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CONDITIONS OF NEAR-EARTH AND LABORATORY PLASMAS
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A review on dust ion-acoustic nonlinear wave structures in dusty plasmas is presented. The basic experiments on
the nonlinear wave structures in dusty plasmas are considered and the corresponding theoretical descriptions are
given. A possibility of the existence of the dust ion-acoustic nonlinear structures under near-Earth and space

conditions is discussed.
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INTRODUCTION

A dusty plasma is the plasma containing electrons,
ions, neutrals, and dust microscopic particles which are
composed of either solid or liquid material. It is always
an open system because the currents of electrons and
ions flowing onto the dust grains (as well as the energy
flows) should be maintained by external sources of the
plasma particles and the energy. The dissipation rate is
high. Therefore, there is a tendency to self-organization
and to formation of long-living nonlinear dissipative
and coherent structures in a plasma such as shock
waves, solitons, cavitons, collapsing cavities, etc. One
can expect wider manifestations of nonlinear structures
in dusty plasmas than in the case of usual plasmas. The
significant property of dusty plasmas is the dust particle
charging process. As a rule, under conditions of
laboratory experiments the microparticles are negatively
charged, their charges being determined by the fluxes of
electrons and ions, which are absorbed by
microparticles. Any changes of plasma parameters vary
these fluxes that results in variable charge of the latter.

At present, the problem of the excitation and
propagation of nonlinear waves occupies an important
place in the physics of dusty plasma. Interest in this
kind of research is often associated with the fact that the
processes of dust grain charging are far from
equilibrium, so that the anomalous dissipation, which,
by its very nature, originates from the charging process,
can play a decisive role. It is this anomalous dissipation
mechanism that is responsible for the existence of a new
kind of shocks [1, 2], namely dust ion-acoustic shocks,
that are “collisionless” in the sense that they are almost
completely insensitive to electron-ion collisions.
However, in contrast to classical collisionless shock
waves, the dissipation due to dust charging involves
interaction of electrons and ions with dust grains
through microscopic electron and ion currents to the
grain surfaces. The anomalous dissipation plays a very
important role in the propagation of other dust ion-
acoustic nonlinear structures, e.g., in the case of the so-
called “weakly dissipative” dust ion-acoustic solitons,
whose shape is described by soliton solutions in a
certain range of values of the Mach number [3-6].
Because of the anomalous dissipation, these solitons are
slowed down and damped. Dust ion--acoustic shock
waves were observed in a double plasma device at the
Institute of Space and Astronautical Science (Japan) [7]
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and in a Q machine device at the University of Iowa
(USA) [8] almost simultaneously. Observation of dust
ion-acoustic solitons was reported in [9].

There are plans to carry out experiments on dust ion-
acoustic nonlinear wave structures during the mission of
the International Space Station. The purpose of this
brief review is to present the most important results on
dust ion-acoustic nonlinear wave structures in dusty
plasmas.

1. SHOCKS IN LABORATORY PLASMA

Let us formulate the main experimental results on
dust ion-acoustic shocks in dusty plasmas. In
experiments [7], Nakamura et al. revealed that the most
important feature of dust ion-acoustic shocks in dusty
plasmas is the following.

(1) In the absence of dust, the effect of the electron
and ion charge separation gives rise to oscillations in the
shock wave profile in the vicinity of the shock front,
while the presence of dust suppresses these oscillations.

The experiments [8] showed that:

(ii)) Dust ion-acoustic shocks are generated at
sufficiently high dust densities (under the experimental
conditions of [8], at dust densities such that

eZ 40 =N g49Zgo/Mio = 0.75, where qd =-Zype s the

dust grain charge, -e is the electron charge, n dG) is the

dust (ion) density, and the subscript “0” stands for the
unperturbed plasma parameters). In Ref. [8], the
conclusion about the formation of a shock wave was
drawn from the fact that the perturbation front steepens
as time elapses. At sufficiently low dust densities, the
perturbation front does not steepen but instead widens.
(iii) When the shock wave structure has formed, the
shock front width ASis described by the theoretical

estimate, which is based on the model developed in Ref. [1]
AéEoc Mc /v, €))
s q
where Mc is the shock wave speed, M is the Mach
N

number, ¢ is the ion-acoustic speed, v is the grain
s q

charging rate.
(iv) The velocity of the dust ion-acoustic shocks

increases considerably with increasing €Z 4 .
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In this context, the requirement to the theoretical
model is the adequate description of the relevant
experiments. We use the so-called ionization source
model developed in Refs. [10, 11] and based on the
hydrodynamical approach. We note that under the
experimental conditions of Refs. [7, 8], the ionization
source term in the evolutionary equation for the ion
density should be independent on the electron density.
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Fig. 1. Time evolutions of the ion density at different
distances from the grid for the data of the experiments
[7] in the absence (a) and in the presence (b) of dust

Now, we test our theoretical model against the
experimental result (i), which was obtained in Ref. [7].
The experiments described in that paper were carried
out with a double plasma device, which was modified so
that the dust component was present in the plasma. The
calculations were carried out for different dust densities
and for the parameter values which correspond to the
values of the experiments [7]. The width of the
perturbation and its shape were determined self-
consistently, in accordance with the method for exciting
a shock wave. In Fig. 1 (which is analogous to Fig. 3
from Ref. [7]), we illustrate the time evolution of the ion
density at different distances from the grid. We can see
that the electron and ion charge separation gives rise to
oscillations in the shock wave profile and that the dust
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suppresses these oscillations, as is the case in the
experiments [7]. The theoretically calculated rise time
of the shock front is about 5 us, which corresponds to
the experimental data.

Theory modeling of the experiments [8] performed
with a Q-machine has been carried out for the cesium
vapor plasma parameters, which correspond to the
experimental those. The calculations were carried out

for different values of the parameter €Z ;. In Fig.2

(which is analogous to Fig.2 from Ref. [8]), we
illustrate the time evolution of the ion density at
different distances from the grid. The time evolutions

(heavy curves) were calculated for ¢Z;, =0(a) and
€Z 40 = 0.75 (b). The light curves show the widening of
the wave front (at eZ,, =0) and its steepening (at

€Zyo =0.75). This agrees with the experimental data
from Ref. [8].
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Fig. 2. Time evolutions of the ion density (heavy curves)
at different distances from the grid for the data of the

experiments [8] and eZ ;) =0 (a) and 0.75 (b). The

light lines show the widening of the wave front (at
¢Z yy = 0) and its steepening (at ¢Z 45 = 0.75)
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The extent to which the shock front widens was
calculated to be AS/Mc o« 03ms (see Fig.2,b),
S

which corresponds to that observed experimentally (see
Fig. 2,b) in Ref. [8]) and also to the estimate obtained
using the theoretical model of Ref. [1].

In the data shown in Fig. 2,b in Ref. [8], we notice
that in the case where dust is present, the amplitude of
the shock decreases as we move away from the grid.
Such a decrease in the shock amplitude is due to
momentum loss by ions as a result of their absorption on
the grain surfaces and their Coulomb collisions with the
grains and is associated, in particular, with an
attenuation of the ion flux as the ions pass through the
region of the dust. Numerical analysis shows that the
decrease in the shock amplitude and the attenuation of
the ion flux manifest themselves stronger with increase
in the dust size and the ion density.
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Fig. 3. Dependence of the perturbation front velocity
(normalized to its value in the absence of dust) on

¢Z 4 for the data of the experiments/[$.

The initial perturbation evolves in such a way that its
front velocity /' becomes nearly constant about 1 ms
p

after it starts propagating through the background
plasma. Fig. 3 shows the dependence of the perturbation
front velocity (normalized to its value in the absence of

dust,e =0) on the parameter ¢Z,,. For comparison,

we also plot the experimental points (crosses) taken
from Fig.3 in Ref. [8]. The calculated results are
represented by closed circles. The agreement between
theory and experiment is quite good.

Thus, the ionization source model [10, 11] makes it
possible to describe all the main experimental results on
dust ion-acoustic shock waves.

2. SOLITONS

Here, we describe briefly the main results of the
investigation of the dust ion-acoustic solitons in dusty
plasmas [3-6]. The anomalous dissipation caused by the
charging processes means that the existence of
completely steady-state nonlinear structures is
impossible. In reality, this note is truth for any real
system. However, in dusty plasmas it leads to
qualitatively new results which are related, in particular,
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to the necessity to take into account the effect of
adiabatically trapped electrons for the case when the
plasma potential in the soliton is positive. In this case,
the electron density is described by Gurevich
distribution [3]. The main results of the investigations
[3-6] are the following:

(1) The properties of the compressive solitons with
the trapped electrons are very different from those with
not trapped those (Boltzmann electrons). In particular,
the maximum possible amplitude of the soliton with the
trapped electrons is much larger than that of the
“Boltzmann” soliton, while the region of allowable
Mach numbers for the former is much wider than for the
latter. This shows the principal possibility to study
experimentally the role of trapped electrons in the
soliton formation.

(2) A specific feature of ion-acoustic solitons in the
presence of dust is the possibility of existence of
rarefaction solitons, or so-called hybrid solitons [4]. In
this case, the plasma potential in the soliton is negative
and the electron density is described by Boltzmann
distribution.

(3) The evolution of the initial perturbation in the
form of the steady-state soliton in dusty plasmas occurs
in the following manner. The soliton is damped due to
the dissipation originating from the dust particle
charging processes. The speed of the perturbation
decreases. However, at any time the form of the
evolving perturbation is similar to that of the steady-
state soliton corresponding to the Mach number at this
moment of time.

(4) In contrast to conventional solitons, the total
energy and total momentum of a weakly dissipative
soliton decrease in time.

(5) After the interaction of two damped solitons,
each perturbation has the form, which is close to that of
the same soliton perturbation propagating individually
from the beginning (not subjected to the interaction).
This property is the property inherent in solitons. Thus
there is a possibility of the existence of the dust ion
acoustic solitons which are damped and slowed down,
but their form corresponds to the soliton one for the
running value of their speed. They can be called as
“weakly-dissipative solitons”.

Fig. 4 presents the results of simulation [6] of
interaction between a compression and rarefaction
solitons. The dashed lines in Fig. 4 show the envelopes
of the amplitudes of the corresponding perturbations in
the absence of interaction. After the interaction, each of
the solitons restores the shape of the corresponding
soliton propagating without interaction. The grey
vertical lines show the positions of the soliton peaks
after the interaction, while the black vertical lines show
the positions of the corresponding peaks in the absence
of interaction. The perturbations arising between the
solitons after their interaction are residual electrostatic
oscillations, the amplitude of which decreases with
distance between the solitons.

The above five properties are inherent in dusty
plasmas with negatively charged dust. In the case of
positively charged dust grains [5], perturbations are
attenuated more slowly and propagate over longer
distances than in the case of negatively charged grains.
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An important point is that, in the case of positively
charged dust grains (in contrast to the case of negatively
charged grains), no rarefaction dust ion-acoustic
solitons can exist.
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Fig. 4. Profiles of the dimensionless electrostatic
potential ¢ at different instants of time t during the
interaction between a weakly dissipative compression
dust ion-acoustic soliton and a counter-propagating
weakly dissipative rarefaction dust ion-acoustic soliton

Dust ion-acoustic solitons can be studied
experimentally by using a double plasma device and Q-
machine [7, 8]. Observations of solitons in ionospheric
and space plasmas can also be used to determine the
sign of the dust grain charge and diagnose the dust grain
substance.

3. NEAR-EARTH AND SPACE PLASMAS,
APPLICATIONS

Here, we present some possibilities of observation of
the dust ion-acoustic shocks and some applications
where their physics can be important.

(1) The idea of the formation of shocks related to
dust charging in active rocket experiments, which use
the scheme of the experiments Fluxus-1 and -2 and
involve the release of some gaseous substance in near-
Earth space, was forwarded in [12]. The source for the
charged particle release in the ionosphere in these
experiments is the generator of high-speed plasma jets.
The shock wave front is associated with the fore
(border)-part of the jet propagating in the plasma of the
ionosphere. Macro (dust) particles appear as a result of
condensation. Drops are charged due to their interaction
with the ambient plasma and the photoelectric effect.
The optimum speeds of the jet are 10 km/s. The
optimum altitudes for such experiments are
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500...600 km. The active experiments, where the
shocks in charge-varying dusty plasmas can be
observed, can be helpful to model different physical
phenomena occurring in nature, e.g., in the process of a
large meteoroid impact with the Moon surface [13]. The
evolution of the impact plume can lead to the formation
of shock wave structure associated with an appearance
of charged microparticles which are created in the
process of condensation of the substance of vapor plume
as well as are thrown from the crater and surrounding it
regolith layer.

(2) The presence of dust in cometary coma can
modify shock wave formed as a result of the solar wind
interaction with a comet [14]. The outer shock wave
(bow shock) can be considered as the dust ion-acoustic
shock wave, because it is formed as a result of the
interaction of cometary ions with the solar wind

protons. For dust densities ", > 105 cm™® near the

comet nucleus, charged dust particles influence
drastically the structure of the bow shock front. Its
width is in accordance with the theory of shocks related
to dust particle charging.

(3) The dust ion-acoustic shocks also may find
significant technological applications in, e.g., the so-
called hypersonic aerodynamics. The main difficulties
of hypersonic flight in the atmosphere are associated
with the generation of shock waves, which leads to
heavy mechanical and thermal loads on the structural
components of an aircraft, considerably increases the
resisting forces, and lowers the engine efficiency.
Usually, these negative effects are reduced through an
optimum streamlining of the aircraft. However, a more
promising possibility seems to be changing the
properties of the air surrounding the aircraft. In this
way, the negative effects may be lessened by modifying
the mechanisms for the formation and propagation of
shock waves by plasma methods (such as local heating
of air around the aircraft). However, the dust (aerosol)
that is produced due to condensation from the
surrounding air can, in turn, modify the behavior of the
shock-wave structures. That is why an understanding of
the dissipation mechanisms in shock-wave structures is
of key importance in such situations.

SUMMARY

Thus, an anomalous dissipation originating from the
charging processes results in a possibility of the
existence of a new kind of shocks. The theoretical
ionization source model allows us to describe all the
main results on the dust ion-acoustic shocks obtained in
the laboratory experiments. There is a possibility of the
existence of the dissipative dust ion-acoustic solitons.
The dust ion acoustic nonlinear structures are important
in different real and artificial objects of near-Earth and
space plasmas. Observations of dust ion-acoustic
nonlinear wave structures in ionospheric and space
plasmas can, in particular, be used to determine the sign
of the dust grain charge and diagnose the dust grain
substance.
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NBLJIEBBIE HOHHO-3BYKOBBIE HEJITMHEWHBIE BOJTHOBBIE CTPYKTYPBI
B YCJOBHUSAX OKOJIO3EMHOM M JIABOPATOPHOM TIJIA3MBI

C.U. Ilonenw

[TpencTaBneH 0030p MO MBUIEBBIM HOHHO-3BYKOBBIM HEJIMHEHHBIM BOJHOBBIM CTPYKTYpaM B TIBUICBOH ILIa3Me.
PaccMOTpeHBI OCHOBHBIE SKCHEPUMEHTHI 10 HENMHEHHBIM BOJHOBBIM CTPYKTYypaM B MBUIEBOW MJIa3Me U MPUBEACHO
COOTBETCTBYIOIIEe TeopeTHdyeckoe onucanue. OOCYyXIaroTcsi BO3MOXKHOCTH CYIIECTBOBAaHHS IIBUIEBBIX HOHHO-
3BYKOBBIX HEJIMHEHHBIX CTPYKTYP B YCIOBHSIX OKOJIO3EMHOM N KOCMHYIECKON TIIIa3MBbl.

MUJIOBI IOHHO-3BYKOBI HEJITHIMHI XBUJIbOBI CTPYKTYPHU
B YMOBAX HABKOJIO3EMHOI 1 JABOPATOPHOI IITIA3MHA

C.I Ilonens

[pencTaBneHo OrisiA MO MHJIOBHUM IOHHO-3BYKOBHM HENIHIHHAM XBHJIBOBUM CTPYKTypaM y HHJIOBIH Iia3mi.
Po3risiHyTO OCHOBHI €KCIIEpUMEHTH 3 HENIHIHHMX XBHJIBOBHX CTPYKTYp B MWIOBIH Iula3Mi Ta HaBeleHO
BIAMOBITHUN TeopeTndHuil onuc. OOroBOPIOIOTHCS MOMKIIMBOCTI iCHYBaHHS MHJIOBUX 10HHO-3BYKOBHX HEJIHIHHHX

CTPYKTYpP B YMOBaX HaBKOJIO3€MHOI 1 KOCMIYHOT IJIa3MH.
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