with the amplified RF signal is extremely
different. This field is even higher than the field under
the cathode edge; to eliminate a breakdown along the
rod at the device output, the RF drive pulse should be
short enough.
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Fig. 5. E, field instantaneous profiles at the rod surface
for ¢ =0 (top) and ¢ =90° at 9.3 GHz RF input

The amplification band obtained in the simulations
coincides with the tuning range of the magnetron to be
employed for RF drive pulse generation in the planned
experiments. Both gain and bandwidth computed us-
ing MAGIC are in the good agreement with the results
obtained from the solution of the linear theory disper-
sion relation. In particular, some bandwidth asymme-
try was observed, e.g., the simulation at the frequency
of 10.0 GHz exhibited, in fact, neither bunching, no
gain, whereas at the lower frequency of 8.6 GHz,
which is symmetrically distanced from the peak gain
frequency, the gain and bunching were still observed.
The gain in this case was as low as ~11 dB.

4. Nonlinear regime: increased length and RF drive
power

At the increased length of the interaction region and
higher RF power at the input port, the simulated am-
plifier exhibits deviation from linearity, both in the
output vs. input power dependence and in the gain per
unit length. In Fig. 6, the results are presented for the
simulations performed at the guide magnetic field,
dielectric rod, and entire simulation space 5 cm longer
compared to those of the previous section. It is seen
from the top plot that in case of the same input power
and frequency as in the previous section, the output
power reaches 24-25 MW. That means the output
power increase (compared to 13-15 MW of the bottom
plot of Fig. 3) is much less than ~5 dB, the value one
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could get from the linear gain of ~1 dB/cm. Nonlinear
effects are clearly manifested in the middle plot of
Fig. 6 showing the beam bunching and obvious from
the comparison of the output powers observed at dif-
ferent drive powers (top and bottom plots).
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sult in a higher gain as this region is, at least, useless
for the Cherenkov interaction with the input RF wave.
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Fig. 7. Simulation space in case of quasiplanar diode.

Also significant is that for the proof-of-principle
experiments, the RF drive pulse is planned to be much
shorter than the beam pulse [3]. We simulated this
situation by setting the finite duration of the input sig-
nal and increasing the run time up to 15 ns as is seen
in Fig. 8. The negative power in the top plot is due to
the reflection from the rod end. The reflection back
from the cathode results in ~1.6 MW post-radiated
power that appears at the output cross-section after the
main pulse of 20-22 MW (bottom plot).
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Fig. 6. Simulations for the interaction region length
increased by 5 cm (9.3 GHz drive frequency). Output
power at 1 cm before the rod end for ~210 kW input
power (top), beam phase portrait and output power for
~535 kW input power (middle and bottom).

Finally, it is seen that one can reach the efficiency
of ~15% at ~30 MW output power level. It should be
noted also that the harmonics level in case of maxi-
mum output power does not increase.

5. Quasiplanar diode geometry and finite RF drive
pulse length

For the proof-of-principle experiments [3], the diode
geometry will rather be modified in order to have the
possibility of the beam current variation at a given
diode voltage. In this, in fact, quasiplanar geometry,
the cathode edge is located much closer to the drift
tube entrance, and the anode diameter is large enough,
so that it weakly affects the diode impedance. Also,
with the quasiplanar geometry (it is shown in Fig. 7),
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Fig. 8. RF input (1 cm from the input port, top) and
output (1 cm before the rod end, bottom) powers for
9.3 GHz drive frequency and geometry of Fig. 7. Di-
ode voltage is ~270 kV, beam current is ~1.07 kA.
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