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Dust-acoustic soliton breaking and the associated acceleration of charged particles
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The breaking of a plane self-excited dust-acoustic soliton in a dust cloud formed in stratified dc glow
discharge plasma is studied. Both macroscopic and kinetic parameters of the dust component near the soliton
are experimentally obtained. It is shown that the breaking of a soliton can accelerate charged particles to
supersonic speeds. The theoretical interpretation of the experimental results is performed in the framework of the
hydrodynamic plasma approach, as well as the single-particle approximation. Both dissipative and nondissipative

cases are considered.
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I. INTRODUCTION

A soliton is commonly referred to as a solitary nonlin-
ear wave that exists due to the balance of nonlinearity and
dispersion of the medium. Since their discovery [1], solitons
have been found in many media (surface solitons in a liquid,
solitons in a plasma, solitons in power transmission lines),
and the main properties of solitons have been studied in detail
(see, for example, [2]). Nowadays we can say that solitons
are the fundamental elements of nonlinear wave physics. The
theoretical description of solitons in a conservative system
is carried out in the framework of the KdV equation, which
has an exact, though tedious solution in the context of the in-
verse scattering problem [3]. To describe self-excited solitons
in open dissipative systems, the concept of the “dissipative
soliton” is used [4,5]. This concept considers solitons as an el-
ement of the self-organization process. To describe the strong
dissipative soliton (under conditions of strong dissipation),
the complex Ginzburg-Landau equation [6] is used. However,
as shown in [7,8], under conditions of weak dissipation,
plasma dissipative solitons have a classical profile that can
be found using classical methods (for example, the reductive
perturbation technique), because the main properties of the
soliton are still determined by the nonlinearity and dispersion
of the medium. In this case, nonconservative forces determine
only the evolution of the wave.

In many practically important problems, for example, in
plasma, analysis of solitons can be performed within the
bounds of the stationary Poisson equation describing solitons
that have passed through all stages of evolution and are
moving in a homogeneous medium with a constant velocity.
In plasma without a magnetic field there are three types of
solitons which can be distinguished: ion-, electron-, and dust-
acoustic ones [9—11]. All the indicated types of solitons can
be described in terms of the hydrodynamic plasma models,
and in the simplest one-dimensional case, it can be reduced
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to the stationary Poisson equation. Practically all solitons turn
out to be supersonic in the sense of the parent wave mode, i.e.
M =V/C,;q > 1, where M is the Mach number; V soliton
velocity; C,, C;, C; electron-, ion-, and dust-acoustic phase
velocities, respectively.

The velocity of solitons increases with the growth of the
amplitude of their potential, ¢y. Amplitude growth is limited
by the value of @om.x at which multistreaming flow occurs.
Let us consider this phenomenon using ion-acoustic solitons
as an example: when ¢y > @omax, i0ns are accelerated by the
leading edge of a soliton up to velocities exceeding V; at this
the arising ion flow reduces the soliton energy (this process
was described in detail in [12]). Moreover, multistreaming
flow is associated with the breaking of a soliton, since in this
case the condition of equality of plasma parameters before
and after the wave front is violated. It is worth noting a
large number of theoretical works on the stability of solitons
and their evolution [12-14], but there are very few detailed
experimental studies on this topic [9]. Parameters of multi-
streaming flow are practically not investigated. At the same
time, the process of strong electron plasma waves breaking
has been studied both experimentally [15,16] and theoretically
[17,18]. The excitation of the strong electron plasma waves
is due to the energy of the electromagnetic wave (pump). In
this case, the plasma wave is a wave packet containing many
maximums and minimums (in contrast to the soliton). At high
pump powers, caviton formation was observed [19], as well
as wave breaking and energetic particle generation. This topic
has many applications, such as fusion, x-ray generation, par-
ticle acceleration, ionospheric heating, etc. The wave-particle
interaction was experimentally investigated in [20] in a rf dis-
charge dusty plasma. Trajectories of individual particles were
analyzed; the parameters of the particles in resonance with the
wave packet were determined. However, wave breaking, as
well as particle acceleration, have not been studied in detail.
In [21], breaking of the self-excited nonlinear dust-acoustic
wave was studied. The analysis of the results was carried out
in the framework of the Lagrangian-Eulerian model based
on the wave-particle interaction, which made it possible to
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FIG. 1. Scheme of an experimental setup for studies of dusty
plasma in dc low-temperature glow discharge.

estimate the wavelength and also to explain the breaking
process by the intersection of neighboring particle trajectories.
However, a detailed analysis of multistreaming flow was not
performed. In addition, in [20,21] there are no models of
dust-acoustic waves (both linear and nonlinear). It is worth
noting works [22-24], where the acceleration and transfer of
charged particles are theoretically and experimentally studied
in the electric fields of solitons. It is shown that solitons can
accelerate cold populations of particles to the velocities much
higher than their thermal velocities, and the current excited in
this case has a pulsed structure with a large dc component.
In [24], the evolution of solitons has been analyzed until the
moment of breaking, but the question of what happens to the
kinetic energy of the particles after that still remains unsolved.
These arguments determine the fundamental significance of
research in this area. The applied significance of the work is
related to the relevance of the problem of charged particle
acceleration in plasma (see, for example [25]). On the other
hand, solitons play an important role in the study of plasma
turbulence [26] and in relevant applications, including nuclear
fusion, star physics, etc.

In the present article, the breaking of a self-excited dust-
acoustic soliton in a dust cloud in a low-pressure glow dis-
charge is studied in detail. The main focus is on the analysis
of multistreaming flow as well as on the acceleration of
charged particles by a wave with supercritical amplitude.
The preference of dusty plasma as an object of research is
determined by the relative ease in conducting experimental
studies at the kinetic level using simple optical devices. The
theoretical interpretation of the experimental results is carried
out in the framework of the hydrodynamic model of plasma
and the single-particle approximation.

II. EXPERIMENTAL SETUP

The studies were carried out in a low-pressure dc glow
discharge formed in a vertical tube 80 cm in height and 4 cm
in diameter. The scheme of the experimental setup is shown in
Fig. 1. Neon was used as a buffer gas, the pressure of which

TABLE I. Basic parameters of the plasma.

Buffer gas pressure Py. = 0.11 Torr
Discharge current I =0.6mA
Discharge voltage U =127kV

Concentration of neutral
atoms (buffer gas)

Concentration of electrons

Concentration of ions

Concentration of dust
particles

Framing rate

Pixel size

Buffer gas temperature

(discharge tube walls)

Electron temperature (see
[28,31])

Ion temperature (see [32,33])

Screening radius

e =3.5x 10" cm™3

n,=15x108cm™3
n; =4.5x 108 cm™3
ngg = 3.7 x 10*cm™3
f =5001ps
h =127 um
T, ~ 300K (0.03 eV)

T, ~ 6 x 10°K(6eV)

T, ~ 1000 K(0.1eV)
)\D ~ )"Di = lOO,um

Plasma frequency for the dust wg = 327s7!
component

Dust-acoustic velocity C,=3.4cm/s
Dust particle mass mg=64x10""g
Dust particle charge Z=8x10%¢
Interparticle distance L ~ 300 um
Electric field E ~5V/cm
Reduced electric field E/N ~100Td

varied in the range of 0.08-0.125 Torr at a current of 0.6 mA.
To provide a uniformity of parameters of the pressure
and composition of the buffer gas, the discharge tube was
continuously pumped out and filled with high-purity neon un-
der monitoring of a pressure controller. Melamine formalde-
hyde particles with a diameter of d, = 4.25 & 0.09 um were
used as the dust component. Particles were injected into
discharge from a container located at the upper part of the dis-
charge tube. In glow discharge they gained an electric charge
and formed dust clouds levitating at each striation due to being
confined by an electrostatic trap. Experimental observations
were performed at the lowest striation which was illuminated
by means of a solid-state laser with wavelength 532 nm and
power 0.1 W. The width of the laser “knife” was ~200 um.
Parameters of the experiment as well as discharge parameters
are presented in Table I. Dust density ng; was obtained from
video analysis. The typical magnitude of electron density in
dc glow discharges is on the order of n, ~ 107% — 10~ cm ™3
[11,27,28]. For calculations, we took the value n, = 1.5 x
1078 cm™3 from [28], where discharge dusty plasma with
close parameters was studied. Ion density is found from the
quasineutrality condition n; = n, + Zng,, where Z is normal-
ized dust charge. In turn, Z was obtained from a force balance
condition, which is the following: m;g + F;y = ZeE, where
my is dust particle mass, g is acceleration of gravity, E is
discharge electric field, and Fj; is ion drag force downward
directed. According to various estimates [28,29], ion drag
force varies from 107'3 to 3 x 10~'* N for our case. For calcu-
lations, we chose a value F;; ~ 1.5 x 10713 N. Then we have
Z = (myg + Fg)/eE ~ 8 x 10°, and n; = 4.5 x 108 cm™3.
In general, discharge parameters are regular for a glow
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FIG. 2. Time evolution of dust-acoustic soliton: (a) t = 0, (b) t = 26 ms, (c) t = 52 ms, (d) t = 78 ms. (a) O corresponds to particle 1,
0 to particle 2, A to particle 3, ¥ to particle 4, and < to particle group 5; vertical dashed lines denote analyzed area.

discharge [27,28]. Note that due to the presence of negatively
charged dust particles, the ion concentration is several times
higher than the electron concentration in accordance with
the quasineutrality condition. Such a situation is common in
dusty plasmas (see, for example [27,30]). The equations for
calculating the Debye radius and dust-acoustic velocity are
given in the next section.

At a pressure of 0.125 Torr the dust cloud had a clear,
detectable crystalline structure, formed due to the action of
the friction force, which reduces the kinetic energy of the
particles. With a decrease in pressure (and therefore friction
forces) a smooth transition to the liquid phase was observed.
In this work we consider the waves in the liquid phase,
although waves and oscillations of low frequency (~10 Hz)
were observed throughout the entire range of pressures. The
main reason for this choice is that the models describing such
solitons are more general and suitable, within the accuracy
of normalization, for the description of ion- and electron-
acoustic solitons. Note that the study of dust-acoustic waves in
the crystalline phase is also of interest [34], but is the subject
of a separate study. Figure 2 shows the individual phases
of the formation and breaking of the dust-acoustic solitary

wave. In our opinion, at the nonlinear stage of evolution
the wave can be considered as a dust-acoustic soliton. The
corresponding video is shown in the Supplemental Material
[35]. We will discuss the classification of the observed wave
in the Theoretical Model section. The considered process has
been repeated with a period of ~0.08 s.

In Fig. 2 it is clearly seen that the dust-acoustic wave,
which is almost flat, forms in the upper part of the cloud,
amplifies as it moves downward, and decays in the lower
part of the dust cloud. Smoothed dust concentration profiles
corresponding to Fig. 2 are shown in Fig. 3. The soliton
velocity is Vo ~ 6 cm/s, which agrees well with the dust-
acoustic velocity value (Table I) taking into account super-
sonic nonlinear wave motion.

At first glance (Figs. 2 and 3), it may seem that it is a
compression soliton, which is stationary most of the time.
However, an analysis of the dynamics of dust particles has
shown that the soliton has more sophisticated behavior during
its lifetime, including its destruction and the occurrence of
multistreaming flow.

From frame-by-frame analysis for particles marked in
Fig. 2(a) we obtained their positions and vertical velocities,
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FIG. 3. Time evolution of dust concentration profiles, corre-
sponding to Fig. 2.

which are plotted in Fig. 4. It should be noted that the
dynamics of selected particles relates to the dynamics of most
particles from the corresponding horizontal layer in the near-
axial region 2.5 mm < x < 6 mm [as shown in Fig. 2(a) with
dashed lines], where the wave can be considered flat.

The entire dust cloud can be divided into three areas in the
vertical direction:

1. Soliton formation area within 0 mm < z € 3 mm;

FIG. 4. Motion parameters of selected particles: (a) time depen-
dency of z coordinate; (b) time dependency of particle longitudinal
velocities. Subplots represent trajectories and velocities of other
particles from the breaking region. These are particles of group 5,
denoted by the ¢ symbols in Fig. 2(a).

2. Multistreaming flow formation area within 3mm < z €
4 mm;

3. Area of existence of soliton remnant within 4 mm &
z € 8§ mm.

Let us consider these areas in detail.

1. As can be seen, at z € 3 mm the motion of particles is
finite (particles 1, 2, 3) and has periodic nature. This stage of
dust-acoustic instability was described in detail in [20,21]. In
particular, it was shown that particle oscillations are due to
resonance interaction with a self-excited dust-acoustic wave.
The amplitude of the oscillations increases with increasing
wave amplitude and nonlinearly steepening of the wave profile
[21]. The maximum velocity of the oscillating particles tends
to the phase velocity of the wave, and the dust concentra-
tion profile becomes steeper, reaching the minimum width
and acquiring a solitonlike shape (bold curve in Fig. 1(c)
from [21]). In [21], the Lagrangian-Eulerian model [36] was
used to estimate the parameters of the wave process. In the
framework of the soliton concept, the nonlinear stage of a
similar phenomenon has been discussed in [24]. In particular,
it was experimentally and theoretically shown in [24] that the
particles move down in a single front under the influence of
the soliton. The magnitude of their displacement is evaluated
at units and tens of the Debye radii, Ap. In this case, the
upward movement, according to the authors, may be caused
by external forces that tend to restore the undisturbed shape
of the dust cloud. Among these are the gravity, electric force,
friction, and ion drag forces. By the example of ion- and
electron-acoustic solitons, it was shown in [22,23] that finite
unidirectional movement of particles is an inherent property
of solitons under consideration. In this case so-called “soliton
currents” with unique properties are excited.

2. At z~ 3 mm the soliton amplitude reaches a critical
value, and the dust particles under the action of the soliton
field acquire a velocity approximately equal to the velocity
of the soliton (see Fig. 4, particle 4). Such particles are
accelerated by the front of the soliton and move along with
it to the lower edge of the dust cloud. Multistreaming flow
develops, which in theory [12] reduces the wave energy.
This process is called the breaking of a soliton [12] or a
nonlinear wave [15,16,21]. In experiments on the study of a
strong electron plasma wave [15], this phenomenon led to the
generation of an accelerated electron flux, which was recorded
with a gridded energy analyzer. The accelerated electrons gain
approximately twice the wave phase velocity. In dusty plasma,
particle acceleration can be observed directly. Dust particles
accelerated by a breaking wave were also observed in [20]
[see Figs. 4(a) and 4(b)] and in [21] [see tracks D, E, F, H in
Fig. 3(a)]. Their speed was equal to the wave phase velocity.
However, the process of generating accelerated particles as
well as analysis of their properties was not the subject of a
detailed study.

3. In our experiment, within the 4 mm € z € 8 mm re-
gion, the multistreaming flow converts the plasma in a tur-
bulent state, which is observed in the lower part of the cloud
below the breaking point (see the video in the Supplemental
Material [35]). Particles accelerated by a soliton form a down-
ward flow. The upward flow is formed by particles ejected
from the cloud by the previous soliton. The action of external
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forces tends to return them to their original unperturbed state.
The motion of particles in the region below the breaking point
(z > 4 mm) becomes very complicated; its analysis is beyond
the scope of this article.

Let us further focus on the study of the soliton breaking
process as well as particle acceleration in the breaking region.
A breaking soliton is no longer a soliton from a mathematical
point of view; however, as one can see from the experiment
[see Figs. 2(c) and 2(d)], it can be quite stable reaching the
lower boundary of the cloud without extreme broadening. It
should be noted that in our experiment we did not observe
any oscillations behind the soliton front, predicted in many
collisionless models (see, for example, [12]).

After the breaking, trapped particles make a significant
contribution to the wave concentration profile. This phe-
nomenon is somewhat similar to ion capture by a dust-
acoustic soliton [11], where the ion concentration profile
consists of two types of ions—free and trapped. The differ-
ence is that dust-acoustic solitons are not a potential well
for negatively charged particles. As will be shown below, the
presence of trapped particles at the leading edge of the wave
is explained by the action of the friction force. At the lower
part of the cloud [Fig. 2(d)] the wave is scattered, and trapped
particles are ejected outside the dust cloud.

Using traditional methods of dust-acoustic soliton studies
based on the analysis of dust concentration profiles ny it is
impossible to detect soliton breaking. The position of the
maximum of the function n, at different times is marked in
Fig. 4(a) with “A” symbols. As mentioned above, the angle
of inclination of the resulting straight line corresponds to the
speed of the wave V ~ 6 cm/s, which can be approximately
considered constant. Let us compare the speed of accelerated
particles with the speed of the soliton. The trajectory of
accelerated particles has a specific bend [the segment of curve
4 between points A and D in Fig. 4(a)]. The corresponding
speed jump can be seen in Fig. 4(b) (the segment of curve
4 between points A and C). The maximum particle velocity
is approximately one and a half times the wave velocity
[point B in Fig. 4(b)]. The jump duration is ty, ~ 45 ms,
or tyiw, ~ 14 in the normalized form. Then, the particle
velocity decreases to a speed approximately equal to the wave
velocity [the segment between points C and D in Fig. 4(b)],
and finally, it sharply reverses [the segment between points D
and E in Fig. 4(b)]. The last segment corresponds to the return
of ejected particles to the cloud under the action of external
forces.

A theoretical interpretation of the results will be presented
in the next section.

III. THEORETICAL MODEL

Soliton models are often used to describe the properties of
self-excited solitary waves in space plasma [37-41]. In our
experiment, in the dust cloud, only one wave crest is excited,
which manages to go through all stages of evolution from self-
excitation to breaking, accompanied by particle acceleration.
Moreover, as can be seen from Figs. 2 and 3, the width of
the wave concentration profile is much smaller than axial
dimensions of the dust cloud, a profile shape is close to the
soliton one, and the wave velocity exceeds the dust-acoustic

velocity by 1.8 times. Therefore, in our opinion, it is natural to
describe the observed solitary wave (especially in a strongly
nonlinear phase) within the framework of the soliton model.
As mentioned above, the notion of “dissipative soliton” gen-
eralizes the notion of “classical soliton” for a nonconservative
case [4,5]. It is important to note that the concept of dissipative
solitons implies their self-excitation with a certain periodicity,
which is observed in our experiment. The self-excited soliton
is a convenient object to study breaking processes, as in this
case there is a mechanism of amplifying of the soliton up to
supercritical amplitude, which is absent in the case of induced
excitation [42,43]. At the same time, weak dissipation has
almost no effect on profiles, velocity, and other important
properties of dust-acoustic solitons [7,8].

As shown in the previous section, the observed wave
process is rather complex. In this paper we restrict ourselves
to its qualitative description, which helps to explain important
details. For a theoretical interpretation of the experimental
results, we use a simple hydrodynamic model of dusty plasma
without a magnetic field [44,45]. We assume that the plasma
consists of electrons, singly charged ions, and “cold” nega-
tively charged dust particles of constant radius. We write the
system of normalized hydrodynamic equations in the form

N(®) = Be _ exp <6T—¢> = exp <3> (1)

neo e :851
n; ep )
N;(®P) = n_'o = exp — = exp -5 ) 2)
oN, oN,
T T, 3)
ot 0z
Bvd 3Ud 0D
— —_— = 4
ar YT T o ®

Here & =eZg /ijd is electrostatic potential; C,; =
VZ2n40T;/mgny is dust-acoustic  velocity; B =T,/T;.
Concentrations, initial concentrations, and normalized
concentrations of charged particles of the sort j are
denoted, respectively: nj,njo, N =n;/nj, where j=e,
i, d for electrons, ions, and dust particles, respectively,
8; =njo/Zngo. Hydrodynamic dust particle velocity, vy, is
normalized to C,. Variables z and ¢ are normalized to Ap
and a)gl, respectively, where Ap = /T;/4me%ny is the Debye
radius, and wy = /47w Z%n40e?/my the plasma frequency for
dust component. In Eq. (4), only the action of the electric
field of the soliton on charged particles is taken into account;
the remaining forces are considered to be compensated. We
do not use the model [8] here which takes into account the
friction force for the following reasons. Firstly, the model [8]
does not take into account the forces amplifying the soliton;
therefore its amplitude decreases with time (in our case, the
amplitude grows up to the breaking point). Secondly, for
the case of weak dissipation, the soliton profiles in [8] are
close to the classical o sech?(z) and can be obtained from the
collisionless model, neglecting the evolution of the wave.

For the stationary case, we used a single variable § = z —
Mt, where M is the Mach number equal to the ratio of the
soliton velocity to C;. Then from (3) and (4) one can get an
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FIG. 5. Soliton parameters obtained from the numerical solution
of Egs. (6) and (8).

expression for Ny:
M
VMZ 120

Now the problem can be reduced to a single Poisson
equation:

Ny(®) = )

d*o
d_éz = SeNe - (S,'Ni + Nd. (6)

Equation (6) allows single integration and analysis within
the approach of the Sagdeev pseudopotential method [11].
In the mentioned paper [11] one can find a description of
other methods of his analysis. We restrict ourselves here to
simple numerical integration (6) by the Runge-Kutta method.
The soliton solution at §; = 1.5, 8 = 60, M = 1.5 is shown
in Figs. 5(a) and 5(c). The potential profile ®(£) is obtained
from Eq. (6), and the profile of the electric field is obtained
by the formula E = —d®/d&. One can find the concentration
profile Ny (&) from (5).

The obtained solution is close to critical, since the soliton
solution no longer exists at M = 1.7. The soliton width is
Ag = 3.2Ap, which is close to the experimentally obtained
value. The hydrodynamic models do not allow one to cal-
culate the parameters of the motion of individual particles;
however, this can be done in the single-particle approximation
developed for solitons in [22]. The motion equation for a dust
particle can be written in the form

d’z do dz
_— Z _— = nTT 7
M T Ty @
8«/2nr§naTa

where v;, = T ore is the dust-neutral collision fre-
quency (see, for example, [27] and references therein); vy, =
(T,/mgy)'"/? is the thermal velocity of gas atoms. As the acting
force we take into account

(a) the electric force [first term on the right side of Eq. (7)],
which is easy to calculate with a soliton solution [see
Fig. 5(a)] of Eq. (6);

1 3
—~~ o nd o
Z V|
S =}
_9'0.5 2 o
© 8
~ ©
>° <
fh Il
1.

1O
-
o

FIG. 6. Soliton profiles obtained from the analysis of experimen-
tal data at the horizontal level of z & 3 mm (see Fig. 2).

(b) the friction force, which is described by the second term
on the right side of Eq. (7).

Note that hereafter our theoretical model becomes non-
self-consistent. Equation (7) with regard to the assigned nor-
malization will take the form

2
¢_do_d:
dr?  dz dt

where Q = v;,/wy. The value of €2 calculated on the basis
of the data in Table I is 2 ~ 0.07 £ 0.1, which gives us the
right to use the weak dissipation approximation. Analytical
expressions for @ can be obtained using the small amplitude
approach. At this, Eq. (8) was solved for small amplitudes
in [22] for ion-acoustic solitons. In our case, for solitons
of arbitrary amplitudes, we use the numerically calculated
dependence ®(£) = &(z — Mr) [see Fig. 5(a)]. Dependences
z(¢t) and V,(¢t) = dz/dt are shown in Figs. 5(b) and 5(d) for
the plasma parameters given above and different values of 2.
Curve 1 corresponds to the motion of a dust particle in the
field of the soliton with a subcritical amplitude, obtained
earlier from Eq. (6). This case is in accord with the finite
displacement of the dust particle at a distance 4Xp in the di-
rection of the soliton motion [see Fig. 5(b)]. The profile V()
displayed by curve 1 in Fig. 5(d) is solitonlike, symmetric
with respect to the soliton center. The calculation results are
in good agreement with [24].

In Fig. 5(c) the profiles of V;(z) and N,(z) are obtained
from Eqgs. (8) and (5), respectively. As can be seen, the
velocity profile is several times wider than the concentra-
tion profile. Figure 6 shows the same not-smoothed profiles
obtained experimentally. The results of the experiment and
theory agree well.

An increase in the soliton amplitude to a supercritical value
is the cause of its breaking [12]. The breaking leads to the
appearance of multistreaming flow, and as a result, to the
intersection of the trajectories of neighboring dust particles
in the crest of the soliton. To simulate multistreaming flow,
we increased the amplitude of the soliton by factor of 1.5,
while its width and speed were considered to be constant for
simplicity. The corresponding solutions of Eq. (8) are shown
in Figs. 5(b) and 5(d), curves 2—4. As one can see, the case of
Q =0 [see Fig. 5(b), curve 2] differs from the cases 2 # 0
(curves 3 and 4) by an angle of inclination of the obtained
curves that is twice as large, and, consequently, a value of

®)
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V, at t — oo that is twice as large. Moreover, as follows
from Fig. 5(d), at + — oo the particle velocity is equal to
the soliton velocity V; &~ M for © # 0 (see curves 3 and 4),
and it is twice the soliton velocity V; ~ 2M for Q2 = 0 (see
curve 2). A dissipation-free solution is consistent with the
results of [15] where the electrons were accelerated by a
breaking electron plasma wave to speeds twice the phase
velocity of a wave in a collisionless plasma (the corresponding
experiment is described in [46]). Our experiment describes
well the dissipative case 2 # 0 [see Fig. 4(a), particle 4].
This hypothesis is also supported by the fact that when
Q # 0, the accelerated particles experience oscillations, which
follows from the numerical solution in Fig. 5(d), curves 3 and
4. The frequency and amplitude of oscillations depend on €2,
so their amplitude decreases, and the frequency increases with
the growth of . At the same time, a characteristic bend
found earlier in the experiment appears on the trajectory graph
[the sections between points A and D in Figs. 4(a) and 5(b),
respectively].

At @ = 0.1, the maximum velocity which the particles
attain during oscillations is one and a half times the phase
velocity of the wave [point B in Fig. 5(d)], which also agrees
well with experimental data [point B in Fig. 4(b)]. The particle
velocity oscillation period after trapping is 7y, =~ 22 [curve
3 in Fig. 5(d)]. On the experimental curves, only the first
half period of oscillations is clearly detectable [the section
between points A and C in Fig. 4(b)]. The “cutting off” of
the oscillations is probably associated with the destruction
(or transformation) of the soliton after the development of
multistreaming, as well as with the boundedness of the dust
cloud and plasma inhomogeneity, and other factors that are
not taken into account in the theoretical model. However,
the duration of the experimentally detected velocity jump
(tv+w, A 14) is in reasonable agreement with the results of
the theoretical model (7y /2 = 11).

It should be noted that the velocities v; and V; are not
identical; the first one describes the hydrodynamic velocity of
the particle flux, and the second one describes the velocity of
individual particles. The value of v, can be expressed from
Eq. (3) in the form [22] vy = M (1 — 1/Ny). It is easy to
show that the v,; and V; profiles are different, although their
maximum values are equal. The presented soliton model is
in good agreement with the model [21] because it consists of
two parts, i.e., the hydrodynamic (Euler) one and the single-
particle (Lagrange) approximation.

A breaking soliton loses energy due to particle accel-
eration. Therefore, in this case, there should be an energy
pumping mechanism, which in our opinion is the ion flux.
Detailed studies of ion drag and energy balance are the subject
of subsequent work. In this paper, we restricted ourselves to
only the study of wave evolution.

In conclusion, it is worth noting that the soliton stability
after breaking has not been analyzed theoretically in detail,
and we have only detected the evidence of the appearance of
multistreaming flow. It is possible that a new wave structure
may exist in a stationary mode.

As noted in [47,48], the friction force can be a stabilizing
factor in evolving open systems. Indirectly, it is indicated by
the fact that the trajectories of dust particles accelerated by the
breaking of a soliton in the presence of friction forces have

the same asymptotics [see Fig. 5(b), curves 3 and 4], so due to
dissipation, accelerated dust particles are localized at the front
of the soliton, forming a single structure. In the absence of
friction [see Fig; 5(b), curve 2]), accelerated particles quickly
leave the neighborhood of the soliton. To answer the question
about the stability of the soliton structure under study, we
need more complicated theoretical models (see, for example,
[8,11,49]) and experiments are required in a more extended
dust cloud (see experiments in [50]). However, in any case,
there will be an acceleration of charged dust particles up to
speeds much higher than the average unperturbed velocity,
which for particles in the upper part of the cloud is (|V,]|) ~
0.1cm/s.

IV. CONCLUSIONS

The evolution of a plane dust-acoustic soliton in a dust
cloud in glow discharge plasma is studied. Both macroscopic
and kinetic parameters of the plasma near the soliton were
experimentally determined. Namely, the macroscopic param-
eters are the dust concentration profiles and the speed of
the wave, the kinetic one, is the individual dust particle’s
dynamic. The analysis of macroparameters did not allow
us to detect the evidence of the soliton breaking. However,
analysis of the trajectories of individual particles revealed
the evolution of a soliton, including its breaking and the
appearance of multistreaming flow. It was found that after
reaching the critical amplitude the soliton front accelerates
the particles to its own speed, which significantly (by several
orders of magnitude) exceeds the average velocity of the
particles in the unperturbed state. After the soliton breaks,
the dust concentration profiles save their structure for some
time. The velocity of motion of these profiles after breaking
is also equal to the initial velocity of the soliton. Reaching
the bottom edge of the dust cloud, the structure completely
disintegrates, and accelerated particles are ejected far beyond
the unperturbed cloud, causing plasma turbulence. The the-
oretical interpretation of the experimental results was per-
formed using a simple hydrodynamic model, within which
we obtained profiles of the electric field and potential, as well
as the dust concentration profile. However, the hydrodynamic
model is not relevant for the description of soliton breaking
and the appearance of multistreaming flow, so we used a
single-particle approach based on data obtained from the
hydrodynamic theory to calculate the main parameters of the
multistreaming flow. Thus, particle trajectories and velocity
profiles of a breaking soliton were obtained. Both dissipative
and nondissipative cases are considered. In the first case,
the velocity of the accelerated particles and the velocity of
the soliton are equal, and the particles experience damped
oscillations when interacting with the wave, which reasonably
agrees with the experimental results. In the nondissipative
case, particles during the soliton breaking are accelerated to
speeds twice as high compared with the wave speed, which
can be important in analyzing turbulence and instabilities in
collisionless plasma of tokomaks, space, etc. The soliton is
supplied with energy, in our opinion, due to the ion drag.

The study of wave-particle interaction processes has be-
come more active recently in the context of the search for
new plasma methods of wave acceleration of charged particles
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[25]. In this regard, dusty plasma is a convenient tool, since,
as shown above, it makes it possible to study processes at the
kinetic level using relatively simple methods.
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