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Abstract: The operation features of the coaxial virtual cathode oscillator emitting electrons in the
outer radial direction were investigated through simulations and experiments. A coaxial vircator was
compared with an axial vircator when the anode to cathode distance of both vircators was 6 mm. The
proposed coaxial vircator was operated when the anode to cathode distance was 5 mm, 6 mm, and
7 mm. The peak power and frequency of the microwave generated from the proposed coaxial vircator
when the anode to cathode distance was 6 mm were 20.18 MW and 6.17 GHz, respectively. The
simulations and experiments show that the proposed coaxial vircator generates 80% more microwave
power than the axial vircator with the same anode to cathode distance. According to the simulations
and experiments, the proposed coaxial vircator tends to generate a higher power average when the
anode to cathode distance was larger than 5 mm. The frequency of the proposed coaxial vircator
when the anode to cathode distance was 5 mm and 7 mm was approximately 8 GHz and 5 GHz,
respectively. The geometric factor of the proposed coaxial vircator was considered to be the reason
for the greater microwave power generation than the axial vircator. The frequency of the proposed
coaxial vircator decreases inversely proportional with the anode to cathode distance as observed in
the axial and basic coaxial vircators.

Keywords: high-power microwave source; virtual cathode oscillator; vircator; coaxial vircator;
PFN–Marx generator

1. Introduction

High-power microwave (HPM) devices have been investigated experimentally and
numerically for use in many industrial and academic fields [1]. The use of a pulsed power
source in conventional vacuum electronic devices generates microwaves from a few MW
to a few GW. As the pulsed power system progresses, the HPM devices applications
expand from military purposes to industrial applications. Various high-power microwave
sources, such as a relativistic klystron, a relativistic magnetron, and a gyrotron, have been
studied and analyzed experimentally and numerically [2–5]. Although the HPM sources
have different microwave generation mechanisms, the devices were studied to modulate
their microwave frequency and mode to generate microwaves with higher power and
higher efficiencies. The operation features of the HPM systems have been improving
through both pulsed power sources and HPM sources. Pulsed power sources have been
studied to improve the impedance matching problem and resolve the microwave chirping
issues caused due to the input pulse length. On the other hand, HPM sources have been
investigated to improve its efficiencies by changing and optimizing its internal structures.

A virtual cathode oscillator (vircator) is a microwave source for generating HPM using
space charge effects [1,6]. A vircator generates microwaves through two mechanisms: the
reciprocating motion of electrons between the cathode surface and virtual cathode in the
drift region, and the oscillation of the virtual cathode itself. The output frequency of the
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vircator is determined by which motion is the main mechanism. Two vircator frequencies
are shown as:

fvc(GHz) =
5

6π × 107

√
eV

md2 (1)

fr(GHz) =
9.4
√

V(MV)

d
. (2)

Here, fvc is the frequency of the virtual cathode, fr is the frequency of the reciprocating
motion, e is the electron charge, m is the electron mass, d is the anode to cathode distance in
centimeters, and V is the diode voltage [7]. Unlike most microwave devices, the vircator
can be driven without external magnetic field generating devices. These allow the vircator
to have simple operation features, simple structure, compactness, and facile high-voltage
operation. However, the vircator has relatively low efficiencies (typically ≈5%) compared
with other HPM devices. A vircator is widely investigated in academic fields to improve
its low efficiencies and modulate its output frequency by installing additional structures
and changing the cathode and anode materials [8–16].

Various types of vircators were studied to improve the shortcomings of the most
typical type, an axial vircator. A coaxial vircator is a modified version of the vircator to
improve its low efficiencies [17]. Most coaxial vircators are designed to install the cathode
outside the cylindrical anode and emit electrons in an inner radial direction [17–28]. The
brief summarizations on the performances of other works are shown in Table 1. In this
paper, a coaxial virtual cathode oscillator emitting electrons in an outer radial direction was
designed and experimentally investigated. Unlike most coaxial vircators, the cathode is
installed inside the cylindrical mesh anode. The coaxial vircator is driven using a 10-stage
PFN–Marx generator. The operation features of the coaxial cathode were analyzed through
PIC simulations and experiments for different cathode to anode distances. The microwave
power and frequency of the coaxial vircator were investigated by comparing with the
power and frequency of the axial vircator with the same anode to cathode distance.

Table 1. Summarization of other works on the coaxial vircator.

Direction of
Electron
Emission

Specification
of Pulsed

Power
Source

Operating
Frequency

(GHz)

Output
Power
(MW)

Analysis
Method

Reference
Number

Inner - - - Simulations
Only [18,21,22,24]

Inner 400–1000 kV 2–6.6 Not shown Experiments
Only [19,23,26,27]

Inner 500 kV, 40 kA 2 400 Simulations,
Experiments [17]

Inner 600 kV, 88 kA 5.47 244 Simulations,
Experiments [20]

Inner 600 kV, 50 kA 2–2.3 800 Simulations,
Experiments [25]

Outer - - - Simulations
Only [28]

2. System Description

An experimental system was designed and used to investigate the coaxial vircator.
Figure 1 shows the schematic diagram of the high-power microwave system comprising
three parts: a pulsed power system (10-stage PFN–Marx generator), a high-power mi-
crowave device (coaxial vircator), and a measurement system. Additional measuring
devices were installed in the pulsed power system and microwave measurement system.
The distance between the microwave measurement system and HPM-generating device
was established considering far-field criteria.



Electronics 2022, 11, 82 3 of 13

Electronics 2022, 10, x FOR PEER REVIEW 3 of 13 
 

 

2. System Description 
An experimental system was designed and used to investigate the coaxial vircator. 

Figure 1 shows the schematic diagram of the high-power microwave system comprising 
three parts: a pulsed power system (10-stage PFN–Marx generator), a high-power micro-
wave device (coaxial vircator), and a measurement system. Additional measuring devices 
were installed in the pulsed power system and microwave measurement system. The dis-
tance between the microwave measurement system and HPM-generating device was es-
tablished considering far-field criteria. 

 
Figure 1. Schematic diagram of the experimental HPM system. 

2.1. PFN–Marx Generator 
Microwave devices require a high voltage to generate a high-power microwave. In 

most cases, a pulsed power source is used as the high-voltage source. A Pulse Forming 
Network (PFN)–Marx generator is a pulsed power source to operate HPM devices [12,29–
31]. The PFN–Marx generator generates and applies a rectangular high-voltage pulse into 
the designated load without an additional pulse-forming stage. The impedance of the 
PFN–Marx generator can be matched to the load impedance by properly selecting the in-
ductance and capacitance used in the generator. As a result, the PFN–Marx generator was 
suitable for the compact HPM system and loads with relatively low characteristic imped-
ance such as a vircator. In this research, a 10-stage PFN–Marx generator was used to drive 
the proposed coaxial vircator. Each stage comprised two arrays of PFN with a character-
istic impedance of 6 Ω in parallel to make the characteristic impedance of the PFN module 
3 Ω. The resulting characteristic impedance of the 10-stage PFN–Marx generator was 30 
Ω. The parameters of the 10-stage PFN–Marx generator are shown in Table 2. Figure 2 
depicts the circuit diagram of the 10-stage PFN–Marx generator. The 10-stage PFN–Marx 
generator is designed to achieve −150 kV at the plateau of the voltage pulse. Each PFN 
module was charged negatively to −30 kV to achieve an erected voltage of −300 kV, and 
the PFN–Marx generator applies a plateau voltage of −150 kV to the matched load. Figure 
3 shows the experimental waveform of the PFN–Marx generator. Although the impedance 
was not exactly matched, the 10-stage PFN–Marx generator achieves the peak voltage of 
−195 kV, and the plateau voltage was approximately −150 kV. 

Table 2. Design parameters of the 10-stage PFN–Marx generator. 

Quantity Value Quantity Value 
Capacitance 2.08 nF Inductance 75 nH 
PFN stage 6 Marx stage 10 

Charging voltage −30 kV Erected voltage −300 kV 
Pulse width 150 ns Characteristic impedance 30 Ω 

Figure 1. Schematic diagram of the experimental HPM system.

2.1. PFN–Marx Generator

Microwave devices require a high voltage to generate a high-power microwave. In
most cases, a pulsed power source is used as the high-voltage source. A Pulse Forming Net-
work (PFN)–Marx generator is a pulsed power source to operate HPM devices [12,29–31].
The PFN–Marx generator generates and applies a rectangular high-voltage pulse into the
designated load without an additional pulse-forming stage. The impedance of the PFN–
Marx generator can be matched to the load impedance by properly selecting the inductance
and capacitance used in the generator. As a result, the PFN–Marx generator was suitable for
the compact HPM system and loads with relatively low characteristic impedance such as a
vircator. In this research, a 10-stage PFN–Marx generator was used to drive the proposed
coaxial vircator. Each stage comprised two arrays of PFN with a characteristic impedance
of 6 Ω in parallel to make the characteristic impedance of the PFN module 3 Ω. The
resulting characteristic impedance of the 10-stage PFN–Marx generator was 30 Ω. The
parameters of the 10-stage PFN–Marx generator are shown in Table 2. Figure 2 depicts the
circuit diagram of the 10-stage PFN–Marx generator. The 10-stage PFN–Marx generator is
designed to achieve −150 kV at the plateau of the voltage pulse. Each PFN module was
charged negatively to −30 kV to achieve an erected voltage of −300 kV, and the PFN–Marx
generator applies a plateau voltage of −150 kV to the matched load. Figure 3 shows the
experimental waveform of the PFN–Marx generator. Although the impedance was not
exactly matched, the 10-stage PFN–Marx generator achieves the peak voltage of −195 kV,
and the plateau voltage was approximately −150 kV.

Table 2. Design parameters of the 10-stage PFN–Marx generator.

Quantity Value Quantity Value

Capacitance 2.08 nF Inductance 75 nH
PFN stage 6 Marx stage 10

Charging voltage −30 kV Erected voltage −300 kV
Pulse width 150 ns Characteristic impedance 30 Ω
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Figure 3. Typical output waveform of the diode voltage and diode current applied to the proposed
coaxial vircator (DAK = 6 mm).

2.2. Coaxial Vircator

Figure 4 shows the inner structure of the proposed coaxial vircator. A stainless-steel
vacuum chamber (300 mm in diameter and 400 mm in length) enclosed the coaxial vircator.
A drift tube with a diameter of 200 mm was installed inside the vacuum chamber to
attach the coaxial structure assemblies. The vacuum chamber was evacuated using a turbo-
molecular vacuum pump. During the experiments, the inner pressure was maintained
between 2 × 10−5 torr and 3 × 10−5 torr. A cathode holder and a back-plate of the vacuum
chamber were fabricated using a poly-ether-ether ketone (PEEK) to provide electrical
insulation between the chamber and voltage feeder. A cylindrical stainless-steel mesh
anode with geometric transparency of 70% and a graphite cathode were used as a vircator
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diode. The inner diameter and length of the mesh anode were 82 mm and 110 mm,
respectively. Cathodes with a length of 30 mm were used in simulations and experiments.
The coaxial vircator was investigated when the anode to cathode distance was 5 mm, 6 mm,
and 7 mm. The anode to cathode distance was adjusted by changing the cathode’s diameter.
The design parameters of the proposed vircator diode are shown in Table 3.
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Table 3. Design parameters of the proposed coaxial vircator diode.

Quantity Value Quantity Value

Cathode length (Lc) 30 mm Cathode diameter (dc) 68, 70, 72 mm
Anode length (La) 110 mm Anode diameter (da) 82 mm

Anode transparency 70%

2.3. Measurement Equipment

The characteristics of the pulsed power system were required to analyze the operation
features of the coaxial vircator. The voltage and current applied to the coaxial vircator diode
were measured using a capacitive voltage divider and a Pearson coil, respectively. Both
the capacitive voltage divider and Pearson coil were installed in the voltage feed-through
covered in the PEEK holder. An oscilloscope (DPO 3054, Tektronix) was used to record the
waveform from the voltage divider and current monitor.

A double-ridged horn antenna was installed 3 m apart from the vircator window to
measure the generated microwave power. The received microwave power from the vircator
was converted into voltage using a planar-doped barrier diode detector (8474B, Keysight
Technologies). A high-speed oscilloscope (MSO 71604C, Tektronix) was used to record
the microwave signal and diode detector output. A −30 dB attenuator was installed after
the horn antenna to protect the recording oscilloscope and diode detector. Considering
the attenuation at the measurement cable and the insertion loss at the power divider, the
overall attenuation at the microwave measurement system was −51 dB. A fast Fourier
transform (FFT) was used to calculate the microwave frequency from the directly applied
microwave signal into the high-speed oscilloscope.

The microwave power from the coaxial vircator was calculated using Friis’s equation,
which is given as:

Pt =
Pr

GtGr

(
4πD

λ

)2
(3)
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where Pt is the power at the transmitting antenna, Pr is the power at the receiving an-
tenna, Gt is the transmitting antenna gain, Gr is the receiving antenna gain, D is the
distance between the transmitting receiving antenna, and λ is the wavelength of the
microwave signal [24]. The gain of the transmitting antenna (Gt) and the gain of the double-
ridged horn antenna (Gr), which are used in calculating Friis’s equation, were 18.5 dBi and
12.82 dBi, respectively.

3. PIC Simulation and Experimental Results

The operation features of the coaxial vircator emitting electrons in the outer radial
direction were investigated through PIC simulations and experiments. First, the coaxial
vircator was analyzed by comparing the microwave power and frequency with that of the
axial vircator. Second, the microwave power and frequency of the coaxial vircator were
measured and analyzed when the anode to cathode distance was 5 mm, 6 mm, and 7 mm
to observe the influence of the anode to cathode distance on the vircator operations.

3.1. PIC Simulation

The axial vircator and proposed coaxial vircator were analyzed using an FDTD-PIC
(Finite-Difference-Time-Domain Particle-In-Cell) simulation (CST particle studio). The
drift tube excluding the rest vircator chamber was modeled as the main simulation region.
The simulation region used in the PIC simulation is shown in Figure 4. The diameter
and length of the simulation region were 200 mm and 300 mm, respectively. In the case
of the axial vircator, a disk-shaped thin sheet anode was placed 6 mm after the cathode
surface. A cylindrical cathode with a radius of 35 mm and a length of 30 mm was placed at
z = 20 mm. For the proposed coaxial vircator, a cylindrical sheet with a radius of 41 mm
and a length of 110 mm was used as the transparent anode. A cylindrical cathode with
the same specification as the axial vircator was placed at z = 50 mm. All of the vircator
structures were modeled as a perfect electric conductor. The anode to cathode distance of
the proposed coaxial vircator was controlled through the cathode radius. In simulations,
the transparency of both the disk-shaped and cylindrical sheet anode was set to 70%. The
electron-emitting threshold voltage was set to 100 kV/m. The vircators were simulated
using a ramp-shaped voltage pulse with a pulse width of 25 ns and a plateau voltage of
150 kV.

Figure 5 shows the typical phase diagram of the axial vircator and proposed coaxial
vircator with an anode to cathode distance (DAK) of 6 mm. The phase diagram of the
axial vircator and proposed coaxial vircator was plotted along the z-axis and the x-axis,
respectively. The direction of the axis represents the direction of the electron emission
for each type of vircator. Since the electrons were emitted in every radial direction, the
phase diagram of the proposed coaxial vircator had symmetric figures along the x-axis.
Figure 6 shows the 2D electron energy distribution plot on the proposed coaxial vircator.
The virtual cathode was formed across the sheet anode and spread along the sheet anode
in the direction of the z-axis. The shape of the virtual cathode was an effect of the electron
path between the virtual cathode and cathode surface. The excitation mode was TM01. The
transverse magnetic mode propagated at 5.85 GHz.

The simulation results of the microwave power from the vircators are depicted in
Figure 7. The microwave power from the proposed coaxial vircator was normalized using
the power from the axial vircator. According to the simulations, the proposed coaxial
vircator enhances the microwave power by up to 190% when the anode to cathode distance
was 7 mm. Additionally, the microwave power enhancement dramatically increased
when the anode to cathode distance was varied from 5 to 6 mm. The frequency of the
generated microwave power was calculated through FFT. The frequency spectra of the
axial and proposed coaxial vircator with the different anode to cathode distance are shown
in Figure 8. Although the input voltage and anode to cathode distance are the same, the
frequency was expected to be different because of the difference between the geometric
factor of the axial vircator and proposed coaxial vircator. However, the dominant frequency
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of the axial and proposed coaxial vircator with the anode to cathode distance of 6 mm
was approximately 5.9 GHz. The dominant frequency of the proposed coaxial vircator
decreased as the anode to cathode distance increased. As observed in the axial vircator
and normal coaxial vircator [27,32], the inversely proportional tendency of the dominant
frequency and anode to cathode distance was also observed in the proposed coaxial vircator.
According to the equations on the vircator frequency, the reciprocating motion of electrons
between the cathode and virtual cathode was the principle microwave generation of both
the axial and proposed vircators. Unlike the axial vircator with single peaks shown in the
frequency spectra, the frequency spectrum of the proposed coaxial vircator had several
peaks. As shown in Figure 6, the proposed coaxial vircator had a broader virtual cathode
along the mesh anode. The distribution of the virtual cathode caused the peaks of the
proposed coaxial vircator.
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(DAK = 6 mm).
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Figure 7. Normalized microwave power of the axial vircator and proposed coaxial vircator.
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3.2. Experimental Results

The coaxial vircator emitting electrons in the outer radial direction was investigated to
analyze its operation features when its anode to cathode distance was 5 mm, 6 mm, and
7 mm. The typical voltage and current waveforms for the proposed coaxial vircator when
the anode to cathode distance was 6 mm are shown in Figure 3. The measured peak and
plateau diode voltage were −201 ± 5 kV and −153 ± 7 kV, respectively. The rise time and
pulse width of the voltage pulse were approximately 23 ns and 200 ns, respectively. The
diode current was −5.58 ± 0.3 kA. Although the change in the vircator type and anode to
cathode distance affects the diode impedance, the variation in the plateau diode voltage
and diode current is within ∓15 kV and ±1.5 kA, respectively. The output microwave
power from the vircators were calculated using the voltage from the RF diode detector. The
dominant frequencies were calculated through the FFT of the recorded microwave. The
typical RF diode detector voltage waveforms for the axial and proposed coaxial vircator
when the anode to cathode distance was 6 mm are shown in Figure 9. In both cases, the
microwaves were generated for approximately 140 ns, which was slightly shorter than
the pulse width of the diode voltage. Figure 10 shows the typical frequency spectrum of
the radiated microwave from the axial and proposed coaxial vircator when the anode to
cathode distance was 6 mm. As shown in the typical plots, the proposed coaxial vircator
tends to have several smaller peaks in addition to the dominant frequency than the axial
vircator. However, the proposed coaxial vircator tends to be sharper near the dominant
frequencies than the axial vircator. The complete experimental results are shown in Table 4.
The maximum values of the measured microwave power were 10% to 23% greater than
the average value. The minimum values of the measured microwave power were 11% to
22% less than the average. The deviation of the microwave power was greatest when the
proposed coaxial cathode was operated and the anode to cathode distance was 5 mm.

The microwave power results from the vircators were normalized using the microwave
power from the axial vircator to compare the simulation results and experimental results.
The normalized microwave powers on the axial vircator and coaxial vircator with the
different anode to cathode distances were plotted in Figure 11. When the anode to cathode
distance was 6 mm, the proposed coaxial vircator generates microwave power 80% greater
than that of the axial vircator. As shown in both simulations and experiments, the generated
microwave power from the proposed coaxial vircator increased dramatically when the
anode to cathode distance varied from 5 to 6 mm. Although the experimental results show
differences for 5 mm and 7 mm, the proposed coaxial vircator enhances microwave power
in a tendency analogous to the simulations. The difference for 5 mm and 7 mm was caused
by the misalignment of the anode and mesh anode, the crumpled condition of the mesh
anode, and the difference between the diode voltage of the simulation and experiments.
Figure 12 shows the dominant frequency of the simulations and the experiments. The
experimental results on the dominant frequency were analogous to the simulation results.
The dominant frequency of the proposed coaxial vircator decreased inversely proportional
to the anode to cathode distance, as observed in the axial vircator and normal coaxial
vircator. The small difference in frequency of the simulations and experiments is because
of the diode voltage and anode to cathode distance. Although the geometric factor affects
the vircator frequency, the diode voltage and anode to cathode distance is the major factor
deciding the frequency. Unlike the simulations, the diode voltage in the experiments was
not exactly 150 kV, and the anode to cathode distance was slightly changed because the
mesh anode was not a perfect cylinder.
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Figure 9. Typical diode detector output waveform of the vircator (DAK = 6 mm): (a) axial vircator
and (b) coaxial vircator.
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ial vircator.

Table 4. Experimental results on the vircator.

DA-K Pmin (MW) Pmax (MW) Pavg (MW) Frequency (GHz)

Axial (6 mm) 8.7 12.3 11.22 5.54
5 mm 8.87 13.3 10.76 8.05
6 mm 17.99 22.65 20.18 6.17
7 mm 14.93 19.36 17.26 5.12
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4. Conclusions

The operation features of the coaxial vircator emitting electrons in the outer radial
directions were investigated using PIC simulations experiments. The output microwave
power and frequency of the proposed coaxial vircator were measured and compared
with the simulation results. The operation features of the proposed coaxial vircator were
compared with that of the axial vircator with the same anode to cathode distance (DAK
= 6 mm). The proposed coaxial vircator was also analyzed using the anode to cathode
distances of 5 mm, 6 mm, and 7 mm. The vircator was operated using a −150 kV rectangular
voltage pulse generated from a 10-stage PFN–Marx generator. The average value of the
measured peak power and dominant frequency of the axial vircator was 11.22 MW and
5.54 GHz, respectively. When the proposed coaxial vircator was driven with the same
anode to cathode distance, the average value of the peak power and dominant frequency
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was 20.18 MW and 6.17 GHz. According to the simulations, the proposed coaxial cathode
generates 83% more power than the axial vircator when the anode to cathode distance of
both vircators is 6 mm. The experimental results on the vircators with the same anode
to cathode distance show that the microwave power enhancement was 80%, which is
in accordance with the simulation expectations. The proposed coaxial vircator enhances
the microwave power dramatically when the anode to cathode distance is larger than
6 mm. The simulations and experiments show that the dominant frequency of the proposed
coaxial vircator decreases inversely proportional to the anode to cathode distance, as
observed in the axial vircator and normal coaxial vircator. Additionally, the proposed
coaxial vircator has increasing tendencies proportional to the anode to cathode distance.
The slight difference in the simulation and experimental results on the microwave power
and the frequency is considered because of the misalignment, matching conditions between
the vircator diode and pulsed power source, and crumpled condition of the mesh anode.
The axial vircator and proposed coaxial vircator have different geometric factors that affect
the operation features of the vircator. The geometric factors are affected by the electron
beam shapes. Unlike the basic axial vircator with a solid or annular beam, the proposed
coaxial vircator has more complex electron beam trajectories. In addition, because the
experimental settings are not perfectly matched to the simulation setup, the geometric
factors of the experiments can be slightly varied. This makes the geometric factors of
the proposed coaxial vircator hard to analyze and causes a reduction in the accuracy of
the simulation results. As future experiments, we intend to investigate the geometric
factor of the coaxial vircator emitting electrons in the outer radial direction by changing
the parameters of the vircator diode, such as the cathode radius, cathode length, and
anode length.
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