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The high-power scheme for the amplification of powerful microwave signals based on the overcriti-

cal electron beam with a virtual cathode (virtual cathode amplifier) has been proposed and investi-

gated numerically. General output characteristics of the virtual cathode amplifier including the

dependencies of the power gain on the input signal frequency and amplitude have been obtained

and analyzed. The possibility of the geometrical working frequency tuning over the range about

8%–10% has been shown. The obtained results demonstrate that the proposed virtual cathode am-

plifier scheme may be considered as the perspective high-power microwave amplifier with gain up

to 18 dB, and with the following important advantages: the absence of external magnetic field, the

simplicity of construction, the possibility of geometrical frequency tuning, and the amplification of

relatively powerful microwave signals. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4918713]

Since the early 1980s, the beam-plasma systems using

intense electron beams with virtual cathode (VC) attract

great attention of scientific community in the area of plasma

physics and high-power microwave (HPM) electronics.1–9

Usually, such systems are considered as the sources of the

impulses of high-power microwave radiation (up to several

gigawatts power level) for such applications as plasma

physics and techniques, high energy density physics, accel-

erator physics, radar and communication technologies, and

as setups for ion acceleration and plasma heating.3,6,7,10–15

VC oscillators (VCOs) (such as vircators, reditrons, and virt-

odes) are a special class of bremsstrahlung microwave gen-

erators, whose operation is based on the formation of a VC

in an electron beam (usually relativistic) with overcritical

current.1,3,7,16–18 The main advantages of VCOs are the fol-

lowing: very high output microwave radiation power, a sim-

ple construction (let us emphasize that vircators can operate

without external focusing magnetic field), fast rise time, the

possibility of a simple frequency tuning and regime switch-

ing (tunability), rather short operation region and low

demands on the quality of the electron beam.4,6,7,19–23 The

last property is of great importance when the oscillator is

fed with short and low-quality beam formed by an explosion

emission electron injector.24

At the same time, the important problem of HPM elec-

tronics is the development of effective high-power micro-

wave amplifiers, especially the final amplifiers for the

amplification of relatively power signals.7 A perspective way

for the solution of this problem is the use of the intense rela-

tivistic electron beam (REB) with near-critical or overcritical

current as the active media of the amplifier. The formation of

a VC in such system may provide the amplification of the

input microwave signal on retention of the main advantages

of VCOs.25 This idea was first proposed in the work,25 where

the simple modification of vircator with the external signal

input was experimentally investigated and the relatively

effective amplification of the signal (with a gain of 4.5 dB)

has been observed. By analogy with VCO, the amplifier

based on the use of an electron beam in the regime of the VC

formation may be called VC amplifier (VCA).

Nevertheless, many problems concerning the analysis of

VCA’s amplification mechanisms and characteristics and the

development of the optimal schemes of VCA are still unin-

vestigated. In the context of the modern HPM electronics de-

velopment, the solution of the above-mentioned problems is

very important and timely. So, the present work is devoted to

the 3D numerical study of the promising VCA scheme that is

based on the well-known special scheme of the double-gap

relativistic vircator with external electromagnetic feedback

(virtode26) described and investigated in Refs. 27 and 28.

The double-gap virtode has been chosen as the base for the

amplifier development because of its following undoubted

advantages in comparison with usual vircators: generation

frequency stability, relatively high efficiency (one of the

highest among VCOs), and the convenience of the external

signal input.

Let us consider the scheme and the numerical model of

the proposed VCA (see Fig. 1) and its differences from the

virtode scheme.27 The investigated VCA consists of a two-

section (double-gap) rectangular radio frequency cavity. To

the left of the resonating cavity, there is the cylindrical elec-

tron gun region 1 where a cathode 4 produces a solid cylin-

drical electron beam 10. In front of the cathode, there is the

first anode grid 5. The rectangular resonator is divided into

two parts (gaps) 2 and 3, the length of the first is adjustable,

controllable by the tuning plunger 11 as shown in the figure.

An aluminum foil between this gap 7 acts as the second grid.

As distinct from the virtode, the VCA does not contain aa)Electronic mail: KurkinSA@gmail.com

0003-6951/2015/106(15)/153503/5/$30.00 VC 2015 AIP Publishing LLC106, 153503-1

APPLIED PHYSICS LETTERS 106, 153503 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

213.106.253.19 On: Fri, 17 Apr 2015 08:29:30

http://dx.doi.org/10.1063/1.4918713
http://dx.doi.org/10.1063/1.4918713
http://dx.doi.org/10.1063/1.4918713
mailto:KurkinSA@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4918713&domain=pdf&date_stamp=2015-04-16


window between the two gaps of the resonator that provides

the electromagnetic feedback in the virtode. The amplified

(input) signal is introduced into the VCA through the coaxial

waveguide 8 connected to the side wall of the first resonator

gap. The output signal is extracted from the top of the

device’s second gap 9 that operates, actually, as the rectan-

gular waveguide. The considered VCA operates without the

application of an external magnetic field. So, the first gap in

the VCA model serves as the premodulating area, where the

input signal interacts with the REB, and the second gap—as

the interaction space, where a VC is formed and radiates an

electromagnetic microwave power.

Analyzing the relativistic VCA, it is necessary to take

into account the effects that were insignificant for the weakly

relativistic systems, in particular, the influence of the self-

magnetic fields of a REB.14,29 For that reason, the 3D fully

electromagnetic particle-in-cell solver from CST Particle

Studio is used in this work for the accurate numerical investi-

gations of processes occurring in the relativistic VCA.

The discrete voltage port acts as the voltage source in

the considered VCA model and provides the accelerating

voltage pulse of 1.1 MV between the cathode and the anode

grids for 300 ns with the smooth rise time of 10 ns. The cath-

ode acts as the particle source inside the gun region. The

electron beam is emitted using the DC emission model with

a current of I0 ¼ 16:9 kA. This value is above the first criti-

cal current, Icr1, and slightly below the second critical cur-

rent, Icr2, of the double-gap virtode

Icr1 < I0 < Icr2; (1)

where Icr1 � 10 kA is the current above which VC starts to

reflect electrons (the first critical current) and Icr2 � 17:6 kA

is the current above which the part of reflected electrons

increases essentially and microwave generation becomes

possible (the second critical current).27,28,30 The VCA power

output is modelled with the help of the waveguide port 9 that

simulates an infinitely long rectangular waveguide connected

to the structure and is characterized by very low levels of

reflections. The similar model was used earlier for the simu-

lations of the aforementioned double-gap virtode27 that have

shown a good agreement with the experimental studies.31

The parameters of the considered VCA scheme with a

REB were chosen in the process of its optimization as fol-

lows: the cathode radius—49 mm, the electron gun radius—

54 mm, the distance (along the y-axis) between the gun cen-

ter and the system bottom—227 mm, the distance (along the

z-axis) between the cathode and the anode grids—21.5 mm,

the resonator width (along the x-axis)—140 mm, the height

(along the y-axis) of the first gap—347 mm, that corresponds

to h1 ¼ 120 mm, the distance between the anode grid and

the second grid—30 mm, the distance between the second

grid and the system end—119 mm, the position of the output

waveguide along the y-axis relative to the system bottom—

494 mm, the position of the input coaxial waveguide along

the y-axis relative to the system bottom—21 mm, the inner

and the outer radii of the input waveguide—1 mm and 5 mm,

and the length of the part of the input waveguide inner core

inside the first gap—28 mm. The important parameter here is

the position of the input waveguide that was defined from

the conditions of the minimization of the signal reflected

back to the input waveguide and the maximization of the

interaction efficiency of the electron beam with the input sig-

nal that provide a maximal amplification efficiency. Note

that the power leak through the input waveguide leads to an

essential decrease of amplification coefficient. The optimal

allocation of the input was defined when carried out in CST

Particle Studio optimization procedure.

FIG. 1. (a) The scheme of the proposed

virtual cathode amplifier. Here, 1—the

electron gun region, 2—the first gap of

the resonator, 3—the second gap of the

resonator, 4—the cathode of the elec-

tron gun, 5—the anode grid, 6—a volt-

age generator (the discrete voltage

port), 7—the second grid, 8—the input

coaxial waveguide (the input wave-

guide port), 9—the output rectangular

waveguide (the output waveguide

port), 10—schematically shown solid

electron beam, 11—tuning plunger.

“VC” denotes schematically the virtual

cathode area; h1 defines the position of

the plunger relative to the symmetry

axis. VCA operates without external

magnetic field. (b) The model of the

VCA with a REB in CST Particle

Studio shown in cross section. One can

see the formation of VC in the second

gap 3 of the VCA under the external

signal effect in the first gap 2. The fre-

quency and amplitude of the input sig-

nal are fin¼ 1.14 GHz and Ain¼ 6 kV.
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Let us consider the results of the numerical investigation

of the VCA model and its output characteristics. Fig. 2 dem-

onstrates the VCA output signals and the amplitude Fourier

spectra at the working TE-mode of the output rectangular

waveguide for the cases without (Fig. 2(a)) and with (Fig.

2(c)) input signal that is shown in Fig. 2(b). One can see that

the investigated VCA does not demonstrate the stable output

microwave radiation in the absence of the input signal except

for the small time interval at the beginning of the pulse when

there is a short burst at the output signal due to the transient

processes in the device (Fig. 2(a)). This result indicates that

generation process is not developed in the system with near-

critical current (1) and without coupling window and exter-

nal input signal. Also we may conclude that under such

conditions a developed oscillating VC is not formed in the

second gap of the VCA, and the REB is the active media

able to amplify an external signal. This effect shown in Figs.

2(b)–2(e) demonstrates the corresponding amplitude spectra.

Actually, the input signal is amplified by 4.7 times in ampli-

tude due to VC formation under external microwave signal

influence. Fig. 1(b) illustrates the VC formation (marked by

arrow “VC”) in the second gap under the external signal

applied to the first gap of VCA without magnetic field. The

amplified output signal (Fig. 2(c)) has a stable amplitude and

frequency after the transient process (see Fig. 2(e)) that takes

as a rule about 80� 120 ns, while the rise time of the input

signal is 40 ns. As a consequence, the double-gap VCA can

be considered as a typical regenerative amplifier such as, for

example, backward wave oscillator operating below its self-

excitation threshold and providing microwave amplification

in regenerative amplification regime.24,32

Fig. 3 demonstrates the dependency of the power gain of

the VCA on the input signal frequency. One can see that the

proposed VCA is a narrow-band amplifier with bandwidth

�0:6% whose working frequency (where K reaches the max-

imal value, see Fig. 3) fw1 � 1:14 GHz is determined by the

frequency of the TM110 mode of the first gap. This mode has

one variation of Ez-field along the y-direction of the first gap

with the maximum in the region of the electron beam propa-

gation, so it interacts with a REB in the best way and modu-

lates it at the frequency of the input signal. From the

physical point of view, the introduction of the input signal

into the system and the subsequent REB modulation switch

it in the regime with a developed VC (into the second gap)

that results in the signal amplification. The second small

peak on the KðfinÞ dependency at the frequency fw2 � 1:35

GHz corresponds to the excitation of the TM120 mode of the

first gap, but the interaction efficiency of the REB with this

mode is relatively low for the investigated VCA. Narrow fre-

quency band is obviously a strong selective property of the

FIG. 2. The output signals (a) and (c)

at the first TE-mode of the output

waveguide and the signal fed to the

input waveguide (b) of the VCA. The

signal (a) corresponds to the case when

no signal is fed to the input waveguide

and the signal (c)—to the case when

the signal (b) is fed to the input wave-

guide. Figures (d) and (e) demonstrate

the amplitude Fourier spectra of the

signals (b) and (c) in the stable regime,

respectively. The frequency of the input

signal is fin¼ 1.14 GHz, its amplitude

Ain¼ 6 kV, and the amplitude of the

amplified signal (c) Aout¼ 28 kV.

FIG. 3. The dependency of the power gain K of the VCA on the input signal

frequency fin; Ain¼ 0.5 kV.
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VCA, which also decreases the electron beam noises effect

on the operation of the device.24

For the analysis of the influence of the input signal am-

plitude Ain on the amplification coefficient of the VCA, the

dependency KðAinÞ was obtained and shown in Fig. 4. The

optimal value of Ain corresponding to the maximal power

gain K � 65 is about 0.5 kV. The input signal with lower

amplitude Ain< 0.5 kV does not provide a proper modulation

of the beam resulting in the significant decrease of the power

gain K. The introduction into the VCA of the more powerful

input signal with amplitude Ain> 0.5 kV causes the overmo-

dulation of the REB that has a negative impact on the VC

formation process and, hence, leads to the decrease of the

power gain. Also the power leak through the input wave-

guide rises with the growth of Ain. Nevertheless, these unde-

sirable effects are stabilized for Ain> 4 kV, and the power

gain K approaches the value Kc � 15 for Ain � 10 kV (see

Fig. 4).

In spite of the VCA turned out to be a narrow-band am-

plifier, it is possible to realize its working frequency tuning

over a wider range by means of the mechanical tuning of the

first resonator gap, changing the position of the top plunger.

This idea is illustrated in Fig. 5(a), where the dependencies

KðfinÞ obtained for different heights of the first gap are

shown. Actually, the change of the first gap geometry leads

to the variation of the working mode frequency and, as a

consequence, to the tuning of the VCA working frequency:

the greater the resonator height, the lower the working fre-

quency (see the curve fwðh1Þ in Fig. 5(b)). The carried out

investigations show that the geometric tuning in the consid-

ered VCA makes possible the frequency tuning of the device

up to 8%–10% of the mean frequency (�1:14 GHz), with the

power gain K being practically constant up to 1.15 GHz (see

the curve KmaxðfwÞ in Fig. 5(c)). The decrease of K for fw >
1:15 GHz is the consequence of the reduction in the interac-

tion efficiency of the electron beam with the fields of the first

gap resonator, as its height decreases with the frequency

growth. Also, the signal input (whose allocation was opti-

mized for h1 ¼ 120 mm) becomes nonoptimal with a rela-

tively strong change of the resonator height. Note that the

working frequency is limited from above because of the

height of the first gap in the considered VCA (based on the

known virtode scheme26,27) cannot be less than the electron

beam radius. Nevertheless, the VCA may be advanced to the

higher frequency range by reducing its character dimensions,

particularly the electron gun radius owing to the basic physi-

cal concepts underlying the VCA amplification mechanism

are not changed with the decrease of the device dimensions.

So, the obtained results demonstrate that the proposed

virtual cathode amplifier scheme may be considered as the

perspective high-power microwave amplifier with the fol-

lowing important advantages: the absence of external mag-

netic field, the simplicity of construction, the possibility of

geometrical frequency tuning, and the amplification of rela-

tively power microwave signals, with maximal power gain

being about 18 dB and mean power gain—about 12 dB. The

last VCA feature allows one to consider it as the perspective

high-power relativistic final amplifier.
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FIG. 4. The dependency of the power gain K of the VCA on the input signal

amplitude Ain; fin¼ 1.14 GHz. The dots denote the data of the numerical

studies and the curve—approximation.

FIG. 5. (a) The dependencies of the power gain K of the VCA on the input

signal frequency fin for different positions of the plunger h1: curve 1 corre-

sponds to h1 ¼ 270 mm, 2—h1 ¼ 120 mm, and 3—h1 ¼ 60 mm (this value

is close to the electron gun radius); Ain¼ 6 kV. (b) The dependency of the

VCA working frequency fw on the position of the plunger h1. (c) The de-

pendency of the maximal power gain Kmax on the working frequency fw.
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