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Abstract—A 3D numerical electromagnetic simulation of a vircator in the mode of electron-beam squeezed-
state generation is performed. Detailed numerical investigations are carried out, and the dynamics of charged
particles in the squeezed state is analyzed. It is shown that the electron beam density (and, as a consequence,
effective beam plasma frequency) can be significantly increased in the squeezed state. Hence, the vircator

generation frequency and power can also be increased.
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Electronic devices with a virtual cathode (VC)—
vircators—are of great interest as promising sources of
superpower microwave radiation for modern high-
power electronics [1—3]. Examples of VC systems that
are widely applied in practice are pulsed generators of
high-power electromagnetic radiation [2, 4], genera-
tors of broadband noiselike oscillations [1, 5], high-
power switchers [5], ion accelerators [6], and high-
power microwave amplifiers [7]. Therefore, the study
of the physical processes occurring in charged-particle
beams formed in VC systems is urgent both from the
point of view of fundamental problems of plasma
physics (concerning various instabilities of charged-
particle beams) and that of practical application of the
results to optimize the processes in high-power elec-
tronic devices.

Note that VC electron beams demonstrate various
nonlinear effects, in particular, chaotic dynamics and
turbulence [1, 2]. Currently, the possibility of forming
the beam squeezed state (BSS) in a VC system is of
particular interest. The BSS was observed for the first
time in a two-section vircator in [8], where it was
shown that some part of electrons are reflected off
from the VC formed at the interface between the two
sections (the interaction region length undergoes a
jump at this interface and, therefore, the critical beam
current sharply changes [1]). As a result, a two-beam
state is formed in the two-section vircator between the
anode and VC. This state is transformed into a
squeezed state, considered as a spatially distributed
VC. The easiest way to find the BSS is to analyze beam
phase portraits at different instants: after a certain
instant, the forward and backward beams are closed up
along the velocity axis, and one can observe a closely

squeezed electron cloud, resembling a VC distributed
over the drift space [8—10]. This state is characterized
by high density of electrons with relatively low veloci-
ties; in addition, this region contains metastable parti-
cles drifting at close-to-zero velocities. In due course,
longitudinal space charge oscillations occur between
the cathode and VC in the BSS [9]. It should also be
noted that complex irregular dynamics of particle
motion (up to random) can be observed in the
squeezed-state region [8, 10].

In this paper, we report the results of studying the
BSS characteristics in a system with a two-section drift
space. Specifically, we analyzed and compared
the densities and effective plasma frequencies of elec-
tron beams in a two-section vircator with a BSS and in
a single-section system without a BSS.

The nonlinear time-dependent processes of BSS
formation were numerically simulated using the
licensed program product CST Particle Studio (CST
PS). The CST PS package is widely used for three-
dimensional electromagnetic numerical simulation of
the processes occurring in electronic devices of differ-
ent types [11—14]. This package implements a self-
consistent model, which simulates the relativistic
beam dynamics with the aid of the large-particle
method and electromagnetic field dynamics by solving
the complete system of Maxwell’s equations.

Analysis was performed for a model with a two-
section drift space: two butt-jointed tubes of different
diameters (Fig. 1). A similar model was used in [8].
Here, the electron source is cylindrical cathode I,
positioned coaxially with the first section of the drift
space 3. A voltage applied to anode grid 2 accelerates
electrons emitted by the cathode. It was assumed that
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L, L

Fig. 1. Schematic diagram of the system under study: (/) cathode, (2) anode grid, (3) anode section, (4) drift section, (5) collec-
tor, and (6) microwave power output. The geometric parameters of the system are L; = 70 mm, L, = 100 mm, R; =24 mm, R, =

793

27 mm, and R; = 50 mm.

the anode grid is completely transparent and that
charged particles pass through it without loss. The
voltage pulse amplitude and rise time are chosen to be
500 kV and 3 ns, respectively. The beam transmitted
through the VC arrives at electron collector 5. Coaxial
waveguide 6 is used to extract electromagnetic power;
the collector is the central conductor of this wave-
guide. The entire system is placed in an external longi-
tudinal uniform magnetic field with induction B =
50 kG to retain and focus the electron beam. The main
control parameter of this system is distance L4 from
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Fig. 2. (a) Particle longitudinal velocity distribution p and
(b) the radial dependence of the space charge density aver-
aged over longitudinal coordinate.
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the cathode to the anode grid, which can be varied in
the range of 10—20 mm by removing the cathode from
the anode grid.

The main results of the numerical analysis of the
above-described configuration are as follows. After
injecting the beam into the two-section vircator, a BSS
is formed in the system, which is characterized by a
large number of drifting charged particles with close-
to-zero velocities (Fig. 2a shows the particle-velocity
distribution in the BSS region); specifically these par-
ticles facilitate the formation of an ultrahigh-density
bunch in the BSS region. In addition, there are meta-
stable particles, which oscillate jointly with the VC
during several periods, after which they pass through
the VC or return to the squeezed-state region.

After the BSS is settled, the continuous charged-
particle beam takes a shape of a hollow cylinder under
the action of space charge forces (Fig. 2b shows the
averaged radial distribution of space charge density).
The appearance and shape of the beam change only
slightly in view of its focusing in the strong external
longitudinal magnetic field.

The effective plasma beam frequency in the BSS
region was calculated according to the formula

n = 22
2n\ m,g,

where e is the elementary charge, m, is the relativistic
electron mass, €, is the permittivity of free space, and
(p)r is the radially averaged charge density.

Figure 3 shows the dependences of the effective
plasma frequency (determined by the local space
charge density in the system) on the longitudinal coor-
dinate for a two-section vircator with a BSS imple-
mented and for a single-section drift space without a
BSS, as well as characteristic beam phase portraits for
the two-section drift space in the “longitudinal coor-
dinate z—longitudinal beam velocity v,” coordinates
for different characteristic values of the control
parameter: cathode—anode distance L.,. Having
compared the two-section system with a system of
constant radius (where BSS is not formed), one can
conclude that, at the same value of the control param-
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Fig. 3. Ratios of the radially averaged plasma frequencies to the longitudinal coordinate for (/) a two-section system with a BSS
and (2) a single-section system without BSS (the tube radius in the BSS-free system is R = 50 mm; vertical dotted lines limit the
squeezed-state region) and beam phase portraits for the two-section interaction space. Control parameter Lq4 is (a) 20, (b) 15,

and (¢) 10 mm.

eter (and, therefore, the same beam current injected
into the interaction space), implementation of BSS
leads to an approximately twofold increase in the
space charge density and plasma frequency in the BSS
region (compare curves / and 2 in Fig. 3).

At Lo, = 20 mm (Fig. 3a), the beam phase portrait
exhibits a low-density electron cloud, the beam cur-
rent in the system is still insufficiently close to the crit-
ical current for the BSS formation, and the forward
and backward beams are not closed up completely.
Near the anode grid, one can see a region free of
delayed particles; this feature can also be easily found
in the dependence of the effective plasma frequency,
which exhibits a drop near the anode grid.

A decrease in control parameter Ly, to 10 mm
(with the corresponding increase in the injected cur-
rent) leads to a rise in the effective plasma frequency in
the region of the first section of smaller radius. Simul-
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taneously, the ratio of the plasma frequencies in the
systems with and without BSS increases, which is
illustrated well by the dependences in Figs. 3b and 3c.
Thus, an increase in the beam current causes an
increase in the electron cloud density in the BSS
region. This rise is due to the observed decrease in the
average longitudinal beam velocities in the squeezed-
state region (formation of a distributed VC). Simulta-
neously, the density of accumulated space charge sig-
nificantly increases near the anode grid, which is evi-
denced by the peak in the dependence of effective
plasma frequency in Figs. 3b and 3c. This effect is not
observed in the single-section drift space.

With a further decrease in the cathode—anode dis-
tance (and corresponding increase in the beam cur-
rent), the ratio of the space charge density in the BSS
region (which is proportional to the effective plasma
frequency) to the charge density in the unperturbed
Vol. 42
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beam at the input of the first section of the drift space
continues to rise.

To analyze the vibrational characteristics in the
system, we investigated the time dependences of elec-
tric field oscillations in the squeezed-state region for
different control parameter values. Based on the tem-
poral realizations of electric field oscillations, we plot-
ted the oscillation power spectra. Note that the typical
output spectrum in the BSS mode is noisy and has a
weak irregularity; the range of generated frequencies is
0.5—12 GHz. At the same time, there are several pro-
nounced peaks corresponding to the typical values of
effective plasma beam frequency. The strongest spec-
tral power peak is observed in the frequency range of
5—6 GHz, which corresponds to approximately dou-
bled effective plasma frequency in the BSS region. The
output signal bandwidth tends to rise with an increase
in space charge density in the BSS region.

Thus, we analyzed the characteristics of the
squeezed state in the two-section drift space of virca-
tor. Numerical simulation showed that the system
under study contains metastable particles and particles
drifting at very low (close-to-zero) velocities. The
electric field oscillation spectrum in the squeezed-
state region is noisy. Based on the results obtained,
one can conclude that a dense hollow electron beam is
formed in the system with a two-section drift space in
the squeezed-state region; this is a favorable condition
for increasing the effective plasma frequency and gen-
eration power in this system.
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