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Generation of anomalously energetic suprathermal electrons was observed in simulation of a
high-voltage dc discharge with electron emission from the cathode. An electron beam produced by
the emission interacts with the nonuniform plasma in the discharge via a two-stream instability.
The energy transfer from the beam to the plasma electrons is ensured by the plasma nonuniformity.
The electron beam excites plasma waves whose wavelength and phase speed gradually decrease
towards anode. The waves with short wavelength near the anode accelerate plasma bulk electrons
to suprathermal energies. The sheath near the anode reflects some of the accelerated electrons back
into the plasma. These electrons travel through the plasma, reflect near the cathode, and enter
the accelerating area again but with a higher energy than before. Such particles are accelerated to
energies much higher than after the first acceleration. This mechanism plays a role in explaining
earlier experimental observations of energetic suprathermal electrons in similar discharges. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4937785]

I. INTRODUCTION

The collisionless relaxation of high-current electron
beams and plasma jets is important for many applications:
solar disruptions,' collective stopping of intense electron
beams for inertial fusion applications,> collisionless shocks
and collision of flowing plasmas in astrophysics,” and gener-
ation of suprathermal electrons (STES).5 Such beams are
common in laboratory plasmas. Electrons emitted by electro-
des surrounding or immersed in the plasma are accelerated
by the sheath electric field and become the electron beams
penetrating the plasma. In plasma applications where con-
trolling the electron velocity distribution function (EVDF) is
crucial,® these beams are an important factor capable of
modifying the EVDF and affecting the discharge properties.

Recently, Xu e al.” and Chen and Funk® reported an
EVDF measured in a dc-rf discharge with 800V dc voltage
which has not only a peak at 800eV corresponding to the
electrons emitted from the dc-biased electrode but also a
significant fraction of accelerated electrons with energy up
to several hundreds eV. In Refs. 7 and 8, the acceleration is
explained invoking nonlinear wave-particle interactions.’™"?
It is suggested that the 800eV beam excites fast plasma
waves which decay parametrically into plasma waves with
much shorter wavelength and lower phase velocity and ion
acoustic waves, and then the short-wavelength plasma waves
accelerate slow electrons of the low-temperature plasma
bulk. A similar mechanism may explain enhanced energetic
tails in the energy spectrum of electrons in aurora.'* Other
mechanisms invoked to explain the EVDF structure include
phase-bunching, kinematic effect of electrons being trapped
between rf and dc potentials and released towards the rf elec-
trode during short period of time when the 1f voltage is small
compared to the dc voltage."”
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In order to further understand the mechanism of acceler-
ation in the experiment of Refs. 7 and 8, a beam-plasma sys-
tem was simulated using a 1D3V particle-in-cell code
EDIPIC.'"® The EDIPIC was extensively benchmarked
against available analytical predictions for two-stream insta-
bility in linear and nonlinear regimes. Simulation results dis-
cussed below show that the acceleration may be caused not
only by the nonlinear effects but by the effects related to the
plasma nonuniformity as well. Note that profiling the back-
ground plasma density is a method to control the beam
energy deposition in plasma.>'” In particular, one can excite
the instability and achieve beam energy deposition in desira-
ble regions while suppressing the instability in undesirable
regions by employing convective stabilization effects.'*'® In
Refs. 19-21 an experimental study and particle-in-cell simu-
lations of interaction of an electron beam with an inhomoge-
neous, bounded plasma showed formation of localized
intense high-frequency fields in density gradient areas.

The present paper discusses the mechanism of generation
of suprathermal electrons found in the simulation. In this pro-
cess, the beam excites plasma waves with long wavelength in
the plasma body, these waves are converted into plasma
waves with short wavelength at the plasma periphery where
the plasma density decreases, and the short-wavelength waves
accelerate bulk electrons. Some of these electrons return into
the acceleration area again due to reflections from the sheath
regions near the plasma boundaries. The second interaction
with the short-wavelength plasma waves yields electrons with
energies more than 30 times higher than the initial electron
bulk temperature. These are the anomalously energetic elec-
trons mentioned in the title of the paper. Repeating the accel-
eration for the same particle is more efficient than a one-time
interaction between particles and plasma waves in density gra-
dient areas considered, e.g., in Ref. 21.

© 2015 AIP Publishing LLC
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The paper is organized as follows. Section II contains
simulation details. Behavior of suprathermal electrons in the
simulation and generation of short-wavelength plasma waves
is discussed in Section III. Detailed test particle study of
electron acceleration is described in Section IV. The results
are summarized in Section V.

Il. SIMULATION SETUP

The simulated collisionless plasma is bounded between
anode (x=0) and cathode (x=40mm). The ion mass is
40 amu which corresponds to argon. In the absence of colli-
sions, particle velocity components parallel to the boundaries
are of no importance and the simulation becomes one-
dimensional not only in the real space but in the velocity
space as well. The grid resolution is 5.877 x 10~®m, and the
time step is 2.335 x 10~ '%s. The cathode potential is zero,
and the anode potential is ®4 = 800 V. The cathode can emit
electrons with a constant flux and a temperature of 1eV. The
ions are adsorbed at the boundaries. The initial state of the
system shown in Fig. 1 is the result of a preliminary simula-
tion which starts with uniform plasma density
np = 2 x 10""m=3, the emission from the cathode turned off,
the electron temperature 7,9 = 2¢eV, and the ion temperature
T;p = 0.03eV. The preliminary simulation lasts for 4000 ns.
During this time, wide areas with plasma density gradients
form as shown in Fig. 1(a). The time counter in the simula-
tions with the beam starts at # =0 and the electron emission
starts at ¢t = 50ns. The emission current is 20.13 mA/cmz,
and the relative beam density o = ny/ng in the plasma den-
sity plateau area (12mm < x < 27mm) is « = 3.77 x 107%.
In simulation with the beam, the ion dynamics is included as
well. This causes gradual modification of the density profile,
in particular the plateau area shrinks. Since the two-stream
instability in finite-length plasmas is sensitive to the length of
the plasma, this causes significant changes in the instability
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FIG. 1. (a) Profiles of electron density (solid red, left vertical coordinate
axis) and electrostatic potential (dashed blue, right vertical coordinate axis)
immediately before the electron emission at the cathode begins, r = 49 ns.
(b) The amplitude of the electric field oscillations vs time (smooth red curve,
left vertical coordinate axis) at point x = 12 mm (marked by arrow A in (a))
and the plasma potential relative to the anode vs time (blue curve with noise
representing plasma oscillations, right vertical coordinate axis) at point x =
1 mm (marked by arrow B in (a)). Arrows 1 and 2 in (b) mark times when
snapshots shown in Figures 2 and 3, respectively, are obtained.
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pattern with time. Such effects are not a subject of the present
paper which is why the simulation is stopped at 200 ns before
they begin to appear.

The purpose of the selected setup is not to reproduce
some specific discharge device but rather to study interaction
between an energetic electron beam and a nonuniform
plasma of finite length. With plasma ionization by beam
electrons turned off, the setup approximates a situation when
the beam propagates in a plasma sustained not by the beam
but by some other energy source, for example, the rf voltage.
Omitting the electron-neutral collisions is reasonable for
neutral gas pressures of the order of a few mTorr as dis-
cussed below. The time of round travel of suprathermal
20eV electrons between the walls of a 40mm system is
3 x 107%s, and the same time between collisions (inverse
collision frequency) is achieved in an argon plasma for the
pressure of 3.6 mTorr. At such a pressure, the effect of
plasma bulk scattering on the two-stream instability will be
minimal (see the following). The growth rate for the electric
field amplitude in Fig. 1(b) is about 10%s~!. For 2eV elec-
trons in an argon plasma, the frequency of elastic electron
neutral collisions reaches this value for a rather high neutral
gas pressure of about 130 mTorr (the effect of collisions will
be described in a separate paper’). These estimates are
made with cross sections found in Refs. 24 and 25. Finally,
for the plasma density and temperature considered in the
paper, the electron-ion Coulomb collision frequency?® is of
the order of 2.2 x 10°s~! and therefore also can be omitted.

It is necessary to mention that in the simulation, the
density gradients appear in order to maintain continuity of
ion flows, while the ions accelerate freely towards the walls.
At pressures of about 100 mTorr and higher, the resonance
charge exchange collisions between argon ions and neutrals
are important,?’ which affects both the ion flow velocity and
the density profile. Note that a study of mechanisms of den-
sity gradient formation in discharge plasmas is a complex
subject by itself and is out of the scope of this paper. For
example, in capacitive discharges, similar to the one
described in Ref. 7, nonuniformity of the plasma density
depends on numerous parameters such as geometry, pres-
sure, applied power, and frequency.”* !

lll. BEHAVIOR OF SUPRATHERMAL ELECTRONS IN
THE SIMULATION

In the density plateau area, the wavelength of the plasma
waves excited by the beam is close (but not exactly equal)®>
to 27y / Wpe0, Where v, is the electron beam velocity, wp, o
= e(rz()/rtft(,ﬁ())1 2 ¢ is the elementary charge, and m, is the
electron mass; the amplitude of the waves grows towards
the anode along the direction of beam propagation (see
Figs. 2(a) and 3(a)). In the density gradient area, x < 12 mm,
the profile of the electric field drastically changes: the ampli-
tude and the wavelength decrease towards the anode. Phase
plots in Figs. 2(b) and 3(b) show that bulk plasma and beam
electrons perform strong oscillations in the electric field of
the plasma waves. The EVDF with the STEs near the anode
is shown in Fig. 4. They are accelerated from few T, up
to 65¢eV.
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FIG. 2. (a) Profile of the electric field. (b) Phase plane “coordinate-velocity”
of bulk electrons (color map, left vertical coordinate axis) and the electron
beam (blue, right vertical coordinate axis). In (b), vertical green lines mark
range of coordinates of particles used to calculate the velocity distributions
in Fig. 4. The snapshots are obtained at time 114.97 ns marked by arrow 1 in
Figure 1(b).

The process of acceleration is demonstrated in Figs. 5
and 6 where the color map of the electric field E,(x,1) is
combined with the trajectories of several electrons. The
change of the slope of field pattern seen in the color map
(Figs. 5(a) and 6(a)) corresponds to the decrease of the phase
velocity towards the anode due to the plasma density inho-
mogeneity. A simple analytical expression estimating the
wave phase velocity in the density gradient region can be
obtained as follows. The frequency of the wave excited by
the beam  =2.52 x 10'°s~! is the same everywhere
(within frequency resolution of the calculated spectrum),
including the density gradient regions (see the spectrum in
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FIG. 3. Same as in Figure 2, but the snapshots are obtained at time 149.96 ns
marked by arrow 2 in Figure 1(b).
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FIG. 4. Bulk electron velocity distribution function obtained using particles
with 1 mm < x < 7mm, the horizontal axis is in energy units, and negative
values correspond to propagation in the negative x-direction. Curves 1 (red)
and 2 (blue) are for the system states shown in Figures 2 and 3, respectively.

Fig. 7(a)). It is very close to the plasma frequency in the
density plateau wp,o = 2.5214 x 10195~ (see Fig. 7(b)).
Assuming that the dispersion of the plasma wave in the den-
sity gradient region is w* = wlz, , + 3Kk*T, /m,, where T, is the
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FIG. 5. Interaction of test particles of different initial energies with the
waves. (a) Color map of the electric field as a function of coordinate and
time E,(x, ). The positive electric field shown with the red color is directed
rightward, towards the cathode. The curves are the test particle trajectories
x(#). (b) Wave phase velocity vs coordinate. Here the solid red curve repre-
sents Eq. (1), while the black markers correspond to the wave phase velocity
calculated from the slope of a zero electric field level line shown by the
black dashed curve in (a). (c) Energy of test particles vs coordinate. In (a)
and (c), the black solid curves correspond to a particle with initial energy
7eV at x =20mm at t = 110.77ns, and the green curves correspond to a
particle with initial energy 4eV at x =20 mm at r = 108.08 ns. In (c), the
solid red curve is the energy of an electron with the velocity equal to the the-
oretical local phase velocity of the wave given by Eq. (1). The negative
energy values in (c) and the negative velocity values in (b) correspond to
propagation in the negative x-direction (towards the anode), and the arrow in
(c) points in the direction of propagation of the test particles.
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FIG. 6. Two-stage acceleration of a test particle. The initial energy is 6eV at
x =20mm at ¢ = 110.44 ns. (a) The first stage: color map of the electric field
as a function of coordinate and time E,(x, ¢). The positive electric field shown
with the red color is directed rightward, towards cathode. The curve is the
test particle trajectory x(f). (b) Same as (a) but for the second stage. (c)
Energy of the test particle vs coordinate. In (b), the negative values of energy
correspond to propagation in the negative x-direction (towards the anode).
Point O marks the starting point, point A—acceleration in the first stage,
point B—acceleration in the second stage, and point E—escape of particle at
the anode. Note that the deceleration to a complete stop near the walls and
the subsequent acceleration in the opposite direction (i.e., the reflection)
occur on a distance of about 0.2 mm (anode) and 0.3 mm (cathode).

electron temperature and the wave frequency is @ = wp,,
one obtains k* = (w7, o — @2,)/(3T./m.). With &>, = @2,
n(x)/no, where n(x) is the plasma density depending on coor-
dinate x, the wave phase velocity uv,, = o/k= Wpeo/k

becomes the following function of coordinate:

\/3T,/m,

Upp(X) = 7/
V1 —n(x)/ng

The value of (1) becomes infinite as n(x) approaches ny. A

reasonable requirement which prevents application of (1) too
close to the plateau is v[%h (x) < v7 which transforms to

ey

3T,
2Wb ’

ny — n(x) > ng 2)
where w;, = mev,% /2 is the beam energy. For the density pro-
file, the electron temperature, and the beam energy selected
in the paper, criterion (2) allows to use (1) for x < 11 mm. In
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FIG. 7. (a) Amplitude of the frequency spectrum as a function of coordinate
and frequency: the spectrum is obtained for the time interval 99ns < ¢ <
123 ns with N =2048 data points and At = 0.01168 ns time step, and the fre-
quency resolution is Aw = 2m/NAt = 0.026 x 10'°s~!. (b) Profile of the
electron plasma frequency obtained at time 114.97 ns marked by arrow 1 in
Figure 1(b). The blue line marks the electron plasma frequency w,, o associ-
ated with the density plateau in the middle of the plasma.

this area, the analytical expression for the phase velocity (1)
is in good agreement with the results of the numerical simu-
lation (compare the red curve with the black markers in
Fig. 5(b)).

After the emission from the cathode started, STEs mov-
ing towards the anode appear first downstream of the area
with the strongest oscillations (see Fig. 2(b) for x < 8 mm).
At the peak of the instability (arrow 1 in Fig. 1(b)), the maxi-
mal energy of these electrons reaches about 34 eV (see curve
1 in Fig. 4). While the accelerated electrons escape to the
anode, the plasma potential relative to the anode increases
(see the blue curve in Fig. 1(b) for 80ns <t < 150ns).
Some STEs are reflected by the enhanced potential barrier of
the anode sheath and, after a round trip through the plasma
with another reflection near the cathode, they return into the
area with intense plasma oscillations. When it happens, the
energies of STEs moving towards the anode downstream of
the instability maximum increase even more (see Fig. 3(b)
and curve 2 in Fig. 4). The maximal energy of STEs (regis-
tered at = 139.97 ns) is about 80eV. At the first minimum
of the electric field amplitude as a function of time (arrow 2
in Fig. 1(b)), the maximal energy is lower, about 65 eV, but
still almost twice the maximal energy of the one-stage accel-
eration (compare curves 2 and 1 in Fig. 4).

IV. TEST PARTICLE STUDY OF ELECTRON
ACCELERATION

Acceleration of bulk electrons by waves with short
wavelength in the density gradient area is studied with test
particles which start in the density plateau area with veloc-
ities directed towards the anode. Three particles with initial
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energies of 4eV, 7eV, and 6eV representing three different
scenarios: no acceleration, one-stage acceleration, and two-
stage acceleration, respectively, are discussed below. The
4 eV particle does not get net acceleration, and its energy
only oscillates along the trajectory (see the green curves in
Fig. 5). The velocity of this particle never reaches v,

The 7eV particle gets significant one-stage acceleration
(see the solid black curves in Fig. 5). For x > 9.5 mm, this
particle is relatively slow and the wave field only causes
oscillations of the particle energy with significant amplitude.
Near x = 9 mm, the particle velocity equals to the local value
of vy, (compare the black and the red curves in Fig. 5(c)).
The irreversible transfer of energy from the wave to the
particle occurs on segment 8 mm < x < 9.5mm. Note that
contrary to well known systems where a particle is gradually
accelerated by a wave along the direction of the growth of
v,,h,32 here the acceleration occurs in the direction of the
decrease of v,,. This becomes possible because the wave
amplitude rapidly decreases in the same direction, so after the
acceleration the particle appears in the area with low field am-
plitude and cannot be trapped by the wave. The particle
becomes a free-flying particle with oscillating energy, but now
it is faster than the wave, see the black curve in Fig. 5(c) for
x < 8mm. The average energy of the 7eV test particle after
the acceleration is about 34 eV which is sufficient to penetrate
through the sheath potential barrier (about 23 eV).

It is necessary to mention that while the fate of the low
energy (4eV) test particles is largely insensitive to the selec-
tion of time when these particles are released, the efficiency
of acceleration of particles with higher energies does depend
on this time and thus the phase of the wave where the test
particles are placed. While some of these particles get
substantial energy after the first acceleration and escape the
plasma, as described in the paragraph above, others acquire
lower energy and remain trapped. The selected 6 eV test par-
ticle after the first acceleration (point A in Figs. 6(a) and
6(c)) has only 20eV. This particle is reflected by the anode
sheath, travels through the whole plasma, reflects near the
cathode, and approaches the instability area with the energy
of about 20eV (see Fig. 6(c)). The particle is accelerated
again at the segment between 9.5 mm and 11.5 mm (see point
B in Figs. 6(b) and 6(c)). The energy of the particle after the
acceleration is about 65 eV, which is more than ten times the
initial particle energy. The first acceleration occurs similar to
the case described in the previous paragraph except that due
to the lower initial particle speed the acceleration occurs
closer to the anode where the wave amplitude is lower (com-
pare Figs. 6(a) and 5(a)).

The second acceleration occurs in the area immediately
adjacent to the density plateau where the wave phase speed
and, in general, amplitude are higher. Note that by this time
the short-wavelength waves in the majority of the density
slope area decayed because they were involved in intense
acceleration of plasma particles (see Figs. 6(b) and 3(a) for
x < 9mm), and the instability amplitude is also noticeably
lower than during the first acceleration (compare wave fields
in Figs. 6(a) and 6(b)). The decay of the plasma waves is a
significant limiting factor for the observed two-stage acceler-
ating mechanism.

Phys. Plasmas 22, 123510 (2015)

V. SUMMARY

Summarizing, in a dc plasma-beam system with nonuni-
form density, suprathermal electrons are generated by short-
wavelength plasma waves excited at the density gradients.
Some of the accelerated electrons may be reflected by the
anode sheath and reintroduced into the two-stream instability
area where they will be accelerated one more time. The energy
of an electron after the second acceleration can be an order of
magnitude higher than its initial energy and few times more
than its energy after the first acceleration stage. The simulation
above, unlike the experiments of Refs. 7 and 8, does not
include the rf voltage. This has both favorable and negative
consequences. On one hand, variation of the energy of the
beam by the rf voltage may reduce the efficiency of excitation
of plasma waves. On the other hand, in a real dc-rf system,
plasma bulk electrons are trapped (at least part of the rf period)
in a potential well much deeper than the one created by ther-
mal electron motion. This will prevent suprathermal electrons
from escaping to the walls and allow them to go through two
or more acceleration cycles as described above.
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