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This Letter is devoted to results of the both experimental and theoretical studies of electromagnetic
radiation output power gain in the low-voltage microwave generator with a virtual cathode (vircator)
under an external harmonic signal leading to the preliminary velocity modulation of the electron beam.
The simple theoretical model of the electron beam with virtual cathode in a diode gap with retarding
field under the external signal has been developed. The theoretical and numerical analysis have shown

the possibility of power amplification in the vircator under the external influence. Obtained results of the
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theoretical consideration are proven by the experimental study.
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1. Introduction

The analysis of microwave oscillations in a GHz/THz range in
spatially extended systems with overcritical electron beams in
regimes of a virtual cathode (VC) formation attracts the great at-
tention of a scientific community [1-11]. Microwave generators
using electron beams with a VC (the so-called vircators) [1,12]
are perspective devices of the high-power microwave electronics
for the generation of impulses of wideband microwave radiation
due to its high output microwave power, a simple construction
(including the possibility of operation without a focusing mag-
netic field), a simple frequency tuning and regime switching by
varying control parameters or by different types of action on VC
oscillations (e.g., external signal influence or the introduction of
additional feedback) [3,5,13-20]. All these circumstances increase
the fundamental and applied importance of studies of the nonlin-
ear dynamics of electron beams with a VC.

One of the actively investigated modification of vircators is
a low-voltage system based on intense non-relativistic or low-
relativistic electron beams [4,21,22]. It is considered as the promis-
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ing controllable source of wideband microwave radiation [4,23].
In a low-voltage vircator a non-stationary oscillating VC in an elec-
tron beam is formed in the presence of a retarding electric field.
The simplest model of a low-voltage vircator is a plane diode gap
consisting of two grids and pierced by an electron beam. A re-
tarding voltage is applied to the second (output) grid of the diode
region and forms the static electric field decelerating electrons that
leads to the formation of a VC at lower beam currents. The vari-
ations of the retarding voltage lead to the change of power and
bandwidth of the output microwave signal [4,7,24].

Several early theoretical and experimental studies were concen-
trated on the analysis of the effect of external signals on genera-
tion in a vircator but they were mainly related to the external and
mutual synchronization of VC oscillations [3,5,25-28]. The prob-
lem of the effect of a weak external signal on microwave output
power of a vircator and the possibility to create the amplifier of
microwave signals based on an electron beam with a VC have yet
to be investigated (practically, the sole exception is Ref. [29]).

This Letter presents results of the both theoretical analysis
and experimental study of output power amplification in the
non-autonomous low-voltage vircator under the external single-
frequency signal influence leading to the velocity pre-modulation
of the injected electron beam.
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Fig. 1. Scheme (a) and external view (b) of the low-voltage vircator under study. De-
tails of the vircator scheme: 1 - electron gun; 2 - modulation section (modulator);
3 - interaction space; 4 - cathode; 5 - anode; 6 - collector; 7 - input grid; 8 -
output grid; 9 - input (modulating) helix electrodynamic system; 10 - output helix
electrodynamic system.

2. Experimental setup

The experimental setup of the system under study (the low-
voltage vircator) is shown in Fig. 1. We have considered the ex-
perimental model of the vircator which consists of the electron
source 1, the section 2 for the electron beam pre-modulation and
the interaction space 3 with a retarding potential where the VC
forms in the electron beam. The electron beam is formed by the
electron gun and injected into the diode gap with a retarding
field composed of two grid electrodes. The retarding field is cre-
ated by means of the potential difference between grids of the
diode. A thermionic cathode is used as an electron source. The
electron gun with the anode (to which an accelerating voltage, Vo,
is applied) forms an axially symmetric convergent cylindrical solid
electron beam. The electron beam is considered as monoenergetic
due to the negligible spread of electron velocities at the output
plane of the electron gun region. The beam accelerating voltage
is Vo = 1.7 kV; the beam current Iy = 120 mA; the beam radius
r, =5 mm; the radius of the beam channel R = 7.5 mm. The ex-
ternal uniform magnetic field with induction Bg = 200 G is applied
along the longitudinal axis of the device, therefore the motion of
electrons can be considered as close to one-dimensional.

Initially, the electron beam enters the area of the modulat-
ing helix system (the so-called modulator). In this space 2 (see
Fig. 1) the electron beam is affected by an external signal. The ef-
fect of the external harmonic electric field leads to the velocity
pre-modulation of the beam. Then the modulated electron beam
emerges in the interaction space 3 of the low-voltage vircator.

The potential of the input grid electrode Vg is equal to the po-
tential of the anode, and the potential of the output grid V, =
Vo — AV varies from the value V,/Vy =1 (AV =0, without brak-
ing) to V,/Vg =0 (AV =V, the retarding voltage is equal to the
accelerating one). Under the influence of the retarding field a non-
stationary VC is formed in the electron beam of the low-voltage
vircator [4]; the form and power of its oscillations depend es-
sentially on the value of the retarding potential, Vo [4,24,7]. VC
oscillations were analyzed with the help of a helix broadband out-
put system loaded onto an absorptive insert on the one end and
onto the microwave power output on the other.
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Fig. 2. (a) The block diagram of the experimental scheme for the investigation of a
power amplification in the non-autonomous low-voltage vircator under the exter-
nal single-frequency signal. Acronyms are: virtual cathode oscillator (VCO); power
divider (PD); digital storage oscilloscope (DSO); digital spectrum analyzer (DSA);
power meter (PM); signal generator (SG); (b) experimentally obtained power spec-
trum of the low-voltage vircator in an autonomous regime for AV =600 V corre-
sponding to the periodic oscillations in the system.

The experimental vacuum setup operates with the residual gas
pressure of 10~7 Torr. Its external view is shown in Fig. 1(b). Out-
put microwave signals of the investigated generator are analyzed
by the digital storage oscilloscope, the digital signal analyzer and
the power meter and stored in a computer.! The block diagram
of the experimental scheme is shown in Fig. 2. The low-voltage
vircator generates a microwave signal with the base frequency
fvc = 2.41 GHz and output power Py =2.8 W in an autonomous
regime (see Fig. 2(b)).

3. Theoretical investigation

We have considered a 1D model of the low-voltage vircator
(a 1D diode region with a retarding field pierced by an electron
beam) as the object of the theoretical study. An oscillating VC in
the electron beam is formed in the space of the diode region when
the beam current and the retarding potential exceed some critical
values [1,5]. We assume that the external harmonic signal effects
through the section of the helix electrodynamic system (HES) in-
stalled between the electron source and the diode gap (interaction
space) where a VC is formed. An external signal leads to the pre-
liminary modulation of the velocity of the beam into the vircator.

The proposed simple theoretical model of an electron beam
with a VC in the retarding field and under the influence of the ex-
ternal force is based on following assumptions. We consider the
interaction drift space of the low-voltage vircator system. It is
known that a VC as a potential barrier to a beam reflects partially
the electron beam back to the area of injection and modulates its
density and velocity at the natural frequency fyc. So, the investiga-
tion of beam dynamics in such vircator system may be considered
as the problem of the motion of a charged particle beam in a re-
tarding field of a low-voltage vircator which is the sum of constant
and variable components. The constant retarding field Vg4 is the
result of the potential difference between grids of the diode gap,
AV, and the constant potential barrier of the VC. The variable field
V(t) = Vycel®wct (j =./=1) is the braking field of the unsteady
VC that occurs due to the variable potential in the VC region. The
effect of the external signal on dynamics of the electron flow is
considered as the velocity modulation of the beam at the entrance
of the diode region with the external force frequency wm, =27 f.

The solution of this problem is reduced to the analysis of
equations of electrons motion in the interaction space. To ana-
lyze dynamics of the electron beam in the retarding field in a
VC formation regime we use dimensionless variables of longitudi-
nal coordinate x/x' = L, time t/t' = L/vq, frequency f/f" = vo/L,
and potential V/V' = v%/n. Here L is the length of the interaction
space (diode gap with a retarding field), vo is the velocity of elec-
tron beam at the anode, 7 is the specific electronic charge. Further
we will omit the primes on the dimensionless variables.

T We have used the measuring equipment of Agilent Technologies company.



N.S. Phrolov et al. / Physics Letters A 378 (2014) 2423-2428 2425

Output power (P/P,)

0 0.002 0.004 0.006 0.008 0.01
Modulation depth (X)

Fig. 3. Results of theoretical analysis. Analytically calculated values of output power
of the low-voltage vircator under different values of a retarding potential defined by
the parameter 8: 1 - § =0.00517, 2 - 0.00597, 3 - 0.00677. Parameter © = 0.0039.

According to Newton’s second law dynamics of charged parti-
cles in the diode gap is described by the following equation:

X= (cheja)vct - Vd). (1)

Here Vyc and wyc are the amplitude and the frequency of VC os-
cillations (the variable part of the retarding potential of the drift
space), and Vg is the fixed part of the retarding potential.
Integrating (1) two times with boundary and initial conditions
t=ty,

x=0,  X(0,t1) =vo(1+ Xsin(wnt1)) (2)

(X is the dimensionless depth of the beam velocity pre-modula-
tion) we obtain expressions for the coordinate, x, and the transit
angle, ¢ = wyct, of electrons in the diode region:

x=(1+ Xsin(@mt1))(t —t1) — ?(t —t1)?

1% ) ) )
— % [ela)vct _ elovcti _ jwvceja)vcﬁ (t— tl)] (3)
Wyc
¢(1+ Xsin(@mt1)) = pu[e!? — jp — 1]e/w" + Bg?, (4)

where = Vyc/wyc is the dimensionless depth of the modulation
of the electron beam in the diode region by VC oscillations and
B =V4/2wyc defines the effect of constant retarding field V.

Taking into account the charge conservation law I(x,t)|dt| =
Iodt; we determine the bunched beam current:

-1
I(x, r)=lo<1+id—¢> , (5)

wyc dty

where [y is the beam current injected to the interaction space
and t; is the time when electrons enter the interaction space. Mi-
crowave power of the low-voltage vircator is registered with the
help of the output HES therefore output microwave power is pro-
portional to the value of a bunched beam current and can be
estimated as P = pI2, where p is a coupling coefficient of a beam
and electromagnetic wave in a HES (a coupling impedance).

The analysis of the stationary theoretical model of the elec-
tron beam with a VC in the low-voltage vircator shows the growth
of output microwave power with the increase of the beam veloc-
ity pre-modulation depth at the entrance of the interaction space.
Fig. 3 demonstrates the analytically obtained dependencies of nor-
malized vircator output power P/Pq for different amplitudes of
the retarding electric field. Here Py is output power of the au-
tonomous generator. One can see that the increase of the electron
current velocity pre-modulation depth which is proportional to
the external harmonic signal amplitude leads to the rise of out-
put radiation power of the low-voltage vircator. According to the

developed theoretical analysis of the electron beam with a sta-
tionary VC the amplification of microwave radiation power reaches
P/Py =5-10 in the range of experimentally implemented values
of the modulating field. The explanation of the output power in-
crease as a growth of the bunched beam current, I(x,t), in the
framework of the suggested model consists in an electron bunch-
ing improvement in the VC area due to the beam velocity pre-
modulation by the external signal. In the absence of the external
signal the electron beam is bunched in the only modulating field
of the oscillating VC which is relatively weak. The presence of the
additional pre-modulation leads to the significant improvement of
a bunching in the VC area. Fig. 3 also demonstrates the insignifi-
cant decline of value P/Pg at small values of the modulation depth
(X < 0.006) connected with VC structure breaking due to the ap-
pearance of the scattering of electrons input velocities that leads
to the decrease of the bunched beam current.

To verify results of the simplest theoretical analysis we also
consider the possibility of the increasing of output power of the
system with a VC within the framework of a self-consistent 1D
numerical PIC-model of a low-voltage vircator [30]. The electron
beam is simulated by a set of large particles injected into the drift
space at regular time intervals. Nonrelativistic equations of motion
are solved for each particle and the configuration of the field and
the potential of a space charge are determined by solving Pois-
son equation (for the detailed description of the numerical model
see [4,23,7]). The HES input and output of microwaves are simu-
lated with the help of an equivalent circuit approach [31,32].

4. Numerical analysis and discussion of physical processes
in the non-autonomous system

The numerical 1D simulation of dynamics of the electron beam
in the low-voltage vircator confirms analytically obtained results.
Fig. 4 shows the calculated dependencies of output power of a
microwave signal on the velocity modulation depth, X, and the
frequency of the external harmonic signal, f/fyc. Fig. 4(a) shows
that numerically obtained output power demonstrates the behav-
ior being similar to predicted by the analytical model, i.e. output
power rises as the depth of the beam modulation X grows. It is a
consequence of the preliminary modulation of the electron beam
leading to a better formation of electron bunches at the VC region.
Unlike the results of the analytical consideration the value X ex-
ceeding a certain threshold lowers the level of output microwave
power. The further growth of the modulation depth leads to the
destruction of the electron bunch in the VC area and increases a
current transmitted to the collector. As a consequence, we observe
the decrease of output power. The analytical model does not de-
scribe this nonlinear effect of the bunch breakdown since we have
neglected a transmitted beam current in the theoretical analysis.

Fig. 4(b) demonstrates that the dependence of output power on
the external signal frequency, fm/ fyc, has a resonant character. The
peak power is observed when the external signal frequency equals
to the natural VC oscillations frequency fyc. We can conclude that
the velocity modulation of the electron beam leads to the out-
put power growth owing to the development of the most effective
electron beam bunching process in the interaction space taking
place under certain conditions. Note, that the dependence of out-
put vircator power on the external signal frequency has been stud-
ied for different VC oscillation regimes defined by a retarding field
in the interaction space AV. It is easy to see in Fig. 4(b) that the
maximum value of output power is observed for fp,/fyc=1.0 that
does not depend on a VC oscillation regime (periodic/wideband
generation regime). Let us note that in the case of wideband au-
tonomous generation regime we have observed the transition from
wideband oscillations to the periodic-like ones with the growth of
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Fig. 4. Results of the numerical simulation (solid lines 1, 2) and experimental re-
search (dotted line 3). The numerically calculated vircator microwave output power
versus (a) electron beam velocity pre-modulation depth X and (b) external signal
frequency fm/fuc for different retarding potentials: 1 - AV = 0.46 (close to peri-
odic oscillations), 2 - AV = 0.47 (wideband oscillations), 3 - AV =600 V (periodic
oscillations). In (a) curve 1 is obtained with the dimensionless external force fre-
quency fm = 1.24, curve 2 - f, =1.30, curve 3 - f, =2.41 GHz. In (b) curves are
plotted for values of X for which output power reaches a maximum value. Arrows
denote typical values of the velocity modulation depth.

the external signal amplitude leading to the increase of electron
beam pre-modulation depth.

To explore physical processes occurring in the non-relativistic
electron beam and leading to the growth of output vircator power
we have carried out the analysis of charged particles trajectories
in the drift space of the low-voltage vircator. We have considered
the case of autonomous regime of wideband VC oscillations where
the discovered features of the electron beam dynamics are man-
ifested particularly clearly, but the similar dynamics is observed
in the case of external signal influence on the close to periodic
autonomous VC oscillations. Fig. 5 shows space-time diagrams of
the electron beam in the diode gap for three different typical val-
ues of the electron beam pre-modulation depth Xi, X; and X3
(marked by arrows in Fig. 4) corresponding to the autonomous
regime, peak power and power decrease. Fig. 5(a) illustrates tra-
jectories of charged particles in the autonomous vircator (X; = 0).
In this case the electron beam is characterized by complex trajec-
tories of charged particles and the complex non-regular dynamics
of the VC that reflects electrons periodically. In the space-time dia-
gram the VC (the bunch of electrons) corresponds to regions of the
concentration of particles trajectories. As a consequence, the elec-
tron bunch (VC) demonstrating chaotic spatial-temporal dynamics
is poorly formed.

Fig. 5(b) illustrates the case when there is an external har-
monic force modulating the electron beam in the low-voltage vir-
cator. The selected value X = 0.0095 corresponds to the peak
of output microwave power of the vircator. The pre-modulation
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Fig. 5. Space-time diagrams of charged particles dynamics in the drift space of
the non-autonomous low-voltage vircator for retarding potential AV = 0.47. Three
situations are presented: (a) trajectories of electrons in the autonomous vircator
(X1 =0.0, see arrow X; in Fig. 4); (b) trajectories of electrons for the optimal mag-
nitude of the velocity pre-modulation depth corresponding to peak output power
(X2 =0.0095, see arrow X3 in Fig. 4); (c) trajectories of electrons when the velocity
pre-modulation depth is greater than the optimal magnitude (X3 = 0.0115, see ar-
row Xs in Fig. 4). Arrows point at the areas with the maximal space-charge density
(VC formation area).

of the electron beam makes it possible to keep a stable electron
bunch possessing a high space-charge density in the VC area (see
Fig. 5(b)). It is important to note that the transmitted current (the
current registered on the collector) is close to a minimal value (see
Fig. 6 that shows a transmitted current versus a beam modulation
depth). This point indicates that the energy of injected particles
is not enough to overcome the potential barrier of the VC and the
most of them are accumulated in the VC region. So, the dense elec-
tron bunch is formed due to the specific space-time dynamics of
the pre-modulated electron beam. According to the space-charge
density increase the system demonstrates the growth of output
microwave radiation amplitude and, as a consequence, the peak
of output microwave power.

The further increase of the velocity pre-modulation leads to
the decrease of output microwave power. Fig. 5(c) obtained for
X3 =0.0115 gives an explanation of this fact. This effect is con-
nected with the destruction of the VC structure under the influ-
ence of the deeper velocity pre-modulation. Fig. 5(c) demonstrates
that due to the large electron velocity spread there is a number
of charged particles being able to get over the VC potential bar-
rier and, therefore, the transmitted current starts increasing (see
Fig. 6 for large values of X). It reduces the current density in the
VC area and breaks the dense electron bunch (VC). The decrease
of the bunched current in the interaction space of the low-voltage
vircator leads to the decrease of output microwave power for large
values of the velocity modulation depth.

5. Experimental confirmation of the theoretical and numerical
results

The experimental investigation of the non-autonomous low-
voltage vircator prototype also confirms results of both the the-
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Fig. 6. Dependencies of the normalized current transmitted to the collector of the
low-voltage vircator on the velocity pre-modulation depth. Curve 1 corresponds to
the numerical simulation (cf. with curve 2 in Fig. 4(a)) and curve 2 — to the exper-
imental study (cf. with curve 3 in Fig. 4(a)).

oretical research and the numerical simulation. As shown in Fig. 4
(curve 3) the external harmonic signal leads to the output power
amplification in the same way as the theoretical analysis predicted.
This output power dependence corresponds to the external signal
effect on the periodic microwave generation regime in the vircator
(see Fig. 2(b)). Power of output microwave radiation grows with in-
creasing the external signal amplitude and has a peak magnitude
when the frequency of the external signal is equal to the frequency
of a VC electric field oscillations in the autonomous regime. The
power of the external microwave signal corresponding to the opti-
mal pre-modulation providing maximal gain in the vircator output
power is equal to Pey = 0.16 W (Pext/Po = 0.06) at frequency
fm = 2.41 GHz. Such external signal leads to a modulation depth
X ~0.0128. The dynamics of a transmitted current in the exper-
imental vircator model with increasing modulation depth is also
in the good agreement with results of the numerical analysis (see
Fig. 6, curve 2). Let us note that we have observed the similar re-
sults of the external periodic signal effect on the vircator in the
regime of broadband oscillations that is observed in the system at
AV =860 V. In this case we have experimentally discovered the
growth of the output power about 4 times as compared to the
autonomous generation power. At the same time we have also ob-
served the simplifying of the wideband generation spectrum and
the transition to the periodic-like oscillations with the increase of
external signal power.

6. Conclusion

Obtained results of both theoretical and experimental investi-
gations of the external single-frequency signal effect on the low-
voltage vircator show the possibility of the significant power am-
plification of output microwave power for certain parameters of
the external force. The numerical analysis of the dynamics of the
electron beam in the interaction space of the vircator system and
its experimental verification explains mechanisms of the output
power gain in terms of the additional bunching of charged par-
ticles and, as a consequence, formation of a denser electron bunch
in the VC area owing to the pre-modulation of the electron beam
by the external signal with an appropriate frequency and power.
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