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Full 3-D Simulation and Optimization of Gigawatt
Class C-Band 20% Efficient Coaxial Vircator

Bud Denny, Jason Hammond, Christopher Leach

Abstract—An investigation of several configurations of
a gigawatt class coaxial triode vircator is presented. To
maximize averaged power output efficiency, several de-
vice dimensions are optimized. Simulations of the source
were carried out using the Improved Concurrent Electro-
magnetic Particle in Cell (ICEPIC) code. The resulting
optimized device has 2.08 GW of output power with a
steady state efficiency of 20%. The device’s output power is
almost purely in the TM01 mode. The operating frequency
is approximately 4.43 GHz. Additionally presented is a
configuration designed to mitigate explosive emission on
undesirable surfaces along the cathode. It successfully
keeps non-emission surface E-fields below 300 kV/cm while
maintaining multi-gigawatt output power.

Index Terms—Coaxial vircator, high-power microwaves
(HPM), triode, optimization.

I. INTRODUCTION

Virtual cathode oscillators (vircators) are of research
interest because they have gigawatt power output, simple
geometries, and potential for tunability. Furthermore,
they require no external magnetic field [1], [2]. However,
vircators historically suffer from low power-conversion
efficiency, typically below 5% [2]. Over the past decade,
with the assistance of both theoretical analysis and
simulation studies, the efficiency of simulated vircators
has been improved to approximately 15%. These more
efficient designs include an axial multistage vircator that
operates with several virtual cathodes [3], coaxial vir-
cators with a premodulted electron beam [4], [5], and a
novel coaxial triode design [6]. Despite these incremental
improvements, vircator designs in literature have failed
to achieve a 20% power conversion efficiency in the
gigawatt range, especially when operating above 4 GHz.
In this paper such a source is presented. Furthermore the
device operates in a C-band frequency, a band relatively
unexplored in the case of vircator. Finally, this paper
seeks to provide a procedure of optimization that could
increase the power and efficiency of an arbitrary source,
particularly those with a simple geometry.

A vircator operates by injecting a high current rel-
ativistic beam into a vacuum cavity that exceeds the
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Fig. 1: Schematic of the coaxial triode vircator with
reflection cavity.

space charge limited current. The result is a high electron
density virtual cathode which oscillates at its plasma
frequency. The virtual cathode’s oscillations and the elec-
tron reflex oscillations generate the device’s microwave
power output. These details and more are described in
[2]. The frequencies of the device are strongly dependent
on the anode-cathode gap and diode voltage. Therefore,
fixing the anode-cathode gap and diode voltage while
adjusting various device dimensions will not change
the device’s output frequency. This relationship, in the
coaxial vircator case, is derived in [7] and [8].

Improvements by [9] add a reflector ring near the
beam interaction region of a coaxial vircator. This can
reduce competition of TE modes with the desired TM01

mode. The design in [6] applies the ring reflector to a
triode design to achieve pure TM01 output. The devices
proposed and simulated in [6] have an efficiency of 15%
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and power outputs of 1.7 GW and 2.2 GW. The device
provided here takes the same base design presented in
[6]; it’s a triode coaxial vircator with a reflector ring.
However, the device presented in this paper is C-band
and has a power conversion efficiency of 20%. The high
efficiency and over 2 GW output power are achieved
using a novel optimization until convergence technique.
A schematic of the design can be found in Fig. 1.

The optimization is performed using the software
ICEPIC and the software Dakota [10]. That is, source
simulations are done using the particle-in-cell software
ICEPIC [11] run in parallel. The optimizations are
carried out with various methods from Sandia National
Lab’s software Dakota [10].

II. DEVICE DESCRIPTION

The schematic for the triode coaxial vircator with
reflection cavity is shown in Fig. 1. An incoming power
pulse is introduced at the input port, resulting in a large
voltage across the cathode and anode foil. The emitter
is a surface on the outer cathode which is primed for
electron emission. This is modeled using space charge
limited field emission: when the voltage pulse reaches
the emitter, a high current electron beam is injected
from it into the interaction region. A virtual cathode is
then formed in the interaction region producing RF that
will propagate through the waveguide where it will be
extracted. The physical dimensions of the device and
their roles will be expounded in this section.

The difference between a typical coaxial vircator and
a triode coaxial vircator is the inner-cathode-rod attached
to the main cathode. Its radius is labeled rc in Fig.
2. The inner-cathode-rod is used to assist electrons in
moving between the virtual cathode and real cathode.
Furthermore, the inner cathode-rod serves to change the
dominant mode in the interaction region from TE11 to
TEM. The mode competition between the TM01 mode
and the TE11 mode is reduced as a result. The output
power is almost exclusively in the TM01 mode for a
triode design. Further implications of the inner-cathode-
rod are highlighted in [6].

The ring reflector whose radial width is labeled h
in Fig. 2 also has the purpose of suppressing the the
TE11 mode in favor of the TM01 [9]. The ring reflector
further has the purpose of reflecting radiation to enhance
the beam-wave interaction [6]. The design in this paper
uses the ring reflector to create a resonant cavity in the
interaction region. Removing the ring reflector has the
ruinous effect of a drastic power output decrease and a
reduction of output frequency.
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Fig. 2: Schematic of the coaxial triode vircator with
physical dimensions labeled. The schematic uses the a
similar naming convention as [6].
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Fig. 3: Output power waveform of coaxial vircator prior
to optimization.

The remaining variables in Fig. 2 are present in a
typical coaxial vircator. The lengths L1, L2, Le, L3, L4,
represent, respectively, the z-distances from the cathode
to the reflector ring, the reflector ring to the left of the
emitter, the emitter length in z, the right of the emitter to
the end of the cathode, and the gap right of the cathode
to the anode. Finally the radius of the waveguide, which
is carved out of the anode, is represented by ra.

III. SIMULATIONS

Simulations of the device presented in this paper
are done in 3-D using the massively parallel finite-
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difference time domain electromagnetic particle-in-cell
code ICEPIC [11]. Simulations are done with a uniform
mesh-size of ∆x = 0.88 mm and a conformal method
is used at the boundaries [12]. The time step ∆t is
chosen so that the Courant number is 0.99 i.e. so that
c ∆t/∆x = 0.99.

Mode amplitudes are determined by computing a dot-
product of the simulated fields with analytic fields of that
mode. Power is measured by integrating the Poynting
vector on a surface that cuts the output waveguide: this
power is averaged over the final 10 ns (the instantaneous
output power from 20 ns to 30 ns) of the simulation to
compute a local time-averaged power, which we report
as the output power. Voltages are measured via line
integral of electric fields. Input current is measured using
Ampere’s Law just inside the input port. Frequencies
are measured by taking the fast Fourier transform of the
downstream electric field’s z-component. The anode foil
is modeled via a thin surface of perfect metal conductor
which mostly allows electrons through: each electron has
a fixed probability, 0.95 is used unless stated otherwise,
of transmission each time it impinges that surface. Given
that the operating frequency of the device is about 4.43
GHz, the resolution is about 50 cells per free-space
wavelength.

A typical simulation of the coaxial triode vircator goes
as follows: A 30 ns input voltage wave is launched
into the vircator via the input-port labeled in Fig. 1.
The wave has a maximum voltage of about 566 kV
and a rise time of 5 ns. The emitter will then begin
injecting electrons into the interaction region when the
diode voltage exceeds a predetermined threshold of 2
kV/cm. The injected beam will typically reach a steady
state current of 18 kA. A virtual cathode is formed in
the interaction region producing the RF for the device.
The output power is then measured in the waveguide
approximately 28 cm downstream before being absorbed
in a PML (perfectly matched layer). The impedance of
the tube will be about 30 Ω.

The dimensions of the device prior to optimization,
in centimeters, are L1 = 5.44, L2 = 2.08, Le =
3.20, L3 = 0.64, L4 = 3.08, ra = 4.70, rc =
1.83, h = 1.20. The device has an anode-cathode gap,
the radial distance from the anode foil to the emitter, of
2.87 cm with a voltage of 545 kV across it. Simulations
for this device yield a steady state power output of 1.84
GW with an efficiency of 16.6% operating at a frequency
of 4.39 GHz. The output power mode is 98% in the
TM01.
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Fig. 4: Plots of optimization iterations converging for
various variable scales.

IV. OPTIMIZATION OF DEVICE DIMENSIONS

In view of the low efficiency of vircators, an opti-
mization with an objective of maximum efficiency is
performed. Efficiency is evaluated by dividing window
averaged power input (voltage × current) by window
averaged output power. Optimizations are performed
using the method asynchronous parallel pattern search
(APPS) [13] to optimize efficiency by varying six device
dimensions L1, L2, L4, rc, ra, and input voltage. The
optimization is performed as follows: Dakota’s built in
APPS function chooses design points for simulation,
these designs are simulated in parallel using the particle-
in-cell code ICEPIC, the objective function (efficiency)
is evaluated, and APPS chooses new points based off
the objective value. The objective function which APPS
attempted to maximize was

q(efficiency) = − log(
efficiency

target efficiency
− 1).

This function q achieves a maximum when the device
efficiency reaches the target efficiency. The optimization
performed here used a target efficiency = 0.35.

The optimization method APPS allows for nonlinear
problems that can be approached in a parallel way. The
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method is designed for expensive function evaluations
and fewer than 50 input variables [13]. The features of
the problem at hand are well suited for the use of APPS.
Furthermore, APPS is conveniently built into Dakota.

As alluded to in the introduction, fixing the anode-
cathode gap while varying other parameters will mitigate
changes in operating frequency. The frequency is also de-
pendent on the input voltage, however the dependency is
far less sensitive than the anode-cathode gap relationship
to frequency. This is confirmed numerically in this paper
but also theoretically in [8] by the rough approximation
f ∝ V

1/2
0 /rak, where f is the dominant frequency of

the coaxial vircator, V0 is the diode voltage, and rak is
the anode-cathode gap.

The physical dimensions L1, L2, L4, and rc are chosen
for optimization to tune the interaction region to the
virtual cathode and the device frequency. The six pa-
rameters used in optimization are not varied absolutely,
but are scaled based off the initial device described in
Section III. The plots showing the convergence of the
scales with respect to iteration are in Fig. 4 and 5.
The optimization is taken to convergence, that is, the
optimization algorithm APPS is designed to exit when
the merit function no longer increases with additional
iterations. The net result is at least a local maximum in
efficiency but possibly a global maximum in efficiency.

V. DISCUSSION OF RESULTS

Fig. 4 and Fig. 5 show the convergence of the APPS
method. The variables which had the most impact, stray-
ing away from their original values, are ra and rc. The
optimization, after about 200 iterations, converged to a
device with the six physical parameters L1 = 5.53, L2 =
2.10, Le = 3.20, L3 = 0.64, L4 = 3.02, ra =
4.14, rc = 1.49, h = 1.2, all units in centimeters.
With a anode-cathode gap of 2.65 cm, the diode had a
voltage and current of 566 kV and 18.4 kA respectively.
The resulting source produced an average of 2.08 GW
of output power, which is pictured in Fig. 6, operating
with frequency 4.43 GHz. The output power is over 98%
in the TM01 mode. The power conversion efficiency was
20% during stable operation (the time period between 15
and 30ns).

Fig. 4 and Fig. 5 show how the APPS method iterated
with respect to each parameter. The variables which
had the most impact, straying away from their original
values, are ra and rc. This is a logical result as these
variables directly tune the radial size of the interaction
cavity.
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Fig. 5: Plots of optimization iterations converging for
Efficiency, Power, and various variable scales.
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Fig. 6: Instantaneous and averaged output power plot for
optimized C-band coaxial vircator.

A. Power Sensitivity to Voltage and Foil Transparency

The optimized nature of this coaxial vircator suggests
it is finely tuned to its designed parameters. In a lab-
oratory setting, building this source with precise geo-
metric variables is readily achievable. However, reliably
obtaining the correct diode voltage is not always pos-
sible. Furthermore, correctly predicting the theoretical
transparency of the anode foil is not obvious. Fig. 8
displays the design’s output power sensitivity to both foil
transparency and input voltage. The voltage plot shows
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that the source is somewhat robust when it comes to
voltage, achieving more than 1 GW window-averaged
output power for voltages above 500 kV. However, one
can notice that the 500 kV diode voltage is a critical
point. Incrementally lowering the voltage below 500 kV
causes the output power to rapidly drop to near 0.

The device has an abrupt drop in power with a foil
transparency below 0.93. Reference [14] shows that a 5
µm anode foil made of copper or aluminum achieves
greater than 0.93 transparency in the presence of an
electron beam with energy 250 keV or larger. Hence,
with the correct choice of anode foil, these results should
be available in experiment.
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Fig. 8: Plots of coaxial vircator’s output power sensitivity
(with all other parameters held constant) to (a) input
voltage and (b) foil transparency.

B. Cathode Design Considerations

In order to prevent explosive emission in unwanted
areas on the cathode, electric field values along the
the cathode surface, except for the emission region, are
preferred to be below 300 kV/cm. The optimized coaxial
vircator has several regions along its cathode where
surface E-field exceed 300 kV/cm; these are the sharp

corners of the cathode and the region of the cathode
directly below the reflecting ring. In order to reduce
these fields, the sharp corners of the cathode are rounded
and the ring reflector and inner conducting rod are made
smaller (h reduced by 10% rc reduced by 5%).

The modified geometry is pictured in Fig. 9. These
adjustments result in a configuration that effectively
reduce the E-field strength. Pictured in Fig. 10 are
plots of the maximum E-field along the inner and outer
cathodes. Without the cathode changes, the maximum
E-field strength on the inner cathode rod is 332 kV/cm;
298 kV/cm for the outer cathode. Rounding the cathode
and shrinking h and rc reduce both of the cathodes’
E-field strengths below 300 kV/cm. These adjustments,
however, come at a cost: the output power is reduced to
1.86 GW and the efficiency to 17.6%. The impedance
and frequency are both unchanged.

Fig. 9: Modified geometry of coaxial vircator with
rounded cathode, reduced inner cathode radius, and
smaller reflecting ring.

VI. CONCLUSION

Presented in this article is a gigawatt class C-band
coaxial vircator with an averaged output power efficiency
of 20%. Such an efficiency was achieved using a non-
gradient parallel optimization method APPS which per-
formed over 200 simulations. The merit function was
chosen to maximize efficiency and was run until it
converged. Furthermore, the sensitivity of the source to
voltage and foil transparency were investigated. It was
shown that for diode voltages exceeding 500 kV, the
source will operate in a high power regime, but will
perform poorly at voltages below 500 kV. It was shown
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Fig. 10: Plots of maximum E-field values along inner
cathode rod and outer cathode. Plot (a) shows these val-
ues for the unaltered optimized C-band coaxial vircator.
Plot (b) shows these E-field values for the configuration
depicted in Fig. 9.

that the device is quite sensitive to foil transparency,
however, the foil technology to achieve full performance
is available.

Finally, to prevent unwanted explosive emission on
the cathode, methods for reducing E-field strength were
explored. By reducing the the radius of the inner cathode
rod, the size of reflecting ring, and by rounding sharp
cathode edges, all cathode E-fields were below 300
kV/cm. The resulting device operated at 4.43 GHz with
an average output power of 1.86 GW (17.8 % efficiency).
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