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Dusty plasmas are ubiquitous in low-temperature laboratory discharges as well as in the near-earth
environment, planetary rings, and interstellar spaces. In this paper, updated knowledge of
fundamentals of collective dust-plasma interactions and several novel phenomena are presented that
have been observed in laboratories and in space dusty plasmas. Mechanisms that are responsible for
the charging of dust grains are discussed, and the fact that the dust charge perturbation is a new
dynamical variable in a dusty plasma. The underlying physics of different forces that act on a charged
dust grain is reviewed. In dusty plasmas, there are new attractive forces �e.g., due to wakefield and ion
focusing effects and dipole-dipole interactions between unevenly charged dust rods�. Furthermore, in
the presence of an ensemble of charged dust grains, there are collective dust-plasma interactions
featuring new waves �e.g., the dust acoustic wave, the dust ion-acoustic wave, the dust lattice wave,
etc.�, new instabilities, and coherent nonlinear structures �dust acoustic and dust ion-acoustic shocks,
dust voids, and dust vortices�, which are also discussed. Theoretical models for numerous collective
dust-plasma interactions are compared with existing observations from laboratories and space
environments.
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I. INTRODUCTION

The interplay between plasmas and charged dust
grains has opened up a new and fascinating research
area, that of a dusty �or complex� plasma. Dusty plasmas
are fully or partially ionized low-temperature gases com-
prising neutral gas molecules, electrons, ions, and
submicron- and micron-sized charged dust grains. The
latter can be billions of times heavier than the ions and
acquire several thousands of electron charges. The dust
grain charging occurs due to a variety of physical pro-
cesses �Mott-Smith and Langmuir, 1926; Sodha and
Guha, 1971; Goertz and Ip, 1984; Whipple et al., 1985;
Barkan et al., 1994; Walch et al., 1994, 1995; Rosenberg
and Mendis, 1995; Rosenberg et al., 1996, 1999; Fortov et
al., 1998; Boeuf and Punset, 1999; Sikafoose et al., 2000;
Ostrikov et al., 2001; Merrison et al., 2004; Ignatov, 2005;
Ticoş et al., 2006�, including the collection of background
plasma electrons and ions by dust grains, photoelectron
emission, secondary electron emission, thermionic emis-
sion, triboelectric charging and contact electrification,*ps@tp4.rub.de
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etc. In dust filled whirlwinds and dust storms, dust par-
ticles �e.g., sand� become electrified when they rub each
other as they are carried out by the winds �Kok and
Renno, 2008�, transferring positive and negative charge
in the same way you build up static electricity if you
shuffle across a carpet. Thus, one has the possibility of
charging dust grains both negatively and positively. The
dust grains act as a source of electrons when they are
charged positively due to the irradiation of ultraviolet
�uv� radiation or by thermionic emission. The dust grain
charging is a new nonstationary physical process in a
dusty plasma, which marks a distinction between the lat-
ter and the usual multicomponent electron-ion plasma
containing two ion species. The dust component, which
increases the complexity of the system even further, is
responsible for the name “complex plasma.”

Dusty plasmas are ubiquitous in different parts of our
cosmic environment �Goertz, 1989; Mendis and Rosen-
berg, 1992, 1994; Barabash and Lundin, 1994; Bliokh,
1995; Grün et al., 1996; Shukla et al., 1996; Mendis, 1997;
Bingham and Tystovich, 1999; Graps et al., 2000; Ver-
heest, 2000; Tsurutani et al., 2003�, such as in the plan-
etary ring system of Saturn, in Jupiter’s moon Io and in
the dust rings of the Martian moon Phobos, in circum-
solar rings and interplanetary media, in cometary comae
and tails, in supernova remnants, and in interstellar mo-
lecular clouds. The dark bands of dust, which block parts
of the Orion, Lagoon, Coalsack, Horsehead, and Eagle
nebulae, indicate that dust must have been abundant in
the nebulae that coalesced to form the Sun, planets, and
other stars. During the Voyager 1 and 2 flybys of the
outer planets and the ICE flyby of the comet Giaobini-
Zinner, the plasma wave instrument detected small dust
particles striking the spacecraft �Gurnett et al., 1983,
1997; Tsintikidis et al., 1996; Horányi, 2000; Horányi et
al., 2004�. Dust is thought to be responsible for the
“spokes” that were detected in Jupiter’s B and F rings by
the Voyager 1 and 2 spacecrafts in the early 1980s �Col-
lins et al., 1980; Smith et al., 1981, 1982�, by the Hubble
Space Telescope from 2004 until October 1998 �McGhee
et al., 2005�, and again in Saturn’s B ring by the Cassini
spacecraft in 2005 �Mitchell et al., 2006�. Charged dust
grains play a significant role in the Martian and terres-
trial dust devils �Renno et al., 2003; Farrell et al., 2004�,
as well as near the terminator of the moon �Borisov and
Mall, 2006�.

Meteoritic dust is thought to be present in the Earth’s
mesosphere at altitudes of �80–95 km. It has been con-
jectured that in the cold summer mesopause ice can
grow on meteoritic dust particles, with the icy dust par-
ticles possibly influencing the charge balance of the re-
gion �Cho and Kelley, 1993; Zhou and Kelley, 1997;
Kelley et al., 1998; Havnes and Sigernes, 2005�. The
presence of charged dust particles in the polar summer
mesopause has been invoked to explain aspects of the
very strong polar summer radar echoes referred to as
polar mesosphere summer echoes, which occur at alti-
tudes between 80 and 93 km. Recently, the presence of
charged dust in the mesosphere has been detected by
direct rocket probe measurements, where both nega-

tively and positively charged dust grains have been re-
ported �Havnes et al., 1996a, 1996b, 2007; Eidhammer
and Havnes, 2001; Smiley et al., 2002, 2006; Mendis et al.,
2004; Lynch et al., 2005; Rapp et al., 2005�. The role of
charged dust in mesospheric electric fields has been dis-
cussed by Zadorozhny �2000�. Special modes of rocket
engine operation inject into the atmosphere large
amounts of combustion products �at times on the order
of hundreds of kilograms�, which can have the form of
solid particles or ice �Platov et al., 2003, 2004�. Since the
dust is ejected into the ionosphere with high speed rela-
tive to the background plasma �on the order of km/s�,
the dust may drive instabilities as it becomes charged
�Bernhardt et al., 1995�. The formation of an artificial
dusty plasma in the ionosphere was also revealed during
the Spacelab 2 mission when the space shuttle orbital
maneuver system engines were fired �Bernhardt et al.,
1995�, and the formation of discrete large droplets and
smaller, submicron fog was observed during a liquid wa-
ter dump by the Discovery space shuttle �Pike et al.,
1990�. Since dust particles are a main element of interest
in the solar system and in the interstellar medium, there
are a number of future missions �viz., the European
Space Agency ROSETTA mission� for detecting dust on
comet 46P/Wirtanen in 2012.

Dusty plasmas also occur in the flame of a humble
candle, in the zodiacal light, in cloud-to-ground lightning
in thunderstorms containing smoke-contaminated air, in
volcanic eruptions, and in ball lightning. It has been sug-
gested by Abrahamsson and Dinniss �2000� and Abraha-
msson �2002� that ball lightning is caused by oxidation of
nanoparticle networks from normal lightning strikes on
soil; recent laboratory experiments by Dikhtyar and
Jerby �2006� seem to support this theory.

Dusty plasmas are encountered in industrial applica-
tions �Selwyn et al., 1989� as well, e.g., in such technolo-
gies as microelectronics �Vladimir and Ostrikov, 2004�
involving carbon nanotubes �Levchenko et al., 2007; Pal’
et al., 2007�, as precipitation of aerosol particles in the
combustion products of electric power stations, in
plasma spraying, and in electrostatic painting. By adjust-
ing the pressure and temperature in a reactive plasma,
one can also monitor the growth of carbon with dia-
mond structure �Nishimaru et al., 2003�. Furthermore,
there are also emerging applications of charged dust ob-
jects in microbiology �Laroussi et al., 2003�, in medicine
�Stoffels et al., 2003�, as well as in nanomedicine �Roy et
al., 2005�. Specifically, an electrophysical process
�Laroussi et al., 2003�, which involves the electrostatic
tension on charged bodies �the bacteria cells� in a cold
dusty plasma, may be responsible for killing bacteria
�Gram negative and Gram positive�.

Dust grains with size distributions have also been ob-
served in fusion plasmas �Winter, 1998; West et al., 2006�.
Charged dust grains, which may be created due to the
sputtering of tokamak walls and which are composed of
the berelium and carbon tiles, could also be radioactive.
It is, therefore, likely that a small fraction of dust grains
might play a unique role in understanding the transport
processes in high density and low-temperature tokamak
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edges �Krasheninnikov et al., 2004; de Angelis, 2006;
Krasheninnikov, 2006; Smirnov et al., 2007�. Charged
dust grains in tokamak edges are lifted from the bottom
of the fusion machine and undergo acceleration
�Castaldo et al., 2007�, because of the sheath electrostatic
and ion wind forces. In tokamaks, the dust charge state
is not known. Furthermore, recent laboratory experi-
ments �Ticoş et al., 2008� have demonstrated simulta-
neous acceleration of hundreds of graphite and diamond
dust particles to hypervelocities by collimated plasma
flows ejected from a gun.

A major boost to dusty plasma research came after
the theoretical prediction of the dust acoustic wave
�DAW� by Shukla �1989� and Rao et al. �1990�. The
DAWs have been observed by a large number of labo-
ratory experiments �Chu et al., 1994; Barkan et al., 1995;
Pieper and Goree, 1996; Prabhakara and Tanna, 1996;
Merlino et al., 1998; Molotkov et al., 1999; Thomas and
Watson, 1999; Thompson et al., 1999a; Fortov et al.,
2000, 2003, 2004a; Samarian et al., 2001�. The prediction
of the dust ion-acoustic wave �DIAW� �Shukla and Silin,
1992� was also verified by experiments �Barkan et al.,
1996; Nakamura et al., 1999�. Furthermore, it should be
noted that Ikezi �1986� theoretically predicted the Cou-
lomb crystallization of charged dust grains interacting
via a repulsive Yukawa force in a plasma, when the Cou-
lomb coupling parameter �d �the ratio between the Cou-
lomb interaction energy density qd

2 exp�−�d� /d and the
dust thermal energy density Td, where qd is the dust
charge, �d=d /�D is the ratio between the intergrain
spacing d and the dusty plasma Debye radius �D, and Td
is the dust temperature� exceeds 170. Clearly, large �d at
room temperature is achieved when dust grains acquire
tens of thousands electrons on their surface. This theo-
retical prediction was verified experimentally with the
observations of the dusty plasma crystal �DPC� �Chu
and I, 1994a, 1994b; Hayashi and Tachibana, 1994;
Melzer et al., 1994; Thomas et al., 1994; Hayashi, 1999�
composed of ordered charged dust particles �e.g.,
micron-sized polymer spheres�. The latter appear in the
form of the body-centered-cubic �bcc� and face-
centered-cubic �fcc� dust crystal structures for certain ex-
perimental parameters �Tsytovich et al., 2008�. There
also exist observations of particles arranged in simple
hexagonal structures where the dust particles are on a
triangle lattice, with one particle above another in the
vertical direction. The phenomena of phase transition in
dust plasma crystals have also been observed in labora-
tory experiments �Thomas and Morfill, 1996�. The dis-
covery of the DAW and DPC have been essential mile-
stones in dusty plasma physics.

A dusty plasma is significantly different from a multi-
ion plasma in that the presence of massive charged dust
grains produces new collective phenomena on com-
pletely different time and space scales �Verheest, 2000;
Shukla, 2001, 2002, 2003; Mendis, 2002; Shukla and Ma-
mum, 2002; Fortov et al., 2004b, 2005a; Merlino and
Goree, 2004; Ishihara, 2007; Tsytovich et al., 2008�. An
example is the low-frequency DAW �Rao et al., 1990� in
which the dust mass provides the inertia, while the re-

storing force comes from the pressures of the inertialess
electrons and ions. In laboratory dusty plasma dis-
charges �Barkan et al., 1995; Pieper and Goree, 1996;
Prabhakara and Tanna, 1996; Merlino et al., 1998; Mo-
lotkov et al., 1999; Thompson et al., 1999a; Thomas and
Watson, 1999; Fortov et al., 2000�, the DAW frequency is
typically 10–20 Hz and the typical wavelength is half a
centimeter, which makes it possible to produce video
images of the dust acoustic wavefronts �Barkan et al.,
1995; Merlino et al., 1998; Thompson et al., 1999a�. New
effects are introduced by the dust charge fluctuation dy-
namics �Jana et al., 1993; Melandsø et al., 1993; Varma et
al., 1993; Rao and Shukla, 1994; Ma and Shukla, 1995;
Shukla, 1996; Morfill, Ivlev, and Jokipii, 1999; Ivlev et al.,
2000; Shukla and Resendes, 2000; Stenflo et al., 2000�,
dust-dust interactions �Rosenberg and Kalman 1997; de
Angelis and Shukla, 1998, 1999; Kaw and Sen, 1998;
Murillo, 1998; Winske et al., 1999�, dust mass and size
distributions �Havnes et al., 1990; Brattli et al., 1997�,
dust grain rotation �Mohideen et al., 1998; Mahmoodi et
al., 2000�, and the plasma boundary �Shukla and Rosen-
berg, 1999; Mamun and Shukla, 2000�, which are unique
for a dusty plasma. Furthermore, in strongly coupled
dusty plasmas there exist dust lattice waves �DLWs�
�Melandsø, 1996; Farokhi et al., 1999, 2000; Shukla,
2000b�, whose counterparts exist only in solids �Kittel,
1996�. The DLW has also been excited in laboratory
dusty plasma experiments �Homann et al., 1997, 1998;
Morfill et al., 1997; Thomas et al., 1998� In the DLW, the
restoring force comes from the Debye-Hückel interac-
tion, while the dust mass provides the inertia. Further-
more, dusty plasmas support a variety of nonlinear
structures, including the dust acoustic �Melandsø and
Shukla, 1995� and dust ion-acoustic �Luo et al., 1999,
2000; Nakamura et al., 1999; Shukla, 2000c� shock waves,
as well as dust acoustic Mach cones �Havnes et al., 1996c;
Samsonov et al., 1999, 2000; Dubin, 2000; Melzer et al.,
2000; Zhdanov et al., 2004� dust microbubbles in dusty
plasma liquids �Chu et al., 2003�, and dust vortical mo-
tions �Fujiyama et al., 1997; Iizuka et al., 1998; Law et al.,
1998; Sato et al., 1998, 2000; Morfill et al., 1999; Agrawal
and Prasad, 2003; Fortov et al., 2005b, 2006; Ratynskaia
et al., 2006�

This Colloquium presents an overview of some impor-
tant aspects of dust-plasma interactions, and describes
the underlying physics of several new phenomena �e.g.,
the dust grain attractive force caused by the wakefield
and ion focusing, the dust inertia induced waves, and
dust structures at kinetic levels� that have been pre-
dicted and observed in dusty plasmas. To start with, we
discuss the properties of dusty plasmas as well as present
numerous dust charging mechanisms and forces that act
on the charged dust particles. We then continue by ex-
amining the features of several new low-frequency elec-
trostatic waves and their excitations via instabilities, and
of a few nonlinear structures. The discussions are exem-
plified with numerous observations and experimental re-
sults. The paper is organized in the following fashion. In
Sec. II, we discuss the general properties of dusty plas-
mas, including the typical spatiotemporal scales of dusty
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plasmas, and illustrate various dust charging mecha-
nisms. Different forces on the dust particle dynamics are
discussed in Sec. III. Section IV contains the physics of
dusty plasma waves �e.g., DAW, DIW, DLW�, and their
excitations via instabilities in an unmagnetized plasma.
We also discuss the properties of nonlinear waves and
structures, such as the dust acoustic and dust ion-
acoustic shocks, dust voids, and dust structures or vorti-
ces. Finally, Sec. V contains a summary of our investiga-
tion, and future perspectives of dusty plasma physics.

II. PROPERTIES OF DUSTY PLASMAS

In this section, we discuss the properties of dusty plas-
mas. Specifically, we present typical spatial and temporal
scales that are involved in dusty plasmas, and discuss the
formation and charging of dust grains.

A. Typical parameter ranges for dusty plasmas

The constituents of dusty plasmas are neutral gas mol-
ecules, electrons, ions, and massive �compared to the
ions� charged dust grains. There are three characteristic
length scales for such an admixture of dust and plasma.
These are the dust grain radius R, the dusty plasma De-
bye radius �D, and the average intergrain distance d.
The latter is related to the dust number density nd0 by
d= �3/4�nd0�1/3. The dusty plasma Debye radius �D is
given by �Shukla, 1994�

1

�D
2 =

1

�De
2 +

1

�Di
2 , �1�

where �De= �Te /4�ne0e2�1/2 and �Di= �Ti /4�ni0e2�1/2 are
the electron and ion Debye radius, respectively, Te and
Ti are the electron and ion temperatures in the energy
unit, ne0 and ni0 are the unperturbed electron and ion
number densities, and e is the magnitude of the electron
charge. When Te�Ti and ne0�ni0, we have �De��Di,
while for Te�Ti and ni0�ne0 we have �D��Di��De. In
dusty plasmas, we typically have R��D. One can treat
the dust from a particle dynamics point of view when
R��D�d, and in that case we have a plasma containing
isolated screened dust grains, or a dust in a plasma. On
the other hand, collective effects of charged dust grains
become important when R�d��D. Here charged dust
grains, which are essential ingredients of the total
plasma mixture, can be treated as a dust fluid similar to
multiply charged negative �or positive� ions in a multi-
species plasma. The equilibrium quasineutrality condi-
tion in the presence of negatively charged dust grains is
given by

Zini0 = ne0 + Zd0nd0, �2�

where Zi is the ion charge state and Zd0 is the number of
charges residing on the dust grain. When most of the
electrons from the ambient plasma are attached onto the
dust grain, we have Zd0nd0�ne0. Here the dusty plasma
may be regarded approximately as a two-component
plasma composed of negatively charged dust grains and

positive ions; the latter shield the negative dust grains.
Such a situation may be common in planetary systems
�e.g., F ring of Saturn�, as well as in some low-
temperature dusty plasma discharges. On the other
hand, in uv irradiated dusty plasmas the grains emit
electrons and they can be charged positively. Then the
shielding of positive dust grains comes from the elec-
trons, and at equilibrium we have �Shukla, 2000a� ne0
=Zini0+Zd0nd0.

B. Formation of dust grains

Understanding the formation of dust grains in our so-
lar system as well as in laboratory experiments is of fun-
damental interest. Planets form from the nebula of gas
and dust that comprises the nascent solar system. Inelas-
tic, adhesive collisions between these dust particles form
kilometer-sized planetesimals, which then collide under
the influence of their mutual gravity to form planets
�Blum et al., 2000�. On the other hand, in low-
temperature laboratory plasma discharges dust particles
can be grown using reactive gases like silane or by ion
bombardment on materials. Several groups �Praburam
and Goree, 1995; Holland et al., 1996; Mikikian et al.,
2006� have studied the growth of dust particles in labo-
ratory discharges. For gas densities and temperatures
that are typical of the nebula from which the solar sys-
tem was formed �Praburam and Goree, 1995; Holland et
al., 1996�, Fig. 1 shows an example of carbon grains
grown in the experiment of Goree �1995� at a low tem-
perature of 300–600 K. The dust particles look like tiny
cauliflowers pressed together in irregular strings—a
growth pattern that offers clues to the rate at which dust
particles in interstellar space turned into the clumps of
matter that are large enough to assemble into planets
due to gravity.

C. Dust grain charging

Dust particles are charged due to a variety of pro-
cesses including the bombardment of the dust grain sur-
face by background plasma electrons and ions, photo-

FIG. 1. Carbon grains grown in a plasma at 5.5	10−4 bar ar-
gon pressure and at a temperature of 300–600 K. The grains
have a wide size distribution of �10 nm to �1 
m. From
Praburam and Goree, 1995.
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electron emission by uv radiation, ion sputtering,
secondary electron production, etc. In low-temperature
laboratory dusty plasmas dust particles usually acquire a
negative charge because the thermal speed of the elec-
trons is much higher than that of the ions. The dust grain
charging process depends on the charging cross section,
which is determined by the impact parameter of the
electrons and ions that approach the dust grain to dis-
tances smaller than the dust particle size. Thus, the
charging cross sections for the electrons and ions are
given by, respectively,

�e�qd,v� = �R2�1 +
2eqd

Rmev
2� �3�

and

�i�qd,v� = �R2�1 −
2eqd

Rmiv
2� , �4�

for v2�2e�qd� /Rme	v
*
2, whereas for v2�v

*
2 we have

�e�qd ,v�=0; here v= �v� and qd is the dust charge.
Clearly, the electrons must have a minimum speed v

*
in

order to arrive at the dust grain surface. The charging
equation is given by

�qd

�t
= Ie + Ie 	 Id�qd� , �5�

where

Id�qd� = 

s=e,i

qs� v�s�qd,v�fs�v�d3v �6�

is the plasma current through the dust particle surface,
vd is the dust particle velocity, qe=−e, qi=Zie, and fs�v� is
the velocity distribution of the particle species s.

If the dusty plasma is close to equilibrium, then the
distribution function fs can be approximated by a Max-
wellian distribution �fs0� with the drift velocity v0 be-
tween the plasma and dust particles. We then have

fs0 =
ns0

�2�vts
2 �3/2 exp�−

�v − v0�2

2vts
2  , �7�

where ns0 and vts= �Ts /ms�1/2 are the unperturbed num-
ber density and the thermal speed of the particle specie
s, respectively.

Assuming that the streaming velocities of the elec-
trons and ions are much smaller than their respective
thermal speeds, we have the following expressions for
the equilibrium electron and ion currents �Mott-Smith
and Langmuir, 1926; Sodha and Guha, 1971; Shukla,
1996�, respectively:

Ie0 = − �R2e� 8Te

�me
�1/2

ne0 exp� eqd0

RTe
� �8�

and

Ii0 = �R2e� 8Ti

�mi
�1/2

ni0�1 −
eqd0

RTi
� . �9�

On the other hand, if the ion streaming speed v0 is much
larger than the ion thermal speed, then the approximate
expression for the ion current is �Shukla, 1996�

Ii0 � �R2eni0v0�1 −
2e�g

miv0
2� , �10�

where we have introduced the grain mean charge qd0
=C�g�R�g. Here C is the grain capacitance, which for
spherical isolated grains is simply R, and �g�0 is the
grain surface potential taken with respect to the plasma
potential �0. This model for the grain charge applies to
the case in which the grains are sufficiently far apart in
comparison with the Debye radius �D of the dusty
plasma.

At equilibrium we have Ie0+Ii0=0, and we obtain
from Eqs. �8� and �9� the following expression:

vTe exp� e�g

Te
� =

ni0

ne0
vTi�1 −

e�g

Ti
� , �11�

which determines the surface potential �g of an isolated
dust grain. The electrons are initially collected by a dust
grain, due to their higher thermal speed relative to the
ions. Since the grain is electrically floating �Allen, 1992;
Lampe, 2001; Lampe et al., 2001�, it charges to a nega-
tive surface potential, �g�0, which decreases the elec-
tron collection and enhances the ion collection. A
sphere in a thermalized hydrogen plasma floats at �g
=−2.51T /e, where we have assumed that Te=Ti=T and
ni0�ne0.

On the other hand, when the spacing between the
grains is comparable to or less than �D, the dust grains
are closely packed. Here the difference =�g−�0 be-
tween the surface potential �g and the plasma potential
�0 has a smaller magnitude than in the case with d
��D, and consequently the average charge on a dust
grain qd0 is smaller than for an isolated dust grain
�Goertz, 1989�. For this case, we replace �g in Eq. �11�
by  and replace ni0 and ne0 by the Boltzmann distrib-
uted ions and electrons, ni=ni0 exp�−e�0 /Ti� and ne
=ne0 exp�e�0 /Te�, respectively, to obtain

ne0vTe exp� e��0 + �
Te


= ni0vTi exp�−

e�0

Ti
��1 −

e

Ti
� , �12�

which together with the quasineutrality condition
Zieni0=ene0−qdnd0, or

ni0 exp�−
e�0

Ti
� = ne0 exp� e�0

Te
� − Rnd0, �13�

yields the values of �0 and . Barkan et al. �1994� de-
scribed the results of a laboratory experiment on the
charging of dust grains in a fully ionized, steady-state
plasma column. By varying the ratio d /�D between the

29P. K. Shukla and B. Eliasson: Colloquium: Fundamentals of dust-plasma …

Rev. Mod. Phys., Vol. 81, No. 1, January–March 2009



intergrain spacing and the Debye radius, they observed
a quantitative agreement with the predicted reduction
�Goertz and Ip, 1984; Whipple et al., 1985� of the grain
charge for the case of closely packed grains �d /�D�1�.
Ratynskaia et al. �2004� experimentally determined dust
particle charge in a bulk dc discharge plasma at elevated
pressures �20–100 Pa�. Havnes et al. �1990� derived for-
mulas for dust charges and plasma potentials in plasmas
with dust charge distributions. The effect of negative
ions on the charging of dust particles in a single-ended Q
machine was investigated by Kim and Merlino �2006�.
Analysis of the current-voltage characteristics of a Lang-
muir probe revealed evidence for the reduction in the
magnitude of the negative dust charge and the transition
to positively charged dust as the relative concentration
of residual electrons is reduced in the dusty plasma with
negative ions. However, one distinguishing feature of a
dusty plasma compared to a negative ion plasma is the
fact that the charge on the dust is not fixed, but varies in
response to variations in the plasma potential.

III. FORCES ACTING ON THE DUST GRAINS

There are a number of forces �Whipple, 1981; Nitter,
1996; Shukla and Mamun, 2002; Bleeker et al., 2005� that
act on dust grains, and which control their dynamics.
These are the force due to gravity, the self-gravitational
force, the thermophoretic force, the electrostatic and
electromagnetic forces, the radiation pressure force, and
the drag forces of neutral atoms and ions that bombard
the dust grain. Furthermore, mutual interactions be-
tween charged dust particles produce the near-field
Debye-Hückel �DH� potential �also referred to as the
Yukawa potential�, the modified DH potential due to
the overlapping Debye spheres, the dipole-dipole poten-
tial between large dust particles having a nonuniform
charge distribution, and the far-field wake potential
around a dust grain in a plasma with streaming ions. In
the following, we present a short overview of these
forces and their importance in different physical set-
tings.

A. Force of gravity

A dust particle in the plasma is subject to gravity and
the exerted force is proportional to the dust particle
mass density �d=ndmd ��d�2.3 g/cm3 for amorphous
silicon�. For a spherical dust particle, the gravity force
reads

Fg =
4�R3

3
�dg , �14�

where g is the gravitational acceleration. The gravita-
tional force is important in radio-frequency discharges,
where the dust particle is pulled downward toward the
lower electrode.

In a self-gravitating system, the force acting on a dust
grain is

Fg = −
G�dMr

r3 , �15�

where G=6.672	10−8 dyn cm2 g−2 is the gravitational
constant and r is the distance to the dust grain from the
central body of mass M. The central body may be a
nearby planet, a star, or a satellite. Roughly speaking, in
our solar system the dynamics of dust grains with radius
larger than 1 
m are dominated by the gravitational
force, while sub-
m dust is dominated by electrody-
namic and radiation pressure forces �Grün and
Landgraf, 2001�. For a distribution of masses, the force
is

Fg = − �d � � , �16�

where the potential � is obtained from the gravitational
Poisson equation

�2� = 4�G�d. �17�

The self-gravitational force may be important for mo-
lecular clouds �Verheest, 2000� and dust elevated above
Saturn’s rings �Mitchell et al., 2006�.

B. Thermophoretic force

In the presence of the neutral gas temperature gradi-
ent �Tn, the dust particles feel a force FT, which is re-
ferred to as the thermophoretic force. A gas tempera-
ture gradient is produced by heating or cooling of one of
the electrodes, and causes a dust particle movement to
cooler regions of the plasma. Gas molecules in the hot-
ter region have large velocities and hence impart more
momentum to the dust particles than gas molecules in
the cooler region. This causes a net force in the direction
of −�Tn. When the mean free path of the neutral par-
ticles is larger than the dust particle radius R, the ther-
mophoretic force acting on a spherical dust particle in a
monatomic gas reads �Talbot et al., 1980�

FT = −
8�2�R2

15vtn
�1 +

5�

32
�1 − ���T � Tn, �18�

where vtn= �Tn /mn�1/2 is the average thermal speed of
the neutral atoms, �T is the translational part of the ther-
mal conductivity, and the accommodation coefficient � is
of order unity for surface and gas temperatures between
300 and 500 K. A more general expression for the ther-
mophoretic force has been given by Daugherty and
Graves �1995�.

The effect of the neutral temperature gradient on dust
structure formations in a positive column of a glow dis-
charge dusty plasma has been studied experimentally by
Balabanov et al. �2001� and Vasilyak et al. �2005�. It was
found that the thermophoretic force plays an essential
role in the formation of different shapes of plasma-dust
structures. Rothermal et al. �2002� showed that the ther-
mophoretic force may lift up micron-sized dust particles
in plasmas under microgravity conditions. Possible tech-
nological applications of thermophoresis may include
size-selective fine particle production in a reactive
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plasma and surface plating of nanoparticles. It has been
proposed that the theromophoretic force may also play
a decisive role in production of semiconductors �Jellum
et al., 1991�, as well as in fabrication of amorphous solar
cells �Cabarrocas et al., 1998�.

C. Electrostatic force

In the presence of an electric field E in the plasma, the
force acting on a conducting dust particle is

Fe = qdEeff, �19�

where the effective electric field in the plasma is �Fortov
et al., 2004b�

Eeff = E�1 +
R/�D

3�1 + R/�D� . �20�

An increase in Eeff compared to E is associated with the
plasma polarization in the vicinity of the dust particle,
which is induced by the external electric field. However,
the plasma polarization effect is small for R /�D�1.

The electric force acting on a negatively charged dust
grain is upward, away from the electrode that is on the
bottom in the plasma sheath, and dust grains can be
levitated on account of a balance between the upward
electric force and downward gravity force. Under micro-
gravity conditions, negatively charged dust grains will
always be upheld in the plasma sheath.

Furthermore, the lifting of dust grains by the electro-
static force is also thought to be responsible for the
“spokes” in Jupiter’s B and F rings detected by the Voy-
ager 1 and 2 spacecrafts in the early 1980s �Collins et al.,
1980; Smith et al., 1982�, by the Hubble Space Telescope
from 2004 until October 1998 �McGhee et al., 2005�, and
by the Cassini spacecraft in 2005 �Mitchell et al., 2006�.
The spokes, depicted in Fig. 2, appear as radial markings
on the rings. The markings observed by Voyager 2 were
bright for forward-scattered light but dark for backward-
scattered light �Smith et al., 1982�, and this led to the
idea that the spokes consist of micron-sized icy particles
that are lifted above the ring disk by the electrostatic
force.

D. Radiation pressure force

In the presence of the electromagnetic radiation, dust
grains are subject to the radiation pressure force

Fr =
�rd

2I0

c
R̂ , �21�

where I0 is the photon energy flux along the direction R̂.
This approximate expression is valid when all photons
are absorbed by the dust grain and the dust grain is
much larger than the wavelength of the radiation. More
general expressions have been given by Bliokh �1995�
for cases in which the dust grain reflects and emits ra-
diation. The radiation pressure force is important for
submicron particles that are generated close to the Sun
and are driven out of the solar system on hyperbolic
orbits. Such particles �� meteorids� have been observed
by the Pioneer 8, 9 and Ulysses spacecrafts �Grün and
Landgraf, 2001� in the solar wind.

E. The neutral drag force

A neutral drag force results from collisions with neu-
tral gas molecules and causes a momentum transfer
from the neutral gas to the dust particles. The neutral
drag force for a Maxwellian distribution of neutral gas
molecules is approximated by �Baines et al., 1965; Boeuf
and Punset, 1999; Shukla and Mamun, 2002�

Fdn = − 8
3
�2�R2�nvtn�vd − vn� , �22�

where �n=nnmn is the mass density of the neutral mol-
ecules, and vn is the velocity of the neutral molecules.
Assuming that the neutral molecules are at rest �vn=0�,
we observe that the neutral drag force will simply act as
a damping force, and hence it will cause a deceleration
of the dust particles.

F. The ion-drag force

The ion-drag force Fion in plasmas arises due to colli-
sions between drifting ions and charged dust grains. The
force basically describes the momentum transfer from
the drifting ions to the dust particles on account of �i�
direct collection of momentum for ions that collide with
the negatively charged grain, and �ii� deflection of the
ions in the electrostatic field of the negatively charged
dust grain. Thus, the ion-drag force is the sum of the
collection and Coulomb forces, viz., Fion=Fcoll+FCoul.
Barnes et al. �1992� presented a derivation of Fion by
supposing that there is no interaction between the ions
and dust particles outside the Debye sphere, and the ion
mean free path is larger than the Debye radius. The last
assumption is justified only for relatively low gas pres-
sures. Assuming that the dust particles are at rest, the
collection force is given by

Fcoll = �bc
2�ivsvi, �23�

where �i=nimi is the ion mass density, vi is the ion
streaming velocity, vs= �vi

2+8Ti /�mi�1/2 is the mean
speed of ions approaching the dust particle, and bc

=R�1−2Zie�f /mivs
2�1/2 is the maximum impact param-

eter for dust-ion collision from the orbital motion lim-
ited probe theory. Here �f is the floating potential of the

FIG. 2. �Color online� Spokes observed 2005 in Saturn’s B ring
by the Cassini spacecraft. Images courtesy of NASA/Jet Pro-
pulsion Laboratory.
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dust particle. The orbital motion limited treatment is
justified if the potential can be treated as spherically
symmetric and R��D.

The Coulomb �also referred to as the orbital force�
force can be written as

FCoul = 4�b�/2
2 ��ivsvi, �24�

where b�/2=qde /mivs
2 and �= �1/2�ln���D

2 +b�/2
2 � / �bc

2

+b�/2
2 �� are the impact parameter for 90° deflection and

the Coulomb logarithm, respectively.
The theory of Barnes et al. �1992� for the ion-drag

force has been revised by Khrapak et al. �2002, 2003,
2005� accounting for the strong ion-dust coupling. The
appropriate collection and Coulomb forces are found to
be, respectively �Hutchinson, 2006�,

�Fcoll� = 2�R2niTiG0�s� �25�

and

�FCoul� =
4�niZi

2e2R2

Ti
Gc�u�ln � , �26�

where G0�s�= �s2+1−1/4s2�erf�s�+ �1/����s+1/2s�
	exp�−s2�, s=�mivf

2 /2Ti, Gc�s�= �erf�s�−2u exp�−s2� /
��� /2s2, vf is the ion flow velocity, and �= �b�/2
+�D� / �b�/2+R�.

Extensive particle-in-cell simulation studies by Hutch-
inson �2002, 2003, 2005� include the effects of ion collec-
tion by the spherical dust grain at different temperature
ratios between ions and electrons and at different flow
speeds. From these studies, an analytic expression for
the drag force is provided, which fits the numerical re-
sults for a large range of parameters �Hutchinson, 2006�.
Nosenko et al. �2007a� measured experimentally the ion-
drag force on drag grains in a low-pressure Ar plasma in
the regime of strong ion-dust coupling. The result is in
agreement with the theoretical model of Khrapak et al.
�2003�.

G. Potential distribution in collisional plasmas

The potential around a pointlike test dust particle in a
collisional electron-ion unmagnetized plasma containing
an equilibrium ion stream was calculated by Ivlev et al.
�2004�. It was found that the ion-neutral collisions, in
combination with the ion drift, enhance the far-field po-
tential. Castaldo et al. �2006� developed a theory for the
potential around a dust particle, accounting for the ion-
dust and ion-neutral collisions. They found that the dust
grain screening is strongly influenced by the collisions
and can substantially differ from the DH shielding. They
also depicted that attraction of negatively charged dust
grains can occur owing to overscreening by the ion
fluxes in the presence of frictional forces. Khrapak et al.
�2007� have shown that the electrostatic interaction po-
tential between a pair of positively charged dust par-
ticles in a highly collisional plasma has a long-range at-
tractive asymptote. The effect is due to continuous
plasma absorption on the dust particles �Chaudhuri et
al., 2007�. At this point, we mention that in the early

1970s Stenflo et al. �1973� and Stenflo and Yu �1973� had
already predicted a dipolelike potential of a moving test
charge in a highly collisional electron-ion plasma with-
out dust grains.

H. The force due to the overlapping Debye spheres

The overlapping Debye spheres around dust grains
produce an attractive force �Resendes et al., 1998�. The
interaction energy of the sheath of the one grain with
the bare charge of the other grain is

Ws�r� = −
qd

2

2�D
exp�− r/�D� , �27�

where the grains are assumed to have identical charges,
and the DH interaction energy is

WDH =
qd

2

r
exp�− r/�D� . �28�

The sum Ws+WDH exhibits a distribution that is similar
to the Lennard-Jones potential, i.e., a strong repulsion at
a short distance, and a weak attraction at longer dis-
tances �beyond r=2.73�D�.

I. Forces due to absorption of plasma particles

Long-range interactions between charged dust par-
ticles can also occur due to absorbing plasma particles.
Continuous absorption of electron and ion fluxes on the
dust grain produce an anisotropy in the velocity distri-
bution functions of electrons and ions. This anisotropy is
much more important for ions, especially when the elec-
tron temperature is larger than the ion temperature. The
long-range repulsive electrostatic potential in a
quasineutral plasma is ��r�= �qd /R�R /r2, so that at large
distance between the grains the energy of electrostatic
interaction is �Khrapak et al., 2006�

Wel�r� �
qd

2R

2r2 . �29�

The transition from the DH potential to the long-range
asymptote occurs roughly at r��D ln��D /R�.

There is also a long-range shadowing force associated
with the continuous absorption of the plasma electrons
and ions on the dust grains, since a drag is experienced
by neighboring grains. It results in an attractive force
between the dust grains, and is referred to as the shad-
owing force �Tsytovich, 1997�. This effect is also mainly
associated with the ions and basically represents the ion-
drag force in the ion flow directed to the surface of a
given grain. The attractive interaction energy associated
with the shadowing force is �Khrapak et al., 2006�

Wsh�r� � − 4���R/r�niTi�D
3 �T

2 W��T� , �30�

where �T=Zd
2e2 /Ti�D and W�x� is a relatively weak

function of the argument. For example, in the range
0.1�x�10, we have W�x��0.3±0.1.
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J. The wake potential

The concept of the wakefield in dusty plasmas was
introduced by Nambu et al. �1995�. The oscillating wake-
field arises due to the resonance interaction between the
DIA and DAW and a test dust charge that moves with a
speed close to the dust ion-acoustic or dust acoustic
speeds. Negatively charged dust grains feel an attractive
force in the negative part of the oscillatory wake poten-
tial �Nambu et al., 1995; Vladimirov and Nambu, 1995;
Shukla and Rao, 1996; Ishihara and Sato, 2005�, where
the positive ions are focused. Hence, there appears Coo-
per pairing of negative dust grains, which are glued by
ions. The one-dimensional wake potential of a test
charge in the presence of the DAW in an unmagnetized
plasma is given by �Shukla and Rao, 1996�

�w�� = 0,�t,t� =
qt

�t
cos� �t

L
� , �31�

where �t= �z−vtt�, qt is the charge of the test particle, L
=�D��vt−V0�2−CD

2 �1/2 /CD is the effective length, vt is the
test particle velocity, V0 is the equilibrium ion streaming
velocity, CD=�pd�D is the DAW speed, �pd is the dust
plasma frequency, and � and z are the radial and axial
coordinates in a cylindrical geometry. The wake poten-
tial can dominate over the Debye-Hückel potential due
to the exponential decrease of the latter at large dis-
tances. We note that the wake potential is attractive for
cos��t /L��0, which implies the alignment of dust grains
in a dusty plasma with streaming ions �Vladimirov and
Nambu, 1995; Shukla and Rao, 1996�. For �vt−V0�
�30 cm/s, �D�300 
m, and CD�6 cm/s, we find that
L�1 mm, which is in agreement with observations �Chu
et al., 1995�. The concept of the wakefield and subse-
quent attraction of negatively charged dust grains in a
linear chain have been verified both by computer simu-
lations �Melandsø and Goree, 1995; Lampe et al., 2000;
Lapenta, 2000; Lemons et al., 2000; Winske et al., 2000�
and in dusty plasma experiments �Takahashi et al., 1998;
Melzer et al., 1999�. Figure 3 shows the result of a
particle-in-cell simulation by Lampe et al., �2000�. Near
the origin, the potential is strongly negative, while a
positive wake potential can be seen behind the dust
grain.

K. Dipole-dipole interactions

In a strongly coupled dusty plasma, we have the pos-
sibility of dipole-dipole interactions �Lapenta, 1995,
1999; Lee et al., 1997; Lapenta and Brackbill, 1998; Mo-
hideen et al., 1998; Resendes, 2000; Tskhakaya and
Shukla, 2004� if the dust grains are large and have an
irregular shape. Here the charging of the dust rod will be
uneven. The attractive dipole-dipole force between
aligned dipoles separated by a distance d, taking into
account the screening by the background plasma, is
given by �Mohideen et al., 1998�

Fdd =
6P2

d4 �1 + �d + 1
2�d

2 + 1
2�d

3�exp�− �d� , �32�

where P=E0R3 is the induced dipole moment. The latter
appears because the sheath electric field E0 induces a
polarization on the dust grains.

The attractive dipole-dipole force may be responsible
for attracting large particles and for subsequent forma-
tion of dust structures �Mohideen et al., 1998�, as well as
planetesimals or planetary seedlings �Blum et al., 2000;
Bingham and Tystovich, 2001�.

L. Interactions between magnetic particles

If the dust particles have magnetic properties, they get
magnetized in the external magnetic field, and would
obtain a magnetic moment �Jackson, 1975�

m =
�
 − 1�
�
 + 2�

R3B , �33�

where 
 is the magnetic permeability. Such a magne-
tized dust grain is subjected to a magnetic force

Fm = �m · ��B . �34�

The induced magnetic dipoles of magnetized particles
interact with each other via a dipole magnetic force. The
magnetic interaction potential is Umag=−m ·B. The inter-
action potential of two magnetic dipoles is �Samsonov et
al., 2003b�

Umag = �m1 · m2

r3 −
3�m1 · r��m2 · r�

r5  , �35�

where r is the radius vector between the grains, and the
subscript 1 or 2 denotes different dust particles. If the
dipole moments are parallel and have equal magnitude,
the magnetic interaction force of identical dipoles �m1

FIG. 3. �Color online� Contour plot of the potential obtained
by a particle-in-cell simulation �Lampe et al., 2000�. The ions
are flowing from left to right along the z axis, past the nega-
tively charged dust grain located at the origin z=0, r=0. A
strongly negative potential is observed at the dust grain and a
positive potential in the wake behind the dust grain. From
Merlino and Goree, 2004.
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=m2=m� is given by �Samsonov et al., 2003b�

Fmag = − �Umag =
3m2

r4 �− nr�5 cos2 � − 1� + 2nm cos �� ,

�36�

where nm and nr are the unit vectors in the direction of
the magnetic moment and r �m=mnm and r=rnr�, re-
spectively, and � is the angle between nm and nr. If the
dust particles levitate in the same plane with their mag-
netic moments perpendicular to this plane ��=� /2�, the
interaction force is repulsive, i.e., Frep=3m2 /r4, while if
the dust grains are arranged in a line along the same axis
as their magnetic moments ��=0�, we have the attractive
interaction force Fattr=−6m2 /r4.

IV. WAVES AND STRUCTURES IN DUSTY PLASMAS

The addition of an ensemble of charged dust particles
in an electron-ion plasma can modify or even dominate
the wave propagation, the wave instability, the wave
scattering, etc. The modifications occur since there is a
departure from the conventional quasineutrality condi-
tion in an electron-ion-dust plasma due to the presence
of charged dust grains. In dusty plasmas, there also ap-
pear new waves that are associated with the dust particle
dynamics at kinetic levels. In this section, we discuss the
physics of the dust acoustic, dust ion-acoustic, and dust
lattice waves, which have been experimentally observed.
The amplitudes and spectra of dusty plasma fluctuations
provide novel diagnostic tools, as demonstrated by
Ratynskaia et al. �2007�. Nonlinear waves and structures
in dusty plasmas arise when the wave amplitudes are
large so that the nonlinearities come into the picture.
When the nonlinearities balance the dissipation �due to
a kinematic viscosity associated with the dust charge
fluctuation�, we have the possibility of shock waves
�Popel et al., 2004�. Bare solitons and vortices, which are
localized excitations, are formed due to a balance be-
tween the medium nonlinearities and the wave disper-
sion. While solitons can form in one space dimension,
vortices are associated with multidimensional perturba-
tions in a nonlinear dispersive media. In the following,
we discuss important nonlinear waves and structures in
dusty plasmas.

A. Dust ion-acoustic waves

The existence of the dust ion-acoustic wave �DIAW�
in an unmagnetized plasma was theoretically predicted
by Shukla and Silin �1992�, although a previous work
�D’Angelo and Song, 1990� on electrostatic waves in
magnetized dusty plasmas had discussed the properties
of the DIAW. The latter in an unmagnetized dusty
plasma occurs in the frequency range kvTd, kvTi, �pd,
�in� ����kvTe, �pi, where �pi is the ion plasma fre-
quency. During the ion plasma period �2� /�pi�, the in-
ertialess electrons follow the Boltzmann distribution,
while the ions are inertial and the dust grains remain
stationary. The restoring force in the DIAW comes from

the electron pressure, and the ion mass provides the in-
ertia. The dust effect enters through the equilibrium
quasineutrality condition, which dictates that ni0�ne0
when the dust grains are negatively charged. The elec-
tron density depletion occurs since a fraction of the
background plasma electrons are attached onto the dust
grains during the dust grain charging.

1. Linear dust ion-acoustic waves

In the presence of the DIAW in a dusty plasma, the
electron susceptibility �e is given by Eq. �43�, while the
ion susceptibility reads �Nakamura et al., 1999�

�i � −
�pi

2

��� + i�in� − 3k2vTi
2 , �37�

where �in is the effective ion collision �with dust and
neutrals� frequency.

Neglecting the dust charge fluctuation effect, we ob-
tain the frequency of the DIAW for �����in as �Shukla
and Silin, 1992�

� =
k�De�pi

�1 + k2�De
2 �1/2 , �38�

which for k2�De
2 �1 reduces to

� = kCs, �39�

where Cs= �ni0 /ne0�1/2�Te /mi�1/2 is the dust ion-acoustic
speed. We note in Eq. �39� that the DIAW phase speed
� /k increases with the relative concentration of nega-
tively charged dust grains, where we have ni0�ne0.

Barkan et al. �1996� performed an experiment in a
dusty plasma device to investigate the propagation and
damping of the DIAW. They found that the phase speed
of the latter increases in accordance with Eq. �39�. As a
consequence of the phase speed increase, the ion Lan-
dau damping rate is significantly reduced. The observed
DIAW frequencies were in the range 3–5 kHz �depend-
ing on the value of Zdnd0 /ni0�, which agree well with the
theoretical prediction �Shukla and Silin, 1992�.

The formation of DIA shock structures in dusty plas-
mas has been observed by Luo et al. �1999, 2000� and
Nakamura et al. �1999�. Luo et al. �1999, 2000� presented
an experimental investigation of the effect of negatively
charged dust grains on the DIA shock formation in a Q
machine. They observed that dust ion-acoustic compres-
sional pulses steepened as they traveled through a dusty
plasma if the percentage of the negative charges in the
plasma on the dust grains is greater than 75%. Naka-
mura et al. �1999� found that, in the linear regime, the
phase speed of the DIA wave increases and the wave
suffers heavy damping when the dust number density in
an electron-ion plasma is considerably increased. Fur-
thermore, Nakamura et al. �1999� found that an oscilla-
tory ion-acoustic shock wave in a usual argon plasma
transforms into a monotonic shock front when it travels
through the dusty plasma column. Here the formation of
the shock structure is due to a balance between the har-
monic nonlinearity and the kinematic viscosity caused
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by the dust charge perturbation. The dynamics of the
shock structure associated with DIA waves is modeled
by the Korteweg–de Vries–Burgers equation �Mamun
and Shukla, 2002�

�

��
+ A

�

��
+ B

�3

��3 − C
�2

��2 = 0, �40�

where =e� /Te, and the coefficients A, B, and C are
given by Mamun and Shukla �2002�. Equation �40� has
been derived from the hydrodynamic equations �com-
prising the Boltzmann electron density distribution and
the continuity and momentum equations for the ions�,
together with the dust charge fluctuation and Poisson
equations, by employing the standard reductive pertur-
bation method and the stretched variables �=�1/2�x−�t�
and �=�3/2t, where � is a smallness parameter and x and
t are in units of the electron Debye length and the ion
plasma period. The C term in Eq. �40� accounts for the
dust charge perturbation effect. When the dust charge
induced kinematic viscosity dominates over the disper-
sion, Eq. �40� assumes the form of a Burgers equation.
The latter, viz., Eq. �40� without the ��

3 term, admits a
monotonic shock profile, as observed by Nakamura et al.
�1999�; see Fig. 4.

B. The dust acoustic wave

The dust acoustic wave �DAW� is the most fundamen-
tal excitation of the dusty plasma. The existence of the
DAW was predicted by Shukla �1989�, and a theory for
linear and nonlinear DAWs was later presented by Rao
et al. �1990�, taking into account the dust particle dynam-
ics and Boltzmann electron and ion density distribu-
tions. In the DAW, the restoring force comes from the
electron and ion pressures while the dust mass provides
the inertia to maintain the DAW. The DAW has an ex-
tremely low phase speed vp=� /k �in comparison with

the electron and ion thermal speeds� and frequency
�tens of Hz in laboratories�, so that its visual images are
possible �Barkan et al., 1995; Prabhakara and Tanna,
1996�. Early observations of low-frequency oscillations
with a frequency of �12 Hz and a wavelength of
�0.5 cm by Chu et al. �1994� were later interpreted by
D’Angelo �1995� as the DAW. Figure 5 displays an ob-
servation of the DAW in the experiment by Barkan et al.
�1995�, where the clearly visible DAW has a wavelength
of approximately 0.6 cm and a speed of �9 cm/s, and
hence a frequency of �15 Hz. The observation is in ex-
cellent agreement with the theory of Rao et al. �1990�.

1. Linear theory

Traditionally, the spectra of dusty plasma waves are
obtained by Fourier analyzing the Vlasov, Poisson, and
Maxwell equations, supplemented by the dust charging
equation. In a dusty plasma, the properties of the elec-
trostatic waves are determined from

���,k�� = 0, �41�

where � is the wave potential and

���,k� = 1 + �e + �i + �d + �qe + �qi �42�

is the dielectric constant. Here �d is the dust particle
susceptibility, and �qe and �qi are the linear susceptibili-
ties associated with the dust charge fluctuation dynam-
ics. In dusty plasmas, the electrons and ions are weakly
coupled, and for �����en � �kvTe, �����in � �kvTi, we
have

�e �
1

k2�De
2 �43�

and

�i �
1

k2�Di
2 . �44�

Correspondingly, we will have the Boltzmann density
distribution for the electrons and ions, namely, ne1
=ne0e� /Te and ni1=−ni0e� /Ti, respectively.

When the dust grains are weakly coupled, we obtain
for �����dn ,kvTd, the dust grain susceptibility

FIG. 4. Dust ion-acoustic shocks at different dust densities. At
large dust densities, the oscillatory shock is transformed into a
monotonic shock due to the viscosity induced by the dust
charge perturbation. Larger dust densities lead to larger shock
speeds. From Nakamura et al., 1999.

FIG. 5. �Color online� The dust acoustic wave with a wave-
length of �0.6 cm, a frequency of �15 Hz, and a phase speed
of �9 cm/s. From Barkan et al., 1995.
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�d � −
�pd

2

��� + i�dn� − 3k2vTd
2 , �45�

where vTd= �Td /md�1/2 is the dust thermal speed, �dn is
the dust-neutral collision frequency, and �pd

= �4�Zd0
2 e2nd0 /md�1/2 is the dust plasma frequency.

For negatively charged dust grains, we have �Shukla,
1996; Shukla and Resendes, 2000�

�qe + �qi =
fd�2

k2�D
2 ��1 − i��

. �46�

For �dn, kvTd� �����1, we obtain the DAW frequency

� =
k�d�pd

�1 + k2�d
2�1/2 , �47�

which for fd�2 /�1�1 and k2�D
2 �1 reduces to �Rao et al.,

1990�

� = kCD. �48�

Here CD=Zd�nd0 /ni0�1/2�Ti /md�1/2�1+ne0Ti /ni0Te�1/2 is
the dust acoustic speed �Rao et al., 1990�. The effect of
the dust distributions on the DAW has been examined
by Verheest et al. �2003�.

Using Eq. �48�, the wave phase speed vp=� /k can be
estimated �D’Angelo, 1995� if one knows the plasma and
dust parameters. Chu et al. �1994� in their experiment
had R�1 
m, nd0md�1 g/cm3 �and thus md�4
	10−12 g�, Te=2.6 eV, Ti=0.26 eV, and Td=10−2Te. The
number of charges on each dust grain is Zd�8100. The
average intergrain distance is of the order of 300 
m,
from which nd0�3.7	104 cm−3 is obtained. The elec-
tron number density is ne0�5	109 cm−3. For this set of
parameters, Eq. �48� depicts vp=� /k�7 cm/s, which is
to be compared with the observed vp= fw	�w=12 Hz
	0.5 cm=6 cm/s in the experiment. Furthermore,
in a plasma with ne0Ti�ni0Te, we have CD
=Zd�Ti /md�1/2�nd0 /ni0�1/2. For dust grains of �5 
m size,
md�10−12 kg, Zd�4	104, and nd0 /ni0�10−8, we obtain
CD�8 cm/s, which is in good agreement with the obser-
vations �Barkan et al., 1995; Merlino et al., 1998� where
vp�9 cm/s was reported. Hence, for �w�0.6 cm we ob-
tain the DAW frequency fw�15 Hz.

A recent paper �Thomas et al., 2007� reported obser-
vations of high-frequency dust acoustic waves
��100 Hz�. The latter may be due to the high dust tem-
perature �in comparison with the electron and ion tem-
peratures� arising from the dust grain heating. In fact,
Williams and Thomas �2007� reported measurements of
the kinetic temperature of the dust grains in plasmas
containing electrons, ions, and two components of dust.
They found that the dust components have significantly
larger temperature than those of the electrons and ions.

In a collisional dusty plasma, the spatial attenuation
rate of the DAWs is determined from �Pieper and
Goree, 1996�

k2 =
1

�d
2

��� + i�dn�
�pe

2 − ��� + i�dn�
, �49�

where k=kr+ iki, kr �ki� is the real �imaginary� part of
the wave number, and � is real. Tsytovich et al. �2001�
reconsidered the effect of dust-neutral collisions on the
DAW dispersion relation, and found a minor modifica-
tion. Stenflo et al. �2000� presented an investigation of
the dust acoustic surface wave on a dusty plasma slab.
The DAW can be used for the diagnostics of nanometer-
sized dust particles in processing plasmas �Kortshagen,
1997�, since the DAW phase speed is inversely propor-
tional to �md, which depends on the dust particle radius.

2. Dust acoustic waves in strongly coupled plasmas

Electrostatic waves in strongly coupled dusty plasmas
have been theoretically investigated �Rosenberg and
Kalman, 1997; de Angelis and Shukla, 1998, 1999; Kaw
and Sen, 1998; Murillo, 1998; Winske et al., 1999�.
Strongly coupled dusty plasmas can be in the crystalline
�solid� or liquid phases. Rosenberg and Kalman �1997�
investigated the effect of strong dust coupling on the
DAW by supposing that charged dust grains interact
with each other via the Yukawa potential

�D�r� =
qd

2

r
exp�−

r

�D
� , �50�

with the exponential factor taking into account the
screening of the dust charge by the plasma electrons and
ions, which are weakly correlated. The quasilocalized
charge approximation was then used to derive the fre-
quency of the DAW �Rosenberg and Kalman, 1997�,

� = �pd� k2d2

k2d2 + �d
2 + D�k,��1/2

, �51�

in the liquid phase. Here �d=d /�D is a measure of the
charge screening by the plasma, and the term arising
from strong coupling is given by D�k→0�� fsk

2d2 with
fs�−�4/45��0.9+0.05�d

2� when �d�1 and �=Zd
2e2 /dTd

�1. In the regime kd��d �i.e., k�d�1�, Eq. �51� gives
��kCD�1+ fs�d

2�1/2. The latter shows that the effect of
strong dust coupling is to reduce the DAW phase speed,
since fs�0. The decrease of the phase speed when �d
increases may be related to an increase in the compress-
ibility of the dust fluid as the range of the intergrain
potential decreases. In the regime kd��d �i.e., k�D�1�,
Eq. �51� gives ���pd�1+ fs�d

2k2�D
2 �1/2, which shows that

the effective dust plasma frequency is reduced due to a
decrease of the effective dust charge with stronger
screening. The DAW dispersion relation of Murillo
�1998� and Winske et al. �1999� in the strong-coupling
limit is �=kCD / �1+k2�D

2 �1/2�1+k2d2 /16�1/2, which does
not depend explicitly on �.

The dust-Coulomb wave �DCW� appears in dusty
plasmas when the dust charge fluctuation is more impor-
tant than the thermal pressure of ions and electrons
�Rao, 1999�. The phase speed of the DCW is given by
�Mendonça et al., 2001�,
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CDCW =
qd

�mdR
. �52�

On the other hand, Kaw and Sen �1998� employed a
generalized hydrodynamic description, which incorpo-
rates the nonlocal viscoelasticity with memory effects
arising from the strong correlation among dust particles,
and they obtained the dust susceptibility

�d = −
�pd

2

�2 − �d
dk2vTd
2 + i�k2�

*
/�1 − i��m�

, �53�

where �d is the adiabatic index, 
d=1+U��� is the com-
pressibility, U���=Ec /nd0Td is the so-called excess inter-
nal energy, Ec is the correlation energy, �

*
= �4�s /3

+�b� /mdnd0 and �m= �4�s /3+�b� / �nd0Td�1−�d
d�
+4U����, and �s and �b are the coefficients for the shear
and bulk viscosity, respectively. For longitudinal low-
frequency waves ���kvTe, kvTi�, the linear dielectric re-
sponses of the weakly coupled electrons and ions �which
obey the Boltzmann law� are given by Eqs. �43� and �44�.
Thus, from 1+�e+�i+�d=0, we obtain, for �����m�1,

�2 = k2��d
dvTd
2 +

�pd
2 �D

2

1 + k2�D
2 � − i��

*
k2. �54�

On the other hand, for ����m�1, one obtains

�2 =
k2Cd

2

1 + b
�1 + �d
d

�dd
2

�D
2 �1 + b��1 +

4
15

U���� , �55�

where b=k2�D
2 and �dd=vTd /�pd is the Debye radius.

Kaw and Sen �1998� have shown that their generalized
hydrodynamic description also admits a low-frequency
“shear” mode that is either a purely damped wave �

�−i�
*
k2 for �����m

−1 or a propagating wave �

�k��dEc /nd0md�1/2 for �����m
−1. The latter is analogous

to elastic wave propagation in solids with the correlation
energy Ec playing the role of the elastic modulus. Trans-
verse shear waves have been experimentally observed
�Nunomura et al., 2000; Pramanik et al., 2002� in strongly
coupled dusty plasmas. They were excited by applying a
chopped laser beam to a 2D dusty plasma. Measure-
ments of the dispersion relation reveal an acoustic, i.e.,
nondispersive, character over the entire range of mea-
sured wave numbers, 0.2�kd /��0.7. Later works �Kal-
man et al., 2000; Mamun et al., 2000; Murillo, 2000; Ohta
and Hamaguchi, 2000; Bandyopadhyay et al., 2007� have
focused further on the DAW dispersion relation in a
strongly coupled unmagnetized dusty plasma.

Nunomura et al. �2005� obtained experimentally the
spectra of longitudinal and transverse waves in liquid
���1� and solid ���1� two-dimensional dusty plasmas.
The phonon spectra of both longitudinal and transverse
modes broadened �especially at high wave numbers� as
the dust kinetic temperatures increased, indicating in-
creased damping. Furthermore, Nosenko et al. �2007b�
reported observations of shear waves in 2D dusty
plasma systems that seem to agree with 2D theory �Kal-
man et al., 2004�.

3. The dust acoustic shock wave

Dust acoustic shocks under microgravity conditions
were first observed by Samsonov et al. �2003a� with the
PKE-Nefedov experiment on board the International
Space Station �ISS�. Figure 6 shows the propagation of a
shock wave characterized by a sharp boundary over
which the dust number density increases by a factor of 3,
and a propagation speed of �1 cm/s yielding a Mach
number of 1.2–1.4. The shock melting of a two-
dimensional Coulomb crystal was observed by Sam-
sonov et al. �2004�; see Fig. 7. The crystal consisted of a

(a) t = 0 s

(b) t = 0.2 s

(c) t = 0.4 s

(d) t = 0.6 s

FIG. 6. The formation and propagation of a dust acoustic
shock wave observed in the PKE-Nefedov laboratory on board
the International Space Station �ISS�. The shock wave propa-
gates from top to bottom of the left part of the frames, and has
a maximum speed of �1 cm/s. From Samsonov et al., 2003a�.

0 ms

263 ms

458 ms

653 ms
1 cm

FIG. 7. Shock melting of a two-dimensional Coulomb crystal.
Particles are pushed from left to right so that a sharp shock
with linear front is formed. Behind the shock, visible at
t=263 and 458 ms, the initially hexagonal lattice melts and
the particle positions become unordered. At later times
�t=653 ms�, the amplitude of the perturbation has decreased
and the shock disappeared. From Samsonov et al., 2004.
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hexagonally ordered monolayer of plastic microspheres.
The large-amplitude perturbation pushed the particles
to the right so that a sharp, linear shock front was
formed. Behind the shock, the lattice melted and the
particle positions became unordered.

There are also experimental demonstrations of non-
linear longitudinal and transverse dust lattice oscilla-
tions in a two-dimensional screened Coulomb crystal
�Avinash et al., 2003; Nunomura et al., 2003�. The non-
linearities in the experiments are associated with the
generation of harmonics due to the self-interaction of
the waves.

C. The dust lattice wave

Two wave modes have been identified in dust lattices
due to the vibrations of charged dust grains that are
interacting among themselves via the DH repulsive
force. These are the longitudinal �compressional� and
transverse �shear� waves in which dust particles are dis-
placed parallel and perpendicular to the direction of the
wave vector k, respectively. In both waves, the restoring
force comes from the DH repulsion, while the dust mass
provides the inertia to sustain the waves.

1. Linear theory

The theory for the longitudinal dust lattice wave
�DLW� was developed by Melandsø �1996�. The disper-
sion relation of the DLW is obtained from the equation
of motion for a charged dust particle

d2xn

dt2 + �dn
dxn

dt
=

Fc

md
, �56�

where �dn�2�2ngR2cg is the dust-neutral collision fre-
quency according to the Epstein drag law, ng is the neu-
tral gas density, R��m is the mean free path of the gas
molecules, cg is the thermal speed of the gas molecule,
and �Melandsø, 1996�

Fc =
qd

2

d3 �2 + 2�d + �d
2�exp�− �d��xn−1 − 2xn + xn+1�

�57�

describes the force acting on the nth particle due to its
interaction with neighboring particles in the presence of
the DH interaction potential.

Following the standard approach �Kittel, 1996� for
longitudinal waves on an infinite linear chain, we obtain
from Eq. �56� the dispersion relation for the DLWs as

�2 + i��dn = �DL
2 , �58�

where

�DL
2 =

4qd
2

mdd3 �2 + 2�d + �d
2�exp�− �d�sin2�kd/2� �59�

is the squared dust lattice frequency �Melandsø, 1996�.
On the other hand, Vladimirov et al. �1997� theoreti-

cally predicted the transverse �vertical� oscillation of
dust grains interacting through the shielded DH law in a

sheath region of a dust plasma crystal. The vibrational
mode dispersion relation is given by �Vladimirov et al.,
1997�

�2 =
�

md
−

4qd
2

mdd3 �1 + �d�exp�− �d�sin2�kd/2� , �60�

where � is a constant assuming linear variation of the
sheath. The coupling between longitudinal and trans-
verse modes is possible due to the particle-wake interac-
tions and vertical dust charge gradient �Yaroshenko et
al., 2005�.

2. Observations of dust lattice waves

The longitudinal DLW in dust plasma crystals has
been observed in several experiments �Homann et al.,
1997, 1998; Morfill et al., 1997�. Figure 8 shows the ex-
perimental results of Homann et al. �1997�, where 12
particles are trapped in the lower sheath of a parallel
plate rf discharge operated in helium. The rightmost par-
ticle is pushed periodically with an exciting laser, where
the switching frequency was varied between 0.4 and
3 Hz. The observed wave number q versus frequency �
in the right panel of Fig. 8 shows excellent agreement
with the theoretical dispersion curve of DLWs, while the
dispersion curves for the DAWs deviate strongly from
the experiment for large �. Knowledge of the dust lat-
tice frequency is useful in deducing the screening of the
particles in the rf sheath.

3. Waves in dust crystals: Collisional effects

Experimental observations of the dust-acoustic-like
wave propagation in a dust crystal were presented by
Ticoş et al. �2004�. The oscillations, which were excited at

FIG. 8. Experimental results of dust lattice waves. Left panel:
A sequence of 15 snapshots of the linear arrangements of dust
grains, recorded with a CCD camera. The first particle on the
right is excited periodically by the radiation pressure of a laser
diode. Right panel: Measured dispersion relation denoted by
square symbols, the theoretical dispersion relation for a DLW
�solid line�, and theoretical dispersion relations for DAWs with
parameters similar to the experiment �dashed and dotted
lines�. From Homann et al., 1997.

38 P. K. Shukla and B. Eliasson: Colloquium: Fundamentals of dust-plasma …

Rev. Mod. Phys., Vol. 81, No. 1, January–March 2009



low neutral gas pressures, could be observed to propa-
gate downwards through the crystal layers as depicted in
Fig. 9. The experimental results agreed qualitatively
with a model of the collisional two-stream instability
�Rosenberg, 1996; Winske and Rosenberg, 1998� involv-
ing the streaming of ions against dust grains. The growth
rate of the dissipative instability depends on the ion-
neutral and dust neutral collision frequencies. The latter
increase with increasing neutral pressure, and for large
enough neutral pressure the streaming instability van-
ishes, as seen in the experiment.

4. Mach cones in dust crystals

Mach cones are V-shaped disturbances produced by a
supersonic object moving through a medium. They oc-
cur in gases and solid matters. Mach cones in dusty plas-
mas were first predicted by Havnes et al. �1995�. They
have been observed experimentally in two-dimensional
unmagnetized dust crystals �Havnes et al., 1996c; Sam-
sonov et al., 1999, 2000; Dubin, 2000; Melzer et al., 2000;
Zhdanov et al., 2004�. The Mach cones, which have su-
per dust acoustic speed and are created by pushing a test
dust particle by a focused laser beam in a dust crystal
assembly, are often double and sometimes triple, first
compressive then rarefactive, etc. An example of the
dust acoustic Mach cones �Melzer et al., 2000�, excited
by sweeping a focused laser beam at different speeds
through the dusty plasma crystal, is shown in Fig. 10.
Clearly seen is the prominent double structure of the
Mach cones, especially for the laser speeds of 23.4 and
29.3 mm/s, and a careful analysis of the latter case also
reveals a third, weaker Mach cone behind the two strong

ones. Physically �Dubin, 2000�, the Mach cones may
arise due to the constructive interference between the
dust lattice waves in a dusty plasma crystal.

D. Instabilities in dusty plasmas

Havnes �1988� studied the instability of an electron-
ion-dust plasma in the presence of streams of dust
grains. He showed that the free energy stored in the
latter is coupled to the electrostatic oscillations, which
may be relevant for understanding the origin of fluctua-
tions during solar wind plasma flow and cometary dust
interactions. Later, Bharuthram et al. �1992� and Rosen-
berg �1993� discussed the possibility of dusty plasma
wave excitation in the presence of equilibrium ion drifts
in a uniform dusty plasma. Specifically, Bharuthram et al.
�1992� discussed the effect of dust on ion-ion two-stream
instabilities, while Rosenberg �1993� investigated the
dust ion-acoustic and dust acoustic instabilities. The ap-
propriate dispersion relation for the DAW in the kinetic
regime reads �Rosenberg, 1993; Shukla, 2000d�

1 +
1

k2�D
2 + i

1

k2�Di
2 ��

2
�

kvTi
−

�pd
2

�2 = 0, �61�

where �=�−k ·ui0, and ui0=eE0 /mi�in is the streaming
ion drift speed in the presence of a constant electric field
E0. Equation �61� admits an oscillatory instability of the
DAW when ui0 cos �� ��� /k, where � is the angle be-
tween k and E0. The real part of the frequency is �r

=kCD / �1+k2�D
2 �1/2, while the growth rate of instability

reads

�i ���

8

�r
3

�pd
2

1

k2�Di
2

ui0

vTi
. �62�

For ni0 /ne0�1 and Te�Ti, Eq. �62� for the growth rate
���r� of the ion streaming driven DAW ��r /2�
�15 Hz, �r /k�9 cm/s, and 2� /k�0.6 cm� is consistent
with observations �Barkan et al., 1995; Merlino et al.,

FIG. 9. Collective oscillations in a dust crystal at different
pressures: �a� No oscillations at P=0.198 Torr, �b� waves
propagating in the lower crystal planes at P=185 Torr and �c�,
�d� �separated in time by 16 ms� wavefront propagating at P
=0.160 Torr. From Ticoş et al., 2004.

FIG. 10. �Color online� Mach cones excited by the radiation
pressure of a focused laser beam swept at different speeds �in-
dicated in mm/s in the boxes� from the right to the left,
through a two-dimensional dusty plasma crystal. The velocity
field v= �v� is indicated with the gray-scale map, where black
corresponds to a particle speed v�4 mm/s. Clearly seen is the
prominent double structure of the Mach cones �especially for
the laser speed 29.3 mm/s�, while a careful study also reveals
the existence of a third, weaker cone behind the two stronger
ones. From Melzer et al., 2000.
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1998; Molotkov et al., 1999; Fortov et al., 2000�, which
have u0=eE0 /mi�in�2	105 cm/s for E0�1 V/cm.

The dispersion relation in the ion-dust two-stream re-
gime is �Rosenberg, 1996; Winske and Rosenberg, 1998�

1 +
1

k2�De
2 −

�pd
2

��� + i�dn�
−

�pi
2

��� + i�in�
= 0, �63�

which for �in� ��� and �dn� ��� becomes

1 −
�pi

2

As�
2�1 − i

�in

�
� −

�pd
2

As�
2 = 0, �64�

where As=1+ �k�De�2. In the absence of ion-dust colli-
sions, Eq. �64� for k ·ui0� ��� gives �r��i

���pi�pd
2 �1/3 /�As, with a maximum growth rate at

kui0 cos ���pi /�As. Furthermore, in a collisional dusty
plasma with ��kui0 cos ��pi /�As��i, Eq. �64� has the
approximate solution �Rosenberg, 1996; Winske and
Rosenberg, 1998�

� � �pd
1 + i

�2As
3/4��pi

�in
�1/2

, �65�

which admits a dissipative instability.
The excitation of the DAWs and their saturation via

trapping ions in collisional dusty plasmas have been in-
vestigated by computer simulations �Winske, 2004�. The
DAW drag force acting on the dust grains is found to be
much larger than the ion-drag force. Recently, Piel et al.
�2006� presented experimental evidence of dust density
waves propagating at an arbitrary angle with respect to
the ion flow direction in a collisional dusty plasma under
microgravity conditions. Here a dissipative instability
driven by an ion beam plays a crucial role in exciting the
dust density waves. Finally, streaming instabilities in-
volving both the longitudinal and transverse waves may
also arise in a strongly coupled unmagnetized collisional
dusty plasma �Kalman and Rosenberg, 2003�.

E. Dust voids and vortices

In strongly coupled dusty plasma systems, there are
indications of probe-induced dust particle circulation
�Law et al., 1998�, the formation of a dust void, as well as
a dust vortex �Fujiyama et al., 1997; Iizuka et al., 1998;
Sato et al., 1998, 2000; Morfill et al., 1999; Agrawal and
Prasad, 2003; Fortov et al., 2005b, 2006�. A dust void,
which is a micrograin-free region in the central part of
the discharge where the dusty plasma has been gener-
ated, has been observed in several dusty plasma experi-
ments, in particular under microgravity conditions �Mor-
fill et al., 1999, 2002� as well as on ground �Mikikian and
Boufendi, 2004; Mikikian et al., 2007�. The formation of
a dust void is also seen around negatively biased probes
in a dusty plasma �Thompson et al., 1999b; Klindworth et
al., 2004; Thomas et al., 2004�. A negatively biased probe
repels the negative dust grains and would form a dust-
free region �a dust void� around the probe. Figure 11
shows an example of a dust cloud, in the plasma crystal
experiment PKE-Nefedov on the ISS, revealing the self-

organization of the particles into dust vortices and a
dust-free void in the center of the cloud. It has been
proposed that a dust void could be either a self-
consistent nonlinear equilibrium plasma state involving
trapped ions and the associated ion hole �Mamun et al.,
2002; Jovanović and Shukla, 2003; Shukla and Eliasson,
2004� or may result from the balance between the sheath
electrostatic and anomalous ion-drag forces acting on
charged dust grains �Khrapak et al., 2002�.

A dust void admits an interesting dynamics in that it
can become unstable �due to the so-called heartbeat in-
stability �Mikikian and Boufendi, 2004; Mikikian et al.,
2005, 2007�� against the low-frequency dust acoustic per-
turbations. The heartbeat instability gives rise to succes-
sive contractions and expansions of a dust void in the
central part of a dense dust cloud. Figure 12 shows the
contraction and expansion sequence of a dust cloud un-
der microgravity conditions on board the ISS. It seems
likely that the heartbeat instability may be due to per-
turbations in the ionization rate of neutrals, which in
turn disturbs �Shukla and Morfill, 1999� the balance be-
tween the electrostatic and ion-drag forces which may
have set up a void in the experiment of Mikikian et al.,
�2007�.

FIG. 11. �Color online� Dust cloud observed in the PKE-
Nefedov laboratory on board the ISS. The trajectories of 6.8
and 3.4 
m particles observed over 3 s are displayed, revealing
several salient features, including dust vortices as well as a
dust-free void in the center of the cloud, and a sharp boundary
between dust of different sizes. Image courtesy of the PKE-
Nefedov team �Nefedov et al., 2003�.

FIG. 12. �Color online� The heartbeat instability of a dust void
observed in the PKE-Nefedov laboratory on board the Inter-
national Space Station �ISS�. �a� Images of the dust void during
one contraction-expansion sequence. The bright lines denote
the position of the stable open void. �b� Time evolution of the
central column profile in the vertical line passing through the
void center. From Mikikian et al., 2007.
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The dust void can be used as an obstacle in a flowing
dusty plasma to study the liquidlike flow of the dusty
plasma around the obstacle, the wake and vortex forma-
tion behind the obstacle, etc. on a kinetic level �Morfill
et al., 2004�. However, a recent experiment �Lipaev et al.,
2007� under microgravity conditions on board the ISS
reveals that a dust void could be closed by appropriate
tuning of the discharge parameters �e.g., by applying suf-
ficiently low discharge pressure and very low voltages to
the electrodes�.

V. DISCUSSION AND OUTLOOK

In this Colloquium, we have presented an overview of
the current status and critical assessment of important
aspects of dust-plasma interactions, as well as of the dis-
coveries and the progress that have been made during
the past decade. Our aim has been to provide a coherent
account of the underlying physics of the dust grain
charging and the forces that act on charged dust grains,
in addition to presenting new linear and nonlinear wave
phenomena in an unmagnetized dusty plasma. Specifi-
cally, we have focused on several aspects of collective
phenomena including new waves �e.g., the DAW, the
DLW�, new intergrain forces, as well as several forms of
nonlinear structures �e.g., DA and DIA shocks, dust
voids, and dust vortices� in dusty plasmas. Several of the
collective effects described in this Colloquium have in-
deed been observed in laboratories and in space. More
works in dusty plasma physics will emerge in the future,
because there are planned experiments involving �i� the
high-pressure dusty plasma created by electron beams
�Pal et al., 2005�, �ii� the dusty plasma containing nega-
tive ions �Klumov et al., 2003; Kim and Merlino, 2006,
2007; Merlino and Kim, 2006�, �iii� the cryogenic dusty
plasma �Fortov et al., 2002; Rosenberg and Kalman,
2006; Antipov et al., 2007� �low-pressure dc glow dis-
charge plasma at temperatures of liquid nitrogen �T
=77 K� and liquid helium �T=4.2 K�, having the dust
particle density of the order of 109 cm−3; dust-neutral
collisions are rare in such plasmas�, and �iv� low-pressure
dusty plasmas in an external magnetic field on ground
and on board the ISS. In such environments, we have to
revise our understanding of the dust grain charging, in-
tergrain short- and long-range forces, dust Coulomb
crystallization, etc. New experiments in dusty magneto-
plasmas should capture the physics of the phenomena
that are also occurring in the Earth’s mesosphere as well
as in interstellar spaces. Furthermore, there exist plenty
of new observations from the ISS and Cassini missions
regarding the excitation of waves �both linear �Schwabe
et al., 2007� and nonlinear� and large-scale structures
�Tokar et al., 2006; Williams et al., 2006; Postnikov and
Loskutov, 2007�, which ought to be understood with the
help of theoretical and numerical models �Shukla et al.,
2003�. We hope that the present Colloquium will moti-
vate students and researchers to examine new aspects of
collective dust-plasma interactions in nonuniform dusty
magnetoplasmas �both weakly and strongly coupled� in
order to understand the existing and forthcoming obser-

vations from laboratories, as well as from lunar and
planetary systems and interstellar spaces, where micron-
or nanometer-sized dust particles are ubiquitous.

ACKNOWLEDGMENT

This work was partially supported by the Swedish Re-
search Council �VR�.

REFERENCES

Abrahamson, J., 2002, Philos. Trans. R. Soc. London, Ser. A
360, 61.

Abrahamson, J., and J. Dinniss, 2000, Nature �London� 403,
519.

Agrawal, A. K., and G. Prasad, 2003, Phys. Lett. A 309, 103.
Allen, J. E., 1992, Phys. Scr. 45, 497.
Antipov, S. N., et al., 2007, Phys. Plasmas 14, 090701.
Avinash, K., P. Zhu, V. Nosenko, and J. Goree, 2003, Phys.

Rev. E 68, 046402.
Baines, M. J., I. P. Williams, and A. S. Asebiomo, 1965, Mon.

Not. R. Astron. Soc. 130, 63.
Balabanov, V. V., et al., 2001, JETP 92, 86.
Bandyopadhyay, P., et al., 2007, Phys. Lett. A 368, 491.
Barabash, S., and R. Lundin, 1994, IEEE Trans. Plasma Sci.

22, 173.
Barkan, A., N. D’Angelo, and R. L. Merlino, 1994, Phys. Rev.

Lett. 73, 3093.
Barkan, A., N. D’Angelo, and R. L. Merlino, 1996, Planet.

Space Sci. 44, 239.
Barkan, A., R. L. Merlino, and N. D’Angelo, 1995, Phys. Plas-

mas 2, 3563.
Barnes, M. S., J. H. Keller, J. C. Forster, J. A. O’Neill, and D.

K. Coultas, 1992, Phys. Rev. Lett. 68, 313.
Bernhardt, P. A., et al., 1995, J. Geophys. Res. 100, 23811.
Bharuthram, R., H. Saleem, and P. K. Shukla, 1992, Phys. Scr.

45, 512.
Bingham, R., and V. N. Tsytovich, 1999, Astropart. Phys. 12,

35.
Bingham, R., and V. N. Tsytovich, 2001, Astron. Astrophys.

376, L43.
Bleeker, K. D., A. Bogaerts, and W. Goedheer, 2005, Phys.

Rev. E 71, 066405.
Bliokh, P., V. Sinitsin, and V. Yaroshenko, 1995, Dusty and

Self-Gravitational Plasmas in Space �Kluwer Academic, Dor-
drecht�.

Blum, J., et al., 2000, Phys. Rev. Lett. 85, 2426.
Boeuf, J. P., and C. Punset, 1999, in Dusty Plasmas, edited by

A. Bouchoule �Wiley, New York�, Chap. 1, pp. 1–76.
Borisov, N., and U. Mall, 2006, Planet. Space Sci. 54, 572.
Brattli, A., O. Havnes, and F. Melandsø, 1997, J. Plasma Phys.

58, 691.
Cabarrocas, P. R., et al., 1998, Proceedings of the 2nd World

Conference and Exhibition on Photovoltaic Solar Energy
Conversion �European Commission, Vienna�, p. 355.

Castaldo, C., U. de Angelis, and V. N. Tsytovich, 2006, Phys.
Rev. Lett. 96, 075004.

Castaldo, C., et al., 2007, Nucl. Fusion 47, L5.
Chaudhuri, M., 2007, Phys. Plasmas 14, 022102.
Cho, J. Y. N., and M. C. Kelley, 1993, Rev. Geophys. 31, 243.
Chu, H. Y., Y.-K. Chiu, C.-L. Chan, and L. I, 2003, Phys. Rev.

Lett. 90, 075004.

41P. K. Shukla and B. Eliasson: Colloquium: Fundamentals of dust-plasma …

Rev. Mod. Phys., Vol. 81, No. 1, January–March 2009



Chu, J., J. B. Du, and Lin I, 1994, J. Phys. D 27, 296.
Chu, J. H., and L. I, 1994a, Phys. Rev. Lett. 72, 4009.
Chu, J. H., and L. I, 1994b, Physica A 205A, 183.
Collins, C. A., et al., 1980, Nature 288, 439.
D’Angelo, N., 1995, J. Phys. D 28, 1009.
D’Angelo, N., and B. Song, 1990, Planet. Space Sci. 38, 1577.
Daugherty, J. E., and D. B. Graves, 1995, J. Appl. Phys. 78,

2279.
de Angelis, U., 2006, Phys. Plasmas 13, 012514.
de Angelis, U., and P. K. Shukla, 1998, Phys. Lett. A 244, 557.
de Angelis, U., and P. K. Shukla, 1999, Phys. Scr. 60, 69.
Dikhtyar, V., and E. Jerby, 2006, Phys. Rev. Lett. 96, 045002.
Dubin, D. H., 2000, Phys. Plasmas 7, 3895.
Eidhammer, T., and O. Havnes, 2001, J. Geophys. Res. 106,

24831.
Farokhi, B., et al., 1999, Phys. Lett. A 264, 318.
Farokhi, B., et al., 2000, Phys. Plasmas 7, 814.
Farrell, W. M., et al., 2004, J. Geophys. Res. 109, E03004.
Fortov, V. E., et al., 1998, J. Exp. Theor. Phys. 87, 1087.
Fortov, V. E., et al., 2000, Phys. Plasmas 7, 1374.
Fortov, V. E., et al., 2002, Dokl. Phys. 47, 21.
Fortov, V. E., et al., 2003, Phys. Plasmas 10, 1199.
Fortov, V. E., et al., 2004a, Phys. Rev. E 69, 016402.
Fortov, V. E., et al., 2004b, Phys. Usp. 47, 447.
Fortov, V. E., et al., 2005a, Phys. Rep. 421, 1.
Fortov, V. E., et al., 2005b, Plasma Phys. Rep. 31, 570.
Fortov, V. E., et al., 2006, Plasma Phys. Rep. 32, 588.
Fujiyama, H., et al., 1997, in Double Layers: Potential Forma-

tion and Related Nonlinear Phenomena in Plasmas, edited by
Sendai “Plasma Forum” �World Scientific, Singapore�, pp.
321–327.

Goertz, C., and W. H. Ip, 1984, Geophys. Res. Lett. 11, 349.
Goertz, C. K., 1989, Rev. Geophys. 27, 271.
Graps, A. L., et al., 2000, Nature �London� 405, 48.
Grün, E., and M. Landgraf, 2001, Space Sci. Rev. 99, 151.
Grün, E., et al., 1996, Science 274, 399.
Gurnett, D. A., et al., 1983, Icarus 53, 236.
Gurnett, D. A., et al., 1997, Geophys. Res. Lett. 24, 3125.
Havnes, O., 1988, Astron. Astrophys. 193, 309.
Havnes, O., and F. Sigernes, 2005, J. Atmos. Sol.-Terr. Phys.

67, 659.
Havnes, O., et al., 1990, J. Geophys. Res. 95, 6581.
Havnes, O., et al., 1995, J. Geophys. Res. 100, A1731.
Havnes, O., et al., 1996a, Planet. Space Sci. 44, 1191.
Havnes, O., et al., 1996b, J. Geophys. Res. 101, 10839.
Havnes, O., et al., 1996c, J. Vac. Sci. Technol. A 14, 525.
Havnes, O., et al., 2007, J. Geophys. Res. 112, D08202.
Hayashi, Y., 1999, Phys. Rev. Lett. 83, 4764.
Hayashi, Y., and K. Tachibana, 1994, Jpn. J. Appl. Phys., Part 2

33, L804.
Holland, P., A. Garscadden, and B. Ganguly, 1996, in Physics

of Dusty Plasmas, edited by P. K. Shukla, D. A. Mendis, and
V. W. Chow �World Scientific, Singapore�, pp. 171–176.

Homann, A., A. Melzer, S. Peters, R. Madani, and A. Piel,
1998, Phys. Lett. A 242, 173.

Homann, A., A. Melzer, S. Peters, and A. Piel, 1997, Phys.
Rev. E 56, 7138.

Horányi, M., 2000, Phys. Plasmas 7, 3847.
Horányi, M., et al., 2004, Rev. Geophys. 42, RG4002.
Hutchinson, I. H., 2002, Plasma Phys. Controlled Fusion 44,

1953.
Hutchinson, I. H., 2003, Plasma Phys. Controlled Fusion 45,

1477.

Hutchinson, I. H., 2005, Plasma Phys. Controlled Fusion 47,
71.

Hutchinson, I. H., 2006, Plasma Phys. Controlled Fusion 48,
185.

Ignatov, A. M., 2005, Plasma Phys. Rep. 31, 46.
Iizuka, S., et al., 1998, in Physics of Dusty Plasmas, edited by

M. Horányi et al. �AIP, Woodbury, NY�, pp. 175–178.
Ikezi, H., 1986, Phys. Fluids 29, 1764.
Ishihara, O., 2007, J. Phys. D 40, R121.
Ishihara, O., and N. Sato, 2005, Phys. Plasmas 12, 070705.
Ivlev, A. V., U. Konopka, and G. Morfill, 2000, Phys. Rev. E 62,

2739.
Ivlev, A. V., et al., 2004, Phys. Rev. Lett. 92, 205007.
Jackson, J. D., 1975, Classical Electrodynamics �Wiley, New

York�.
Jana, M. R., A. Sen, and P. K. Kaw, 1993, Phys. Rev. E 48,

3930.
Jellum, G. M., et al., 1991, J. Appl. Phys. 69, 6923.
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