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ABSTRACT A VIRtual CAThode oscillatOR (Vircator) is a High-Power Microwave (HPM) vacuum
electron device (VED) with applications in the field of health, energy, space, environment, and defense. In
this work, a novel high efficiency S-band Vircator for counter Ummanned Aerial Vehicle (UAV) is presented.
At first, starting from the geometrical and physical parameter values chosen, an axial vircator is designed.
Then, to enhance its efficiency, a conical structure is added into the cylindric waveguide, altering the electron
beam dynamic and optimizing the interactionwith the virtual cathode. The Particle-in-Cell simulation carried
out by CST Studio suite 2024, shows an average output power of 50MW and an efficiency up to 60% than
the classic geometry ones, with an applied voltage of 520 kV and a cathode current of 20 kA at 2.55GHz.

INDEX TERMS Vircator, High Power Microwave, Microwave source, Oscillator, High-efficiency, Axial
configuration, Conical configuration.

I. INTRODUCTION
High power microwaves (HPMs) are defined as electron de-
vices operating between 1 and 300GHz with an output peak
power of up to 100 MW, aiming to intentionally disturb or
destroy electronic equipments without damaging infrastruc-
ture or injuring people [1]. The schematic block diagram of a
complete HPM system is shown in Figure 1. It is composed
of a Pulse Power Source, a High Power Microwave source,
and an antenna. The pulse power source is, generally, a Marx
generator and consists of an array of capacitors which are
charged in parallel and discharged in series to generate high
voltage pulses. The High Power Microwave (HPM) source is
a vacuum electron device (VED) such as a Virtual Cathode
Oscillator, Vircator, or a Magnetically Insulated Line Oscil-
lator, Milo. Generally, a Vircator is used for its simple fabri-
cation as it requires no external magnetic field and exhibits
a low impedance value [2]–[12]. The antenna is, generally, a
flared horn through which the generated microwave power is
emitted to the free-space. Vlasov antennas and their geometri-
cal modifications have been largely investigated to guarantee
a wider emission angle [13]. The three most common geome-
tries adopted to design the vircator are the axial, coaxial, and
reflex triode [14]–[16]. The axial vircator without an external
magnetic field, is largely used for its simplicity and low-
weight. Despite its simplicity of construction, the Vircator
provides an efficiency less than 2%.

In literature, several techniques have been proposed to
increase the energy conversion efficiency of the standard axial
mode. In [17], a comprehensive state of the art of all the
published geometries with their efficiency value is reported.
In particular, a pinch-vircator providing an efficiency 11%
is designed in [11], [12] based to the concept that pinching
of the beam increases the electron density near the VC and
prevents the escape of drifting electrons and the early depo-
sition of the electrons on the walls. A multibeam scheme is
proposed in [18] consisting of several electron beams with
supercritical currents charged onto a common resonator. This
can be achieved by using a relativistic electron beam with
the highest current of the beam determining the frequency
and the remaining (N − 1) beams with lower currents as
supporting beams, which "pump" the required energy into
the system. The multibeam architecture is not affected by
bandwidth reduction. Amultistage architecture is proposed in
[19], based on the formation of virtual cathodes (VCs) gen-
erated by thin metallic anodic foils, called reflectors, inside
the drift tube. A second virtual cathode (VC2) is generated
by forcing the drifting electrons from traditional VC1 as a
wall charge accumulated at a floating zone plate [20]. In
[21], multi virtual cathodes (MVCs) were created in an axial
vircator utilizing two dielectric reflectors (DRs) improving
the efficiency from 7.9 % to 28.6 %. In [22], an optimization
in terms of both reflectors radii and distances for a multi-stage
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axial Vircator able to provide an efficiency up to 15.6% is
presented.

In this work, a novel high-efficiency axial vircator based on
a conic structure added to the circular waveguide, is proposed.
This article is organized as follows. In Section II, the vircator
operating principle is described. The design and Particle-in-
Cell simulation for an axial vircator are reported in Section
III. In Section IV, the novel conical axial vircator geometry
is described and the simulation results are reported. Finally,
in Section V, conclusions are given.

FIGURE 1. High Power Microwave (HPM) schematic block system.

II. VIRCATOR OPERATING PRINCIPLE
The schematic model of an axial Virtual Cathode Oscillator
without electromagnetic field is shown in Figure 2. Electrons
emitted from the cathode are accelerated by the semitranspar-
ent anode and pass through it. At a distance from the anode
of approximately the cathode-anode gap distance, the space
charge limit is reached and a cloud of electrons forms the
virtual cathode. When the virtual cathode is formed, it occurs
that:

a) the virtual cathode begins to approach the anode until
the kinetic energy of electrons is sufficient to pass
through the virtual cathode and the virtual cathode
dissolves. When the electron beam exceeds its space-
charge limit current again, a new virtual cathode is
formed. This periodic formation of virtual cathodes
creates an oscillation that generates an electromagnetic
radiation fvc approximately at the plasma frequency fp;

b) some electrons pass through the virtual cathode and
other ones are reflected. The electrons with negative
impulse are those reflected by the virtual cathode.
These electrons will also oscillate between the cath-
ode and the virtual cathode at a frequency fr . If these
two phenomena are forced to oscillate at the same
frequency, by means of resonant cavities, better perfor-
mance for the vircator can be obtained.

The drifting electrons are responsible of the low vircator
efficiency [23]. In the axial vircator, the radiation of the space-
charge cloud couples to radial and longitudinal electric field
components of characteristic TM electromagnetic modes of
a cylindrical cavity that are extracted through the cylindrical
waveguide [24].

In the Vircator, the virtual cathode formed after the trans-
parent anode oscillates with, approximately, the plasma fre-
quency, fp given by [25]

fp =
1

2π

√
ρe2

ϵ0γm
(1)

where ρ is the injected electron density, e the electron
charge 1.602 × 10−19 C, ϵ0 the permittivity of free space,
m the rest mass of an electron 9.1093837015×10−31 kg, and
γ the relativistic factor.
The relativistic factor γ, by assuming that the real and

virtual cathodes are equidistant from the anode, is calculated
as [26]:

FIGURE 2. Schematic of an axial Virtual Cathode Oscillator.

γ =

√
1

1−
(
v
c

)2 (2)

where c is the speed of light 3 × 108 ms and v is the
electrons speed given by:

v = c

√
1− 1[

1 +
( eV0

mc2
)]2 (3)

with V0 the applied voltage over the anode-cathode gap
distance.
The operating frequency of the virtual cathode fvc is related

to the plasma frequency fp as fp ≤ fvc ≤ (2π)
1
2 fp [23], [24].

For an axial vircator, fvc is given by [26]:

fvc =
4.77

dAK
ln
(
γ +

√
γ2 − 1

)
(4)

where dAK is the anode to cathode distance.
The reflected electrons of the virtual cathode oscillate at a

frequency fr given by:

fr =
1

4τAK
(5)

with τAK the transit time for electrons to travel from the
cathode to the anode.
τAK can be expressed in terms of the distance dAK and the

electron velocity v as:

τAK =
dAK√
V0

·
√

2mc2 + eV0

ec2
(6)

So, it occurs:

fr =
√
v0

4dAK

√
ec2

2mc2 + eV0
(7)
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III. DESIGN AND PARTICLE-IN-CELL SIMULATION FOR A
CLASSIC AXIAL VIRCATOR
The design of the S-band Vircator starts with a classical axial
configuration modeled by CST studio 2024 using its mesh
generator module. In Figure 3, the 3D CST schematic model
of the axial vircator is shown.

Starting from Eq. 7, physical parameters are obtained by
plotting a graphical chart with the anode-cathode distance dAK
vs input voltage V0 with the frequency fr as a parameter.
For an operating frequency of 2.55 GHz, a cathode voltage

equal to 520 kV and an anode-to-cathode distance dAK equal
to 2.45 cm are obtained from the graphical chart.

FIGURE 3. 3D CST schematic model of the axial vircator.

For the cathode, an emission surface with a radius rc =
4.6 cm and a length equal to 6 cm are considered.
The maximum current density can be derived from the

Child-Langmuir law of a planar diode, given by:

Jscl = 2.33× 10−6V
3/2
0

d2AK
(8)

The space charge limiting current for a cylindrical electron
beam can be expressed as [9]:

Iscl = Jscl × S (9)

where S is the cathode surface given by πr2c being rc the
cathode radius.

The space charge limiting current corresponding to the
chosen cathode radius is equal to Iscl = 9.3 kA.
If one-dimensional electron flow is considered, then the

beam radius rb and the cathode beam rc can assume the same
value.

The radius of the waveguide rg is chosen according to the
relationship:

f01 < fvc < f02 (10)

where f01 ed f02 are the cut-off frequencies for TM01 and
TM02 modes, respectively, given by:

(fcut−off )
TM
0n =

p0n · c
2πrg

(11)

where c is the light speed and p0n are the 0n-zero of
the Bessel function equal to 2.045 and 5.520 for TM01 e
TM02modes, respectively.
Being f01 and f02 equal to 1.43 GHz and 3.29 GHz, respec-

tively, rg is fixed equal to 7.6 cm to reject higher order modes
and have single-mode propagation. The length of the circular

guide is chosen equal to 60 cm. This value should allow
for better propagation of the TM01 mode and a significant
increase in power through the tube [21].
The vircator design takes into consideration the physical

and geometric parameters fp, fvc, fr ,V0, dAK , rc, rg, and their
relationships, resulting in a complex and time-consuming
method. The simulation physical and geometrical parameters
for the axial vircator are reported in Table I.

TABLE I. Physical and geometrical parameters for the axial S-band
vircator

Parameter Quantity Dimension

Operating frequency 2.55 GHz
Cathode Voltage 520 kV
Beam Current 20 kA
Cathode-anode distance 2.45 cm
Axial and radial grid width 4.5 mm
Guide radius 7.6 cm
Cathode radius 4.6 cm
Length of the guide 60 cm
Length of the cathode 6 cm

The axial vircator is fed by a 520 kV pulsed voltage with
rise time of 5 ns and a pulse duration of 50 ns. In Figure 4, the
waveform of the applied voltage pulse normalized to 520 kV
is shown.

FIGURE 4. Applied voltage pulse normalized to 520 kV.

The cathode emission process is controlled by an explo-
sive emission model, with a 100 kV/m threshold value. The
virtual cathode (VK) is formed at a distance from the real
cathode of the order of twice the anode to cathode (AK) ones,
as shown in Figure 5.

FIGURE 5. Electron charge distribution with the virtual cathode.

During the VK formation process, the electromagnetic
field of oscillating electrons couples the EM fields of the
waveguide modes. After the VK formation, electrons get
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bunched in the downstream region of the waveguide, as
shown in Figure 6. In Figure 7, the simulated instantaneous
total output power for the classic axial vircator is shown.

FIGURE 6. Normalized momentum for classic axial Vircator.

FIGURE 7. Output peak power vs time for the classic axial vircator.

Figure 8 shows the Fourier spectrum for the classic axial
vircator. The total output power is entirely supported by the
TM01 mode at a frequency equal to 2.55 GHz.

FIGURE 8. Fourier spectrum for the classic axial vircator.

Figure 9 shows the output peak power of the TE11 mode
for the classic axial vircator.

Figure 10 shows the wave particle transfer for the classic
vircator geometry.

IV. NOVEL CONICAL AXIAL VIRCATOR
Figure 11 shows the schematic model of the proposed novel
conical axial vircator. It consists of a classic axial Vircator
configuration with two conical metal "slices" inserted in the
cylindrical waveguide which make the exit barrel-shaped.

The fundamental principle behind the proposed novel ge-
ometry is to increase the electric field intensity related to

FIGURE 9. Output peak power vs. time for the TE11 mode of the classic
axial vircator.

FIGURE 10. Wave particle transfer for the classic axial vircator
configuration.

FIGURE 11. CST schematic model of the novel conical axial Vircator
geometry.

the TM01 mode. According to Poynting’s theorem [27], since
the cross-sectional area gradually narrows, it follows that the
vector E×H increases, being E the electric andH themagnetic
field, respectively. However, this increase has a limit beyond
which the triggering of other modes drains energy from the
TM01 mode.
The increase in the electric field relative to the TM01

mode enhances the interaction with the virtual cathode, con-
sequently increasing the energy flux within the Vircator. This
enhanced interaction is crucial for achieving higher efficiency
and power output, as demonstrated by the simulation results.
In the proposed conical axial Vircator design, the gradual

narrowing of the cross-sectional area results in an increase in
the electric field intensity for the TM01 mode. This intensified
electric field enhances the interactionwith the virtual cathode,
leading to a more efficient energy transfer and microwave
generation process [28], [29].
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The analysis of this structure is carried out starting from
the design of the classical axial cylindrical waveguide with an
aperture of the two slides equal to zero. The performance of
the conical axial vircator, in terms of spectral purity, output
power, and energy contained in the pulse, are analyzed and
optimized by varying the aperture of the added cone "slices"
for the different propagation modes that can be triggered in
the device.

Figure 12 shows the parametric analysis of the average
output power vs the half-height of the exit window (corre-
sponding to the aperture of the cone-slice) for the fundamen-
tal mode TM01 by varying the aperture and therefore thewidth
of the output window. Different half-height of the output
window, corresponding to a variation in terms of conical
angles, have been considered and simulated to obtain the opti-
mum value of output window corresponding to the optimum
angle. The optimum value in terms of high average power
has been obtained at 4.6 cm, corresponding to a full output
window equal to 9.2 cm. The average output power ranges
from a value of 31.5MW for the classic axial configuration,
corresponding to a half-height of the output window equal to
7.6 cm, to a value up to 50MW for the novel conical axial
configuration for which the half-height of the exit window is
equal to 4.6 cm.

FIGURE 12. Average power vs. half-height output window aperture.

Figure 13 shows the parametric analysis for the cathode
current value vs the half-height of the output window with
the aperture varying from 4.6 cm to 7.6 cm.

FIGURE 13. Cathode current vs. half-height output window aperture.

The optimum geometrical dimensions of the designed con-
ical axial vircator are reported in Table II.

TABLE II. Geometrical dimensions of the added conical slices

Parameter Quantity Dimension

Length L of the cone slice 61.25 cm
Minimum distance d cone-slice 9.20 cm
Maximum distance D cone-slice 15.20 cm

Figure 14 shows the normed momentum for the novel
conical axial Vircator configuration.

FIGURE 14. Normalized momentum for the conical axial geometry.

Figure 15 shows the peak output power waveform for the
conic axial vircator with an output window aperture lower
than the classical axial ones.

FIGURE 15. Output peak power vs time for the novel conic axial vircator
geometry.

The novel geometrical structure allows for an increase in
efficiency of more than 50% compared to the classic struc-
ture.
Figure 16 shows the Fourier spectrum for the novel conical

axial geometry. By comparing the simulation results of the
novel proposed conical structure and classical structure, an
increase in energy occurs.
The efficiency of the novel proposed cylindric waveguide

with a conical structure inside reaches a value up to 60%more
than the classic cylindric waveguide, calculated according to
[24]. The increase of 60% in energy results from the integral
over time of the output peak power waveform for the new
Vircator, shown in Figure 16, compared to the integral of the
output peak power waveform for to the traditional vircator
shown in Figure 8. Moreover, it is not possible to reduce
the diameter of the overall waveguide to have the interaction
over the full length. Reducing the guide radius to a value
of 4.6 cm, equal to the size of the half-height of the guide
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at the end of the semi-cone, leads to an increase in the cut-
off frequency of the guide for the TM01 mode used in the
Vircator. In particular, for a value of the initial guide radius
equal to 7.6 cm and a final radius of the cylindrical waveguide
equal to 4.6 cm, the cut-off frequency for the TM01 mode
shifts from 1.43 GHz to 2.36 GHz [23]. This value, very
close to the working frequency of the device, does not allow
the electromagnetic signal generation process. This is a very
important result which, thanks to the novel solution, allows
us to significantly increase the efficiency of the Vircator.

FIGURE 16. Fourier spectrum for the conic axial vircator.

FIGURE 17. Output peak power vs. time for the TE11 mode of the conic
geometry.

Figure 17 shows the graph of the output peak power for
the TE11 mode for the novel conical axial geometry. By com-
paring Figure 9 and Figure 17, the output power for the TE11

mode for the classic vircator and the vircator with the conical
insert, respectively, it can be noted that the amplitude of the
TE11 mode for the vircator with the window aperture equal
to 4.6 cm is smaller than the classic vircator with a half-size
output window height equal to 7 cm. The half-height output
window value equal to 4.6 cm is an optimum value in terms of
high output power and allows a reduction of the TE11 mode.
Figure 18 shows the wave particle transfer waveform for the
conical vircator geometry. The novel geometry proposed in
this article allows obtaining energy values for a single pulse
of 60% more than the energy value of a classic Vircator
configuration. The spurious modes starting from the TE11

mode are more restricted for the axial Vircator based on the
novel geometry.

The electrical parameters of the conical S-band axial vir-
cator are reported in Table III. The novel axial geometry al-

FIGURE 18. Wave particle transfer waveforms for the conical axial
configuration.

lows obtaining better performance in terms of spectral purity,
average output power, and high-efficiency, compared to the
classical axial Vircator.

TABLE III. Electrical parameters for the conical S-band axial vircator

Parameter Quantity Dimension

Cathode voltage 520 kV
Beam Current 20.7 kA
Pulse width 50 ns
Average output power 50 MW
Pulse energy 2.0 J
Enhancement Efficiency 60 %

V. CONCLUSIONS
In this article, a novel conical axial vircator operating at S-
band was presented. The integration of a conical structure
in the cylindrical waveguide of an axial Vircator leverages
the principles of Poynting’s theorem to enhance the electric
field intensity of the TM01 mode. This approach significantly
improves the interaction with the virtual cathode, resulting
in higher efficiency and power output for the Vircator. The
novel axial vircator geometry proposed in this article allowed
obtaining an increasing of the output power higher than 60%
compared to the output power of the classic axial vircator
geometry. The novel structure was discussed for a single-
stage axial vircator configuration consisting of a single virtual
cathode. However, it could also be used for a multi-stage
vircator structure proving very high efficiency and output
power. The conical structure added into a circular waveguide
paves the way to the application of the axial vircator for anti-
drone applications [30], [31].
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