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Abstract—This is a theoretical study of the nonequilibrium motion of charged particles in an electric field of
solitons. We show that the self-consistent electric field of ion-acoustic and electron-acoustic solitons is char-
acterized by one-way transfer of charged particles at a distance of several Debye radii. The dependence of rel-
evant local currents on the amplitude of solitons is determined. We consider the practically important case of
a moving cascade consisting of many solitons and show that the induced currents have a significant constant
component. The kinetic energy acquired by charged particles in the soliton field is calculated. The temporal
resolution required for the recording of soliton-induced currents is estimated. The calculations presented here
can be used to interpret the results of experiments conducted to study solitons in the space plasma.
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An analysis of the broadband electrostatic noise
recorded by the Geotail satellite in the Earth’s magne-
tosphere is presented in [1]. This noise was shown to
be associated with the motion of groups of solitons.
Later, solitons were found by Cluster [2], Polar [3],
Fast [4], S3 Trio |5], Viking | 6] satellites in the auroral
zone and other regions of near-Earth space. Often,
solitons are recorded in the presence of charged parti-
cle beams. For example, the auroral magnetosphere
contains inward and outward current regions with a
large population of solitons of different types [3]. The
coupling between electric fields of solitons with elec-
tric fields and currents in the Earth’s magnetosphere
was noted in [7]. However, the role of solitons in the
generation of plasma currents has not been studied
exhaustively for several reasons. The main reason is
the low temporal resolution of the instruments used
for measuring the currents in space plasma [2]. Also,
there are theoretical models designed for describing
experiments and analyzing the electric fields, poten-
tials, or charged particle concentrations, rather than
electric currents.

This study aims to find a coupling between plasma
currents and electric fields of solitons. The motion of
heavy impurity ions in an electric field of solitons has
been analyzed partially in [8]. In the present paper, we
propose a generalized theoretical model for analyzing
currents arising in electric fields of solitons that is valid
for the main plasma components; this model was used
to determine the main parameters of currents and
show that they have a significant magnitude and can
affect many processes occurring in plasma.
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1. THEORETICAL MODEL

1.1. Ion-Acoustic Solitons (Model 1). Our basic
model is the one-dimensional collisionless MHD
model of plasma without a magnetic field and with a
hot electron background and cold singly charged ions
[9]. The equations of motion and continuity for ions as
well as the Boltzmann distribution for electrons and
the Poisson equation are

%.,.vi%:_ia_(p’ (1)
ot 0x m; 0x
o dnyv; _ 0, Q)
ot  dx
n, = nyexp(eq/T,), 3)
2
37‘5 = —gio(n, —n,). 4)

Here, v;, n; and m; are the velocity, density, and
mass of ions, respectively; n, and T, are the concentra-
tion and temperature of electrons, respectively; #, is
the unperturbed concentration of electrons and ions,
and e is the elementary charge. The potential ¢ corre-
sponds to the electrostatic field £ = —d@/dx. By anal-
ogy with [9], we suppose that 7; = 0; here, the pres-
sure of ions can be taken as vanishing.

We restrict ourselves to the search of stationary solu-
tions of system (1)—(4). To this end, we introduce a new
variable § = (x — Vt) /A p, where Vis the steady velocity

of a soliton, and A, = +/¢,T,/ e2n0 is the Debye radius.
In addition, we introduce a normalization for the
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potential and concentrations of charged particles:
® =eq/T,, N, =n/ny, N,=n,/n,. Performing a
change of variables and a single integration, we write
Eq. (2) as

Ni(v;,=V)=-V. ®))

After a single integration of Eq. (1) and taking into
account (5), we obtain an equation for the ion concen-
tration: M iz (1 -N iz) + 20N [2 =0. The solution of
this equation has the form

N, = M,[{M} 20, (6)

where M, = V/ C;, is the Mach number and
C, = JT,/m, is the rate of ion sound. In view of the nor-

malization, the electron concentration can be repre-
sented as N, = exp(®). Then, Eq. (4) takes the form

d’®[dS” = exp(®) - N.. (7)
Solitons are one of the classes of solutions of Eq. (7).

In the approximation of small amplitudes (|®| < 1),
these solutions can be written as [9]

D(S) = D, sechz[ /—%S}. )

Here, ®, =-4,/4, is the soliton amplitude,
1 1 1 1

oM 2777 oMt o6

Let us find the electrical current induced by the
electric field of a soliton. We restrict ourselves merely
to the calculation of the ion current; the calculation of
the current of the hot electron component is beyond
the scope of this study and will be considered in our
future works. The ions are undisturbed because 7; = 0.
Under the action of the electric field of the soliton, the
ions acquire velocity, which can be expressed in the
fixed coordinate system with the help of (5) as

—yli-L
v, = V(l NJ. 9)

Then, the expression for the ion current density
takes the form

. 1
c=enV|1——|.
’ ( N,»j

Normalizing (10) to en,C;, we obtain an expression
for the normalized density of the ion current:
Ji=M;(N,-1). (11)

The dependencies of potential @, the normalized
electric field § = d®/dS, and the concentrations N,
and N, on S as well as the dependencies of the normal-
ized rate v;/C,; and ion current density J; on X for differ-
ent times T are shown in Fig. 1, according to (8), (6),

1

(10)
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(3), (9) and (11). Hereafter, X = x/A, and T = tw;,

where @, = \/e2n0 /m;€, is the ion plasma frequency.

It can be seen from Fig. 1b that the concentration
of ions in the field of positive polarity solitons is
increased in comparison with the undisturbed state. In
view of (9), in this case, the normalized velocity of ions
v,/ C, is positive; i.e., its direction coincides with the
soliton motion direction (Fig. 1¢). Therefore, the field
of an ion-acoustic soliton of positive polarity transfers
the ions only in the soliton motion direction. This
transfer yields an ion current momentum J; having a
direction that coincides with the direction of v;
(Fig. 1d). Thus, the ion-acoustic solitons actually
should generate unipolar pulses of the ion current. The
model with two electron populations considered in
[10] allows for the existence of ion-acoustic solitons of
negative polarity. This case corresponds to a decrease
in the normalized ion concentration (0 < N, < 1) and,
according to (11), an oppositely directed ion current.

1.2. Electron-Acoustic Solitons (Model 2). The
electron-acoustic solitons are analyzed using a three-
component model with a hot electron background, a
population of cold electrons and fixed singly charged
ions [11]. We write the equations of motion and conti-
nuity for the cold electron component the Boltzmann
distribution for the hot component; we supplement
the Poisson equation by assuming that the ion concen-

tration is constant (n; = n,):

avec + ecavec _ia_(pa (12)
ot ox  m,ox
anec anecvec — 0’ (13)
ot ox
Hen = Moo Xp (e@/T,,), (14)
82(p e
— =——(ny —n,, —n,). 15
axz 80( 0 h ) ( )

Here, m, is the electron mass, the subscripts ec and
eh refer to cold and hot electronic populations, respec-
tively, and 7,, = 0. The unperturbed electron concen-
trations n,, o and n,,. , are related through the quasi-neu-
trality principle: ny —n,,y —n,., = 0. Following the
reasoning of subsection 1.1, we can reduce system (12)—
(15) to the Poisson equation as

d2q>/d52 = dexp(®@) + (1 - )N, —1, (15)
where
_ 2 0
N,.=M,| M} +20-2_. (16)
1-0
Here, ® =eq/T,,, &=n,o/n, M,=V/C,,

C, =T nyp/m.n,,, is the electron-acoustic con-
centration. The temporal and spatial variables are nor-
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Fig. 1. Characteristics of an ion-acoustic soliton for M; = 1.05: (a) normalized potential ® and electric field &, (b) perturbed con-
centrations of electrons and ions, (c) normalized ion velocity v;/C; for three time instants T, and (d) ion current density J; for three

time instants 7.

malized to ®, and A, = w/eOTeh/ezno, where
W, = \Ieznec’o / m,g, is the electron plasma frequency

for the cold electron population. Taking into account

2
that 4 =98 4 -___ 8 3
2 6

> — 2 soliton
M2 2 oM (1-8)

e

solutions (15) can be represented as (8). The electron
current caused by the motion of cold electrons in the
field of electron-acoustic solitons and normalized

—en,.,C, can be easily expressed as
Jec:Me(l_Nec)‘ (17)

The calculation the current density of hot electrons
is beyond the scope of this study. The ion current is
vanishing because the ions are fixed.

The perturbations of the potential, electric field,
and concentration of charged particles for the elec-
tronic-acoustic soliton as well as the rate and density
2016
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of the current of cold electrons are shown in Fig. 2. It
is clear that the electron-acoustic solitons also gener-
ate unipolar current pulses in the plasma; in this case,
the negative polarity of the potential corresponds to
the negative polarity of pulses of the current of cold
electrons.

The resulting equations make it possible to calcu-
late some important parameters of induced currents.

2. CALCULATION OF CURRENT
PARAMETERS

We calculate the length of unipolar current pulses
induced by solitons, which can be useful for estimating
the appropriate time resolution of the experimental
equipment mounted on satellites. We define the cur-
rent pulse length y as the time during which the con-

dition J > J, / exp(l), where J, is the pulse amplitude,
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Fig. 2. Characteristics of an electron-acoustic soliton for M, = 1.15, § =0.7.
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Fig. 3. Dependence of the length of current pulses on the
soliton amplitude for the (/) first and (2) second models at
6=0.7.

is satisfied. The dependence of the length of ion cur-
rent pulses on M, for ion-acoustic solitons can be eas-
ily obtained from (11), (6), and (8) as

M,.)=i —larccosh B % , (1)
Mi Al Mi B _1

1 M: 1| Using
exp(D\ M7 - 20,
(17), (16), and (8), a similar expression can be

obtained also for electron-acoustic solitons by replac-

xi (

where y=1, B=1+

ing M; with M, and assuming that 7y= %,
B=1+ 1 M. —1|. The dependence
exp() (M2 - 2y0,

x(D,) can be represented parametrically or graphically
(Fig. 3). It can be seen that y decreases with increasing
amplitude of the solitons, which is caused by a
decrease in the width of solitons. Also, it follows from

Fig. 3 that y ~ 10 at || = 0.2. Therefore, the experi-
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Fig. 4. Solution of Eq. (21) at M; = 1.05: (a) ion trajectory and (b) dependence of the distance of ion transfer by the electric field

on the amplitude of ion-acoustic soliton.

mental recording of current pulses of ion- and elec-
tron-acoustic solitons requires a temporal resolution

of orders ;' and ®,’, respectively. Otherwise, the
integral value of the current is measured, which can be
erroneously attributed to nonexistent beams of

charged particles.

On determining the velocities of particles in the
electric field of solitons, one can estimate another
important and experimentally determined parame-
ter—the kinetic energy of particles Win comparison to
their thermal energy. For the first model, we have

W = m,-v,.zmax / 2T;. Here, v, is the maximum value of
|v,|. Assuming that v, .. /C;, = 0.2 (see Fig. I1c), we
obtain W =0.02/c;, where ¢, =7,/T,. Normally,
0; <1 for space plasma. Let us assume that

6; = 0.01; then, W = 2. In the second model, a simi-
lar estimate can be obtained for the cold electron pop-
ulation. Thus, the kinetic energy of particles in current
pulses induced by solitons can be of the order of mag-
nitude of the thermal energy of the corresponding
population.

To calculate the motion trajectory and the distance
of transfer of individual charged particles in the elec-
tric field of solitons, we use the single-particle approx-
imation. We assume that a given charged particle is
affected only by the electric field of the soliton because
its width significantly exceeds A, (Fig. 1a) and, there-
fore, the Debye screening processes can be disre-
garded (earlier, we have disregarded the pressure). In
this case, the one-dimensional equation of motion of
a charged particle of mass m can be written as

2
m&X = tek. (19)
dt
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Let us consider the first model in detail. Since
S =X — M7, we reduce (19) to the form

2
L) 20)
dt dX

The expression for ®(X, t) can be obtained by sub-
stituting S = X — M7 into the right-hand side of (8).
Let us assume that the initial ion velocity is zero in (20)
due to the supposition 7; = 0. The initial ion position
is taken to be zero. We place the center of the soliton
with amplitude @, = 0.2 at a point with the coordi-
nate X = —40 to ensure that the soliton does not affect
the analyzed ion at the initial time. The solution of (20),
which describes the ion trajectory, is shown in Fig. 4a.
It can be seen that the interaction with leads to the fact
that ion position in the space changes. In this case, the
ion velocity remains equal to zero before and after the
interaction. The distance of transfer is defined as fol-
lows: L = X .« — X,, where X and X,,,, are the initial
and final positions of the ion, respectively. The depen-
dence of L(d,) obtained from the numerical solution
of (20) for solitons of different amplitudes is shown in
Fig. 4b. It follows from this figure that one soliton with
amplitude @, > 0.05 transfers ions over a distance of
several Ap. Thus, large groups of solitons, which are
often observed in the cosmic plasma [2, 3], can signifi-
cantly affect the transfer processes.

These results can be generalized to the second model.

4. DISCUSSION OF RESULTS

The results obtained above allow us to draw an
important conclusion: ion- and electron-acoustic
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solitons can transfer charged particles in space. The
currents arising here have the form of unipolar pulses
(Figs. 1d and 2d). The length of current pulses is tens

of ®;' and w,, for the first and second models, respec-
tively (Fig. 3). If the time resolution of the measuring
equipment is insufficient, the pulse structure of cur-
rents cannot be recorded.

In the space plasma, solitons are often recorded as
large groups containing tens of gradually moving soli-
tary waves [2, 3]. In this case, the total current induced
by a group of solitons can be significant. Let us esti-
mate the current induced by a group of Z closely
spaced ion-acoustic solitons with amplitude
@, = 0.2. According to (18), the length of the current

pulseis x, = 10 at ®, = 0.2. We assume that the soli-
tons cross some fixed point with the periodicity
To = 5X,- This problem qualitatively describes the
experimental situation [3]. Figure 4b indicates that a

soliton with amplitude ®, = 0.2 transfers the ions
over the distance L, = 3. In this case, Zsolitons trans-
fer the ions over the distance ZL, during the time

T = ZT,. Since the motion involves all ions, we can
estimate the average value of the ion current as

Ji = 2 (o).
AN

The multiplier in the brackets takes into account
the normalization of L, and T,. For the parameters

mentioned above, we obtain the value j_, = 0.06en,C;

orJ; = 0.06 in the normalized form. For comparison,
the same current can be caused by a beam of ions with
the concentration n = 0.06n, that move with the near-
sonic velocity v = C;.

Let us consider the question of the absence of
soliton decay at the generation of currents. According
to Fig. 4a, the initial and final positions of a charged
particle changes when interacting with solitons,
while the initial and final velocities of that particle
are the same (Fig. 1c). Since the self-consistent
motion involves a large number of particles (some of
which are accelerated and some are decelerated), the
total energy balance is conserved and the soliton does
not decay in the absence of collisions. Consequently,
the solitons do not transmit energy to charged parti-
cles but exchange it with them by participating in adi-
abatic motion. Thus, it can be supposed that the
transfer of charged particles is inherent to solitons
with any amplitude and is a fundamental property of
solitons.

The electric currents in plasma are normally condi-
tioned by beams of charged particles. It is known that
solitons can be amplified in the presence of beams
[12, 13]. The results we obtained indicate that soli-

TRUKHACHEY, TOMOV

tons themselves can contribute to the recorded elec-
tric current, which has the distinctive feature of being
pulsed. Thus, one can suppose that there is a nonlin-
ear mechanism of current transformation in plasma,
when the beam of charged particles in plasma excites
solitons, which in turn induce a current. In this case,
the current character undergoes a significant change:
the constant current of the beam can be transformed
into a pulsating current of solitons (or their superpo-
sition).

CONCLUSIONS

Using a MHD model of plasma, we have derived
equations to calculate the electric currents induced by
ion- and electron-acoustic solitons. We have shown
that the solitons can transfer charged particles in space
and determined the distance of this transfer. The soli-
ton-induced currents have the form of unipolar pulses.
We have estimated the time resolution of the measuring
equipment needed to record these pulses. It has been
shown that the average value of the ion current caused
by the motion of an ensemble of solitons is comparable
by its magnitude with the current generated by ion
beams. We assume that there is new nonlinear mecha-
nism of the transformation of currents in plasma.

In this paper, we present the calculated parameters
of the motion of cold plasma populations in the elec-
tric field of solitons. The motion of hot particle popu-
lations will be analyzed in future studies.
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