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We report on the possibility of the beam-plasma instability development in the system with
electron beam interacting with the single-component hot electron plasma without ions. As
considered system, we analyse the interaction of the low-current relativistic electron beam (REB)
with squeezed state in the high-current REB formed in the relativistic magnetically insulated two-
section vircator drift space. The numerical analysis is provided by means of 3D electromagnetic
simulation in CST Particle Studio. We have conducted an extensive study of characteristic regimes
of REB dynamics determined by the beam-plasma instability development in the absence of ions.
As a result, the dependencies of instability increment and wavelength on the REB current value
have been obtained. The considered process brings the new mechanism of controlled microwave
amplification and generation to the device with a virtual cathode. This mechanism is similar to the
action of the beam-plasma amplifiers and oscillators. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945644]

I. INTRODUCTION

The beam-plasma instability is the fundamental dynami-
cal process, which was discovered in 1949 independently by
Akhiezer and Fainberg' as well as by Bohm and Gross.” A
large number of works deal with investigations and numer-
ous applications of the beam-plasma instability. It consists in
the excitation of longitudinal electron oscillations in the
plasma when electron beam is passed through it. The beam-
plasma instability is used in the beam-plasma microwave
generators and amplifiers’ > and for the excitation of the
beam-plasma discharges for application in technologies.G’7

The beam-plasma instability increment in the linear
stage is proportional to the derivative of the electron velocity
distribution function at the point of synchronism between the
wave and electrons of the beam. The quasi-linear theory of
the interaction built in Refs. 8-10 reveals the evolutionary
process of the total distribution function of beam and plasma
electrons during the instability development: the gap
between the maxima in the total distribution function that
corresponds to beam and plasma electrons is gradually
smoothed by the diffusion. Strongly turbulent state is estab-
lished in plasma on the nonlinear stage of the beam-plasma
instability development, and the solitary coherent structures
such as solitons'' or phase vortices'? are generated in the
system. The results of theoretical and numerical analysis of
all stages of the beam-plasma instability development are
presented in the comprehensive reviews.'>!'*

The stationary ion background providing quasi-neutrality
of beam-plasma system and occurrence of the restoring force
acting on the plasma electrons deflected from the equilibrium

“Electronic mail: hramovae@gmail.com

1070-664X/2016/23(4)/042105/6/$30.00

23, 042105-1

position is believed to be required for the beam-plasma insta-
bility development. There is an important question, whether
it develops the beam-plasma instability in the case, when
electron beam is interacting with the stationary single-
component hot electron plasma without ions, for example,
confined in a trap or created in a some other way? And what
are the features of the beam-plasma instability in such
system? Hitherto, these questions remained unanswered.

The goal of this work is the particle-in-cell (PIC) simu-
lation of the beam-plasma instability development in the
system with electron beam interacting with the single-
component hot electron plasma without ions. The so-called
squeezed state of electron beam was chosen as such plasma.
For the first time, the squeezed state of electron beam was
discovered in the magnetically insulated two-section virca-
tors.'” The phenomenon of squeezed state of electron beam
consists in the following. At the initial stage of the squeezed
state formation, immediately after the beginning of the
reflections of electrons from the virtual cathode (VC), two-
beam state of the counter-propagating electron beams is
established in the potential well between the real and virtual
cathodes. It is known that the counter-propagating electron
beams cannot be in the unperturbed state for a long time
because the excitation of various beam instabilities, in partic-
ular, the two-beam instability, is possible in such system.
However, it turned out that in counter-propagating beams
with current exceeding the space-charge-limited current
there is the faster instability than the two-beam one. This
instability leads to the formation of a dense hot cloud of
charged electron plasma characterized by a high density of
electrons and fully developed turbulence. In fact, the
squeezed state of electron beam represents a distributed in
the drift space virtual cathode that can be examined on the

© 2016 AIP Publishing LLC
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specific profile of the electron beam phase portrait when the
counter-propagating beams are closed up along the longitu-
dinal velocity axis and form the region of strongly heated
electron cloud. The process of the squeezed state establish-
ment has a kind of longitudinal switching wave: “the
two-beam state switches to the squeezed state” and is accom-
panied by an additional electric charge accumulation, and
the switching wave velocity is defined by the rate of the
charge accumulation. Later, the squeezed state of electron
beam has been found out in the vircator with counter-
propagating beams,'® electronic traps,'’ ' in the laser
plasma.?* Different aspects of dynamics of the squeezed
state of electron beam in various high-power microwave
devices have been investigated in Refs. 21 and 23-31. It is
proposed in Refs. 32 and 33 to use squeezed state of electron
beam for collective ion acceleration and in Ref. 34—to gain
a beam discharge.

In this paper, the possibility of the beam-plasma instabil-
ity development in squeezed state in the intense relativistic
electron beam (REB) with the use of additional low-current
electron beam in the relativistic magnetically insulated virca-
tor has been shown for the first time with the help of PIC-
simulation in CST Particle Studio. The considered process
brings the new mechanism of controlled microwave amplifi-
cation and generation to the device with a virtual cathode.
This mechanism is similar to the action of the beam-plasma
amplifiers and oscillators. The structure of the paper is the
following. In Section II, we briefly describe the proposed
numerical model. In Section III, a systematic numerical anal-
ysis is carried out, based on a model of two beam propagation
in the two-section drift space. In Section IV, the characteris-
tics of beam-plasma instability with absence of ions are
investigated. Conclusions are drawn in Section V.

Il. SYSTEM UNDER STUDY

Analyzing relativistic electron beams (REBs), it is nec-
essary to take into account effects being insignificant for the
weakly relativistic systems, in particular, the influence of the
self-magnetic field of a REB. The simultaneous coexistence
of two instabilities in a REB resulting in formation of
squeezed state and beam-plasma instability leads to the com-
plex beam dynamics in the system that may be efficiently
analyzed mainly with the help of the numerical methods
based on the solving of the self-consistent system of Maxwell
equations and motion equations of charged particles. For
that reason, the three-dimensional fully electromagnetic self-
consistent CST Particle Studio package, which has worked
well in the simulation of different beam instabilities and
high-power electron devices,>** is used in our work for the
accurate numerical investigations of physical processes in the
relativistic two-section vircator model.

During our numerical treatment, we have investigated
the interaction between two drifting monoenergetic REBs
with different particle energy levels and inner radii R,; and
Ry> (Ry1 <Ryp), respectively, in the vircator system illus-
trated in Fig. 1. Notable that the inner REB of radius R, is
in the squeezed state of the electron beam and forms the
active media for the instability development. The system
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FIG. 1. Schematic illustration of system under study (a) and its realization
as a 3D model in CST Particle Studio in the presence of charged particles in
the regime of beam-plasma instability observation (b). Here, 1 is the first
drift tube of radius R; and length L;, 2 is the second drift tube of radius R,
and length L,, 3 is the grid electrode that divides these tubes, 4 is the inner
annular REB of radius R;,;, beam current 7,1, and particles’ energy U, that
provides the formation of the squeezed state of REB, 5 is the additional
outer annular REB of radius R,, beam current /,,, and particles’ energy
Ujo, and 6 is the set of two cylindrical REB emitters.

under study, similar to the one investigated in Ref. 15, con-
sists of two perfect electric conducting finite-length cylindri-
cal waveguide regions (the electron beam drift chamber),
marked as 1 and 2, of the different radii R; =15 mm and
R, =22mm and the lengths L; =88 mm and L,=70mm,
respectively. The thicknesses of the beams are equal to
A =2mm. The drift chamber 2 has a grid electrode 3 on the
left side and a cylindrical waveguide port on the right side.
Two cylindrical annular REBs—the inner and the outer one,
denoted as 4 (blue color in online) and 5 (red color in
online), are injected from the emitters 6.

We have selected DC model of REB emission during
our numerical treatment with fixed beam currents, I, I},
and fixed particle energies, Ui, Uy, which are different
for inner and outer beams. The inner beam of radius
R, =6 mm, beam current /,; = 12kA, and beam particles’
energy U, =0.4MeV is the slow one and provides the for-
mation of the squeezed state due to the beam current value
I,; being in accord with the condition of squeezed state
formation.'® So the inner electron beam acts as a rather low-
energy one-component plasma-like active media. The addi-
tional outer REB of radius R,,=10mm, beam current
I, =15KkA, and beam particles’ energy U, =1.2MeV
consists of significantly faster charged particles and demon-
strates stable behavior in the absence of the inner electron
beam. The outer low-current electron beam is injected in the
drift space with time delay 7 =6ns. As we will show later in
Section III, during this time the squeezed state is formed
fully in the inner high-current REB. These two beams are
held by means of external homogenous in space longitudinal
magnetic field Bo=5T.

The main goal of our numerical experiment is to show
and to describe the process of the instability development
during the interaction of high-energy REB with the electron
active media in the form of REB in the squeezed state.
Further, we discuss the results of carried out numerical
simulation.
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lll. NUMERICAL SIMULATION RESULTS

Let us start with the discussion of the squeezed state for-
mation in the inner electron beam. The best way to illustrate
this process is to plot the sequence of instant REB phase
portraits in the plane “longitudinal coordinate z-longitudinal
velocity v,” (Fig. 2). It is clearly seen that the virtual cathode
reflecting the electrons back to the injection area is formed
in the second drift chamber at t=2.5ns (Fig. 2(b)). After
that starting with = 2.7 ns, the squeezed state of the electron
beam is formed in the REB (Fig. 2(c)). By the time moment
t~ 3.6 ns, the squeezed state of the electron beam fills nearly
all space of the first drift tube. If we will continue the injec-
tion of the REB with the same fixed beam current and
particles’ energy level, the well-formed squeezed state of the
electron beam will not change and remain stable in time (see
phase portrait in Fig. 2(d) plotted for  =4.6 ns). The electron
distribution function of this REB state corresponds to a hot
single-component plasma with temperature close to 50keV.

Afterwards, when the stable squeezed state is set in the
inner REB, the additional outer low-current REB is injected
(6 ns after the inner high-current REB injection). We suggest
that the particles’ energy of the outer REB is high in compar-
ison with the particles of the REB in squeezed state and
equals 1.2 MeV. Fig. 3 shows the temporal evolution of inner
and outer REBs’ phase portrait. One can see that at the early
time the double-beam system demonstrates the slightly
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FIG. 2. Sequence of the inner annular REB phase portraits in the coordinates
(z, v.) that shows the temporal evolution of the squeezed state of the REB:
(a)t=1.2ns,(b) t=2.5ns, (c) t=3.1ns, and (d) r=4.6ns.

Phys. Plasmas 23, 042105 (2016)

(a)
Q
g
~
Q)
0 20 40 60 80 100 120 140 160
z (mm)
(b)
Q
N
Y
0 20 40 60 80 100 120 140 160
z (mm)
(¢)
Q
g
~
S
0 20 40 60 80 100 120 140 160
z (mm)
(d)
Q
N
R

0 20 40 60 80 100 120 140 160
z (mm)

FIG. 3. Sequence of the annular REBs’ phase portraits in the coordinates
(z, v;) in the case of two beams in the system: the inner REB, where the
squeezed state is formed (blue points in online version), and the additional
outer REB (red points in online version). These phase portraits illustrate the
dynamics of the beam-plasma instability development in the absence of ions
at the different time moments: (a) r="7.1ns, (b) t=8.4ns, (c) t=9.3ns, and
(d) t=22ns.

disturbed state according to the phase portrait in Fig. 3(a).
Then, the beam-plasma instability starts to arise (Fig. 3(b)).
This instability belongs to the convective type and leads to
the excitation of the longitudinal helical space-charge wave
in the outer high-energy electron beam (see Figs. 1(b) and
3(c)). Such wave structure is determined by instability of the
helical space-charge mode in a cylindrical electron beam in
the external longitudinal magnetic field (see, e.g., Ref. 43).
Actually, if we consider the initial perturbation of the space-
charge in the outer beam in the form of a helix, then the
azimuthal Lorentz force acting on the electrons outside
the perturbation will force them to move in the direction of
the nearest space-charge maximum. So the helical perturba-
tion will grow.

The analysis of space-charge density behavior shows
that the excited space-charge waves in the outer REB differ
from those in the REB in squeezed state (compare Figs. 4(a)
and 4(b)). The instability forces the formation and drift of
the fast and high-frequency electron groups in the additional
outer REB and much slower ones—in the inner REB—with
significantly less frequency. Note that the evolution of the
concerned beam-plasma instability in the absence of ions is a
rather rapid process. After a few nanoseconds, we observe



042105-4 Dubinov et al.

-0.009

0014 P
: E
W &
0019
-0.024
-0.029
b) -0.05
-0.10
e 015 2
& Q
o A

-0.20

-0.25

-0.30

t,ns

FIG. 4. Spatio-temporal behavior of space-charge in the additional outer
REB (a) and in the inner beam in the squeezed state (b).

the well-pronounced breakdown of the spatial space-charge
oscillations, and then we observe the developed noise-like
beam-plasma oscillations (in the considered case, the time
between the start of the oscillations and the breakdown is
approximately 14 ns) (Fig. 3(d)).

The temporal evolution of the electron distribution func-
tion, that takes into account the charged particles of both
inner REB in squeezed state and additional outer REB,
shows interesting details referring to the beam-plasma insta-
bility development. The observed distribution function is
presented in Fig. 5. One can see that the processes, taking
place in the studied beam-plasma system in the absence of
ions, lead to smoothing of the gap between the two peaks
(marked by the arrows in Fig. 5), corresponding to the
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FIG. 5. The electron distribution functions including both the additional
outer REB and the inner REB in the squeezed state for different time
moments.
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squeezed state and the additional outer REB. Such behavior
of the distribution function is inherent to the process of
electron beam relaxation during the beam-plasma instability
development in the electron-ionic plasmas.***

IV. CHARACTERISTICS OF BEAM-PLASMA
INSTABILITY WITH ABSENCE OF IONS

As the observed beam-plasma instability leads to the
formation of the longitudinal helical space-charge waves, we
are able to analyze the phase portraits and the space-charge
distributions and estimate important characteristics of dis-
turbed beam dynamics, such as spatial instability increment
and wavelength of the excited spatial oscillations. We have
shown that the characteristic spatial scale of the excited
space-charge waves lies in the millimeter range of wave-
lengths (see Fig. 6). We have also studied the dependence of
the spatial instability increment and wavelength of the
excited wave on the outer beam current value. The spatial in-
crement of the observed beam-plasma instability grows with
the increase of beam current / of the additional outer REB,
while the wavelength of the excited space-charge waves
decreases.

We have also carried out the spectral analysis of the
space-charge waves in the both interacting REBs to define
main oscillations’ frequencies of charged particles’ groups,
excited by the instability. Without the additional outer REB,
the power spectrum of the space-charge oscillations in
squeezed state and the spectrum of output microwave radia-
tion lie in 1-5 GHz frequency range. We have also calculated
the power spectrum of the space-charge oscillations from 0.5
to 50 GHz and considered two main cases of additional outer
REB dynamics. (i) We have considered the dynamics of the
additional outer REB in the absence of the inner REB in
squeezed state. (ii) We have analyzed the non-stationary
behavior of the outer REB in the presence of the inner REB
in squeezed state. We have obtained that the additional outer
REB does not demonstrate the oscillations in the 30-50 GHz
range in the absence of inner REB in the regime of the
squeezed state formation. In the case of inner beam current
I, =12kA, we have only observed high-power oscillations
in the low-frequency 1.8-4.2 GHz range. At the same time,
the injection of the additional outer REB in the case, when
the inner beam is in the squeezed state, leads to the appear-
ance of high-frequency oscillations, characterized by two
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FIG. 6. The dependencies of the instability increment (O) and the space-
charge oscillations’ wavelength (A) on the outer REB current value / that
were obtained on the linear stage of the instability development.
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main peaks in the power spectrum with the frequencies 36.8
GHz and 40.1 GHz for I,; =12kA and [, =1.5kA. Note
that the same peaks are observed in the power spectrum of
the space-charge oscillations registered in the region of inner
REB in squeezed state. With increasing beam currents [,
and /,,, we have observed the increase of typical frequencies
of oscillations in the additional outer beam. So, for the inner
beam current /,; = 12kA and the additional beam current
I, =3.0kA, the maximal oscillation frequency is 44.7 GHz;
for I, =8.0kA-52.6 GHz. At the same time, in the case of
large beam current /,,, we have observed the complex non-
linear dynamics of the additional beam space charge charac-
terized by complex power spectra with many additional
peaks in 39.2-52.6 GHz frequency range. Such regimes
require further investigations. It should be noted that the fur-
ther increase of the beam current leads to the destruction of
the squeezed state due to the virtual cathode formation al-
ready in the first drift tube with a smaller radius; therefore,
there is the necessity to reduce the radii of the drift tubes of
two-section vircator to increase the space-charge-limited
current.

The fact that the observed beam-plasma instability leads
to the excitation of high-frequency oscillations in the addi-
tional outer REB gives the background to the creation of the
concepts and techniques for significant increasing the fre-
quency of high-power electromagnetic signals’ generation
and amplification based on the investigated effect of beam—
plasma without ions’ interaction.

V. CONCLUSION

We have shown for the first time the possibility of the
beam-plasma instability development in the system with
electron beam interacting with the single-component hot
electron plasma without ions. To realize such electron
plasma without ions, we have used the idea of the formation
of squeezed state of relativistic electron beam in the
magnetically insulated two-section vircator. The obtained
results of 3D numerical simulation by means of CST
Particle Studio software reveal the basic features of the
development and interaction of Bursian instability, leading
to the squeezed state formation and beam-plasma instabil-
ities in the nonneutral REB. It has been found out that the
beam-plasma instability in the considered two-section
vircator system with the two tubular beams is developed
and leads to space-charge oscillations in the additional
relativistic electron beam. For the first time, the important
feature of the development of the beam-plasma instability
in the single-component hot electron plasma without ions
has been found out in the present work numerically.
Nevertheless, this significant effect requires further more
detailed studies, particularly, the formulation of the analyti-
cal or semi-analytical theory of such kind of the beam-
plasma instability.

Due to the generality of the considered model, the
obtained results have additional interest because they may be
used for the significant increase of the frequency of micro-
wave signals’ generation and amplification in the devices of
high-power microwave electronics.

Phys. Plasmas 23, 042105 (2016)
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