
Abstract. The experimental and theoretical aspects of the dust
particle phenomenon are discussed. The subjects include dust
particle attraction in open systems ( in spite of charges of up to
105 e on individual particles); dust molecule formation; large
(100 eV and higher) values of the dust-plasma crystal binding
energy; self-contraction instabilities (similar to and operating
together with gravitational instability in cosmic structures); free
boundary dust-plasma crystals; new dust attraction mechan-
isms; the growth and agglomeration of dust particles; and the
development of long order in dust plasmas. New estimates for
understanding the fireball phenomenon and star production are
given.

1. Introduction

The subject of the present discussion, namely, plasma-dust
crystals, droplets, and clouds, constitute a very new branch of
research in the formation stage.Most of the experimental data
is new. The aim of the present work is not simply to repeat the
results given in the original experimental works. The reader, if

necessary, can read the original papers cited below. Our aim is
to give comments on these results and to give additional
estimates which will, hopefully, make the physical conditions
within the different experiments more clear.

The comparison of observation with numerical results for
strongly correlated Coulomb systems is not sufficiently
grounded. For this reason, one of the aims of the present
work is to apply the theory of open systems to interpret
various new effects, and then ascertain under what conditions
such assumptions are valid within an experiment. Thence,
using the experimental data, we will give additional estimates
absent from the original experimental works.

In Section 2 of this review, which is devoted to recent
experiments, attempts will be made to provide a mental
picture of the physical processes which should occur under
the conditions of an experiment. Section 3 of this review
covers the newly developed theoretical approaches. In some
cases, we were unable to avoid certain estimates in the
experimental part using well known formulas for dust
charging and dust behavior in a plasma, also given, for
completeness, in the theoretical part of this review. Refer-
ences to these formulas are given in both parts. Also, in some
cases, the experimental part makes use of certain equations
derived in the theoretical part, but only those which were
confirmed recently by numerical 3D simulations (giving a
clear indication to their range of applicability). In Section 4 of
the review, we return to various estimates of Section 2 to
formulate topics for future research.

It is necessary here to outline the physical processes that
occur in a plasma in the presence of dust particles:
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(1) Dust particles can survive for a long time in a plasma,
and even grow, over a wide range of electron temperatures Ð
from several electronvolts up to several tens of electronvolts.
This temperature interval corresponds, in most experiments,
to low-temperature plasmas.

(2) The dust particles which appear in a plasma (by
injection or in situ growth) soon acquire very large charge
corresponding to the floating potential (for an estimate of the
time of charging see below). Dust charge increases until the
thermal electron flux on a dust particle becomes equivalent to
the thermal ion flux. This means thatZde

2=a � bTe, whereTe

is the electron temperature in energy units, a is the size of the
dust particle and Zd is the charge of the dust particle in the
units of electron charge. The numerical factor b appears in
many circumstances to be close to 2 and depends on the
plasma density logarithmically, on the ratio of electron to ion
temperatures, as well as on certain other plasma parameters.
For micron-sized dust particles, electron temperature
Te � 3 eV, and, for hydrogen plasmas, Zd � 104.

(3) The collective influence of the dust particles' electric
field on plasma processes is significant if the dust charge
density (the density of dust charges per unit plasma volume),
ndZd, exceeds the electron charge density, or, in other words:

P � ndZd

ne
5 1 ; �1:1�

where nd is the dust density and ne is the electron density. The
dust charges should be taken into account not only in the
unperturbed state under the condition of quasi-neutrality but
also in the perturbations of this state, such as in all collective
plasma modes.

(4) The electrostatic motion of dust particles is important,
not only because their charge is rather large, but also because
their charge varies in space and time, depending upon the
parameters of the surrounding plasma.

(5) The electric field near a dust particle is nonlinear, but
the screening of this field can be deduced with linear theory
(with only a small error) to be of the order of the Debye
radius, d. For a single dust particle, the standard `sum' of
electron and ion Debye radii is given by

1

d 2
� 1

d 2
e

� 1

d 2
i

;

where de � vTe=op e is the Debye radius of electrons and
di � vTi=op i is the Debye radius of ions. Here, op e; i are the
plasma frequencies of the electrons and the ions and vTe; i are
the electron and ion thermal velocities. In many low-
temperature plasma experiments di 5 de, i. e. the screening is
determined mainly by the ion Debye radius. As a rule, the
radius of the dust particle is much smaller than the Debye
radius:

a5 d : �1:2�
(6) The properties and effects of dust particles in a plasma

vary considerably between the case where the average
distance between particles is larger than the Debye distance,
and the case where the average distance is smaller than the
Debye distance. An important question in connection with
this is whether the dust can be treated as an additional plasma
component Ð one with very heavy and highly charged
particles. In some approximations, for any component to be
treated as a plasma component the number of particles in the
Debye sphere should be large. For plasma electrons and ions,

the number of plasma particles in a sphere of Debye radius,

Nd; e;i � 4p
3

ne;id
3
e;i ;

is much larger than unity, such that the Debye radii of
different plasma particles overlap and the average distance
between them is much less than the Debye radius.

For electrons and ions, a simple estimate shows that the
ratio of the Coulomb interaction (over the average inter-
particle distance) to the average kinetic energy, is of the order
1=N

2=3
e;i . From this relation it is usually concluded that as soon

asNd ! 1, the interactions and correlations between particles
have a tendency to become strong. This is correct for plasma
particles, but cannot be applied directly to dust particles
without further analysis. In other words, one cannot, from
the fact that inter-dust distances are less than the Debye
radius, conclude that the interaction between them is strong.

The strength of interaction can be deduced by judging its
validity as a third plasma-component. For dust to be
considered as such it is necessary to fulfill the relation
Nd

d � �4p=3�ndd 3
d 4 1, where dd � vTd=opd is the Debye dust

radius (opd is the plasma dust frequency and vTd is the mean
thermal dust velocity). For Nd

d 4 1 the Debye dust radius
should be added to the definition of the total Debye radius,
using the same `summing' law:
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:

But under the condition Nd
d 5 1, the dust component is not

playing the role of an additional plasma component. The
Debye radius is thus determined only by the electrons and
ions and the distance between the dust particles can be larger
than the Debye radius making interactions weak. The main
interaction between dust particles would then not be a pure
Coulomb interaction, but a screened Coulomb interaction. It
should be noticed that Debye screening is, itself, a conse-
quence of the Coulomb interaction between many charged
particles.

The above suggests that it is of principle importance that a
dusty plasma is always a multi-component system and not
simply a one component system; it is also, in this case, not a
three component system as the dust is not a plasma
component. The approximation of One Component Plasma
(OPC), widely used in the past for describing strong correla-
tions and phase transitions, is not applicable to dusty
plasmas.

It is useful to write down the condition �4p=3�ndd 3 4 1
under which the dust component can be considered as some
additional heavy, highly charged plasma component in the
form:

�����
nd
p

5 4� 108
T

3=2
d

Z 3
d

: �1:3�

Here the density is in cmÿ3 and the dust temperature is in eV.
For Zd � 104, relation (1.3) corresponds to dust densities
much lower than those used and measured in existing
experiments. Therefore, dd does not enter into the definition
of the total Debye radius and the statement that the
correlations become strong as soon as the number of particles
in the Debye sphere approaches unity is not correct. One can
also recognize that the Debye radius in this case does not
depend onZd, while the interaction considersZd 4 1. Only in
the case where the dust component can be treated as a plasma
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component is it reasonable to consider the strong correlations
in the form investigated in Ref. [1], namely, the strong
correlations in a plasma.

It is important to recognize, not only differences between
states with large and small number of particles within Debye
spheres, but also that the definition of the Debye radius
depends on whether the dust-component can, or cannot be
considered as an additional plasma component. This changes
the estimates indicating where the correlations can be con-
sidered as strong. In the case where the distance between the
dust particles exceeds the Debye radius, and the dust cannot
be considered as an additional plasma component (i.e.
relation (1.3) is invalid), the dust interaction will not follow
the tail of the Yukawa potential [/ �1=r� exp�ÿr=d�] consid-
ered previously in Ref. [2] for strongly correlated plasma [3].

(7) Plasma-dust systems are always open systems, as the
plasma particle fluxes recombining on the dust particles, as
well as the energy fluxes absorbed by the dust particles, need
to be supported by external source of particles and energy.
The rate of dissipation is high with a tendency for the
formation of long lived localized and self-organized struc-
tures.

An understanding of the above, rather simple general
statements, is necessary to follow the analysis of existing
experimental data as well as for the description of new
theoretical concepts.

2. Comments on laboratory experiments

2.1 Plasma-dust crystals
Plasma-dust crystals are very easy to observe, and regular
grain-separation leaves little doubt about their state being
crystalline. Particle positions and the crystal lattices are
observed visually, and fixed in time, using photographic
methods. The important point for discussion is whether
these structures correspond to strongly correlated Coulomb
systems of dust particles, or not. This question will begin to be
discussed in this section.

2.1.1 About the experiments of the Max Planck Institute for
Extraterrestrial Physics (FRG){. These experiments were
initiated at the proposal of G E Morfill{ [4] and were
performed in the Institute of Cosmic Modeling under the
supervision of G Morfill and J Goree}.

In the experiments, the plasma-dust crystals were
observed experimentally for the first time (the first publica-
tion by G Morfill appears in August 1994 [5]). The other
authors of this publication are given in the references. For
simplicity, we will consider these experiments to have been
performed by the Max Planck Institute for Extraterrestrial
Physics, as J Goree, at that time, was a visiting fellow of
Garching Institute, and, as the other authors are postgradu-
ate students ofGMorfill. Detailed results are given inRef. [6].

In presence of the Earth's gravitational field, dust
particles experience gravitational forces and can therefore be
injected into plasmas from above. Such a scheme was used in
experiments [5, 6], in which a preliminary plasma was created
by a HF discharge in argon, at a frequency of 13.56MHz and

a power of 0.4 W, between two flat electrodes with a hole in
the upper electrode used for the injection of dust particles.
This plasma was low-temperature with a low degree of
ionization. A schematic of the experiment, which is now
standard, will not be displayed here.

Before dust injection, the electron temperature was
Te � �1ÿ3� eV, and the ion density was ni � 109 cmÿ3 with
a temperature near that of the room, although direct
measurements were not made. The argument for the last
assumption is the rapid exchange of energy between ions and
neutrals, which collide with the walls of the discharge
chamber. Under these conditions, the density of electrons is
found from the condition of quasi-neutrality, ne � ni ÿ ndZd,
where nd is the dust density and Zd is the charge of a single
dust particle in units of electron charge. The dust density
measured after injection was nd � 4� 104 cmÿ3, and the
inferred dust charge was Zd � 104, which gives the value of
electron density of 6� 108 Ð not substantially different from
the ion density.

The first important parameter which can be obtained
from these data is the parameter P � ndZd=ne � 0:66 [see
relation (1.1)]. This estimate immediately shows the impor-
tant role of the collective effects introduced by the dust
component.

Further estimates show that relation (1.3) is certainly not
valid. The electron Debye radius is equal to de ����������������������
Te=4pnee2

p � 0:043 cm while the ion Debye radius is equal
to di � de=10 � 0:0043 cm, which corresponds to 43mm. The
total Debye radius d, as relation (1.3) is not fulfilled, is
determined by the electrons and ions only, 1=d 2 �
1=d 2

e � 1=d 2
i , and practically coincides with ionDebye radius.

The size of the injected dust particles, a �7� 0:2 mm, which is
much less than the Debye screening radius. The latter is very
important, as, in the limit a5 d, both the experimental data
[7] and the numerical simulations [8] suggest that the charging
and interaction of dust particles and plasma particles, can, to
a good approximation, be described by the Orbit Motion
Limited (OML) approach. The essence of this approach is
that, independently of the distribution of the electrostatic
potential around the dust particle (which can have any
complicated nonlinear structure), using only the energy and
momentum conservation laws, it is possible to find the
bombardment cross-sections of electrostatic interaction
between plasma electrons and ions, and dust particles.

One assumption of the OML theory is that the plasma
particles which have impact parameters equal to, less than,
that for which they touch the dust particle tangentially, are
absorbed by the dust particle, and all other plasma particles,
with impact parameters larger that this critical value, are not
absorbed by the dust particle. This approach is heavily used in
the present literature. A more detailed description is post-
poned until the theoretical part of this review.

Using the OML approach we are able to obtain two
important estimates: the charge on the dust particles and the
charging time. These values are needed for a general descrip-
tion of the physical conditions within the experiment under
discussion. For the experimental data given above the OML
approach gives Zde

2=aTe � 2:18 which merely fixes the
numerical coefficient in the expression for the charge of the
dust particle which was already obtained from the concept of
floating potential. The calculations then give the value of the
chargeZd � 104 which coincides with that given in Refs [5, 6].

The characteristic time for the charging of dust particles,
tch, is given by OML to be nch � 1=tch � 3:18op ia=

������
2p
p

d �

{ Max-Planck Institute fuÈ r Extraterrestrische Physik, 85740 Garching,

Germany.

{DLR, Institut fuÈ r Raumsimulation, 51140 KoÈ ln, Germany.

}Department of Astronomy, the University of Iowa, Iowa City, IA 52242,
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1:3� 106 sÿ1. From this expression it is clear that the charging
time is extremely short and that the dust particles become
charged very quickly after falling into the discharge chamber
(the maximum dust velocity is estimated as several cm sÿ1).

Falling dust particles meet at the lower electrode where
the electric field has the same nature as that near the surface of
a dust particle due to its charging: the thermal electron
velocity is much larger than the thermal ion velocity such
that the electrons are the first to reach the lower electrode
from plasma, charging it up to the value when most of the
electrons will be reflected by the electric field created by the
charging, and this process is continued until the flux of the
electrons becomes equal to the flux of ions. This electric field
is screened by a distance of several Debye radii and is usually
called as a double layer structure. One difference from the
dust is that the lower electrode is flat, or, more precisely, its
radius of curvature is much less than the Debye radius, while
for a dust particle this relation is the opposite.

The potential of the lower electrode is nonlinearly
screened and is approximately 7 times greater than the
electron temperature (in the same energy units). The electric
field acting on a dust particle in the double layer can
compensate for the force of gravity when the dust particles
are not very heavy. Thus the formation of a dust cloud at the
lower electrode from the injection of dust particles through a
hole in upper electrode can be understood in the following
way: the first injected dust particles find their equilibrium
positions in the lower layer where the gravity and electric
forces compensate for each other, usually several Debye radii
above the surface of the lower electrode; this layer is, in some
sense, a foundation for the dust cloud since the subsequent
layers are `supported' by this first layer. The higher the
position of the subsequent layer the less is the influence of
the electric field of the double layer.

Such levitation has been observed in many experiments. It
seems to be important that, in the lower layer, not only the
gravitational force acts on the dust particles, moving them
through the chamber, but also the force due to ion drag (due
to the ion flux in the double layer)

Remembering that the negative charge on the lower
electrode grows until the electron thermal flux is equal to the
ion thermal flux, giving a stationary recombination rate of
plasma particles on the electrodes. A similar constant rate of
recombination also occurs on dust particles. This recombina-
tion in the dusty plasma volume and on the electrodes is
compensated by the HF ionization rate which supports
constant densities of electrons and ions in the plasma volume.
Thus, the electric force in the lower double layer is working
against both the force of gravity and the ion drag force. A
double layer also exists near the upper electrode, but due to
the injection procedure, the dust particles need time to receive
the charge for the electric force to work.

In the case of dust creation within the plasma-volume, the
dust clouds should appear at both electrodes, but at the upper
electrode only in the case where the ion drag force is larger
than the gravity force. Since the drag force and the gravity
force at the upper electrode work in opposite directions, the
upper cloud should always be thinner than the lower cloud
which is exactly what is observed in some experiments [9]. It is
not, however, observed in the experiments under discussion
because a different injection method is used.

An important observation of Refs [5, 6] is that the dust
particles were automatically finding their place in the layers
with a fairly fixed spacing between them. The whole structure

sustains 18 layers. In fact, the observations show that this
structure is a crystal structure in which, in each layer, the dust
particles form a hexagonal structure, and, between the layers,
the particles are positioned one above the other, i.e. the lattice
was hexagonal within the plains and cubic between the plains.

The average distance between the dust particles is easy to
find from the given value of the dust density, d. We find
d � 250 mm which corresponds to (6 ± 7) Debye radii. It is
necessary to emphasize that d is much larger than the Debye
radius.

The temperature of dust particles Td, determined experi-
mentally as the energy of the Brownianmotion of the particles
around their equilibrium positions in the crystal, is close to
room temperature. This is expected since the dust particles
have a high rate of collisions with neutrals which are at, or
near, the room temperature.

Let us comment on these observations. The appearance of
a regular crystalline structure is an established fact of
experimental observations and it is possible to focus on an
interpretation of this result. Themain question is whether, for
the parameters given above, the interpretation can be made
on the basis of strongly correlated Coulomb systems, and,
moreover, whether one can use the approximation [1] of the
OPC approach for describing the transition to the crystalline
state. The results of OPC method used in Ref. [1] were
obtained only numerically with Monte Carlo method using
periodic boundary conditions and a Debye screening radius
less than the mean inter-dust distance, or, at least of the order
of the mean inter-dust distance.

Due to the absence of anything better, the experimental
results were compared only with Ref. [1]. Nevertheless, we
will reproduce some such comparisons here and show why
such comparisons do not correspond to the physical situa-
tion, which, according to the experimental parameters given,
should be present in experiments.

Following Ref. [1], let us introduce parameter G as a ratio
of pure (without Debye screening) electrostatic energy of
interaction between dust particles at a distance of the crystal
lattice constant d (equal to the average inter-dust distance,
which, as was mentioned, is larger than the Debye radius) to
the dust kinetic energy Td, i.e. G � Z 2

d e
2=dTd. According to

the numerical results of the Monte Carlo simulations [1], the
transition to the crystalline state should occur for
G > Gcr � 170. For the parameters of Refs [5, 6] given
above, G � 2� 104 which is certainly larger than the critical
value of Gcr. This fact itself raises doubts about the possibility
of such a comparison.

First of all, the average distance between dust particles is
much larger than the Debye radius and if one uses the
Yukawa type, not the Coulomb type interactions in G (the
potential with the Debye screening taken into account in
Coulomb interactions instead of a Coulomb potential with-
out Debye screening, Zde=d), we get, in G, an additional
factor at least of the order of 10ÿ5 (if d � 6d). Then, G will be
small even compared to 1, not 170 as in Ref. [1].

The screening of dust particles is nonlinear since the
potential on the surface of a dust particle is 2:1� Te and the
expansion, using the parameter ef=Te, is not permissible.
This nonlinearity, however, changes the estimates only
slightly as the nonlinearity occurs only close to the surface
of the dust (of the order of a) and at distances d5 a. The
relative change of densities due to nonlinearities is also small.

The numerical simulations [8] show that the screening of
the Coulomb fields around dust particles with a size much less
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than the Debye radius and at distances of the order of the
Debye radius, is, to a good approximation, described by
linear Debye screening. However, at distances larger than the
Debye radius, other types of interaction become important
which are related to the openness of the system and the fluxes
of the plasma particles on the dust particles. These will be
discussed in the theoretical part of the review. Here we can
only mention that for agreement between the numerical
results of Ref. [1] and the experimental results of Refs [5,
6], it is necessary to assume either that, due to experimental
uncertainties, the screening radius is of the order of the
lattice constant, or, to suppose that the close packing of
many dust particles can change the screening radius such
that it is not correct to use the value estimated for isolated
dust particles. Both assumptions seem unconvincing, and
before making them, one could avoid the simple interactions
occuring at distances larger than the Debye radius by
considering the openness of the system. We will discuss
these possible explanations for the experimental results
later, after we have described the corresponding theoretical
concepts.

It appears that the simple physical interpretation is much
more appropriate for describing the observational data in the
limit d4 d. We emphasize here that the results [1], for one
component plasma, are not applicable for multi-component
plasma where the Debye radius is not directly related to the
strength of interaction.

It should also be noted that Ref. [1] contains not only the
above mentioned numerical results for OPC, but also a
description of some theoretical approaches for phase transi-
tion to the solid state obtained by selective summing of the
chain of perturbation theory for correlation functions.
Although this completely theoretical approach gives similar
results to those of numerical simulations, it is only its
correspondence to the numerical results that justifies it, and,
therefore, these theoretical results are not used for compar-
ison with experimental data.

One essential point of the partially analytical results of
Ref. [1] should however be mentioned here. It is that in the
analytical calculations the exchange of quantum energy in
interactions between particles is taken into account. This is
natural for such quantum objects as traditional crystals as
only the exchange interactions can formulate the attractions
necessary for the existence of free boundary crystals.

In numerical Monte Carlo OPC simulations, the problem
of attraction between single atoms (or ions) is hidden by
considering an infinite crystal and using the periodic bound-
ary conditions. In this case, the problem of a crystal with free
boundaries does not arise since the ion charge is, on average,
compensated by oppositely charged particles.

For a charged dust particle, only classical effects are
important as the Bohr radius is much smaller than a size of
the dust particle. Also, it is important that the charge on the
dust particles is large (up to 105e).

A natural question is whether classical mechanisms for the
attraction of dust particles are possible. We will show below
that classical attractions do indeed appear between dust
particles and that this attraction is due only to the openness
of the system. We will discuss this point in detail in the
theoretical part of this review.

We should clarify not only the physicalmechanismswhich
make the attraction possible for distances greater or less than
the Debye radius, but moreover, we should indicate the
existence of a possibility for using the mechanism of this

attraction for an interpretation of the experimental results
discussed above, and also show the possibility of the existence
of plasma-dust crystals within a free boundary system. This
type of interpretation can be experimentally confirmed by
looking at plasma-dust crystals formed in micro-gravity (that
is in cosmic experiments). It should be mentioned that in the
laboratory experiments [5, 6] the plasma-dust crystal was
supported both from the bottom, by the electric field of the
double layer, and from the sides, as the parallel electrodes are
finite. So, the crystals produced were not crystals with free
boundaries.

In connection with this problem, it is necessary to say a
few words about self-organization processes. What is inter-
esting in the experimental observations is the constancy of the
separation of the dust particles in the dust-crystal state. One
question is whether this constancy is supported by the fact
that the particles used in experiments are (approximately)
mono-sized. The dispersion of sizes of the injected dust
particles is, in this experiment, a relatively small, �0:2 mm,
for the average size of dust particles of 7 mm.

The charge on the dust particles, however, depends not
only on their size but also depends logarithmically on the
density and temperature ratio of surrounding plasma
(according to the OML approach). The plasma under
discussion is rather inhomogeneous in the region of the
plasma crystal. It is also well known (see Ref. [10]), that the
ionization by the HF field is very inhomogeneous. More-
over, the plasma parameters in the double layer, in which a
substantial part of the plasma-dust crystal is situated, are
variable. Finally, the crystal itself is not a weak perturbation
to a preliminarily prepared plasma (remembering that
P � 1) and thus the crystal changes the plasma parameters
differently in the part of the crystal situated completely in
the double layer from the part of the crystal which is far
from the double layer, where the electric field is much
different.

The appearance of this very rigid regularity in the spatial-
distribution of dust particles in the plasma-dust crystal, where
the different dust particles are present under very different
plasma conditions, is only puzzling if one does not call to
mind the possibility of the natural self-organization of dust
particles. Recall that the variation of the charges can be as
high as a factor of 2, whereas any changes in the dust
separation within a factor of 4 are not observed.

The possibility of self-adjustment and self-organization
increases when the dust separation is larger than the Debye
radius (this will be shown in the theoretical part of the present
paper). In the latter case, the interaction due to the openness
of the system is much more dependent on the local plasma
parameters (not logarithmically as for the dust charge) and
therefore small changes in the local plasma parameters can
support the self-organization processes.

We intend to consider the possibility of the formation of
the plasma-dust crystals for dust separations larger than the
Debye radius, withmechanisms different from strong correla-
tions. This possibility seems to be a new one.

A final understanding of the relationship between the dust
separation and the Debye radius, however, can only be
obtained experimentally. There is no reason to suppose that,
in addition to crystals with a large ratio of Debye radius to
dust separation, there cannot also exist plasma-dust crystals
with a low ratio of Debye radius to dust separation. These
crystals, however, seem to exist only in strongly correlated
systems, similar to those discussed in Ref. [1].

January, 1997 Dust plasma crystals, drops, and clouds 57



2.1.2 About the experiments of Chungli University group
(Taiwan){. The publication of the Chungli University group
[11] appears almost simultaneously with the first publication
[5], being only slightly later (the more detailed publication of
the Max Planck Institute for Extraterrestrial Physics group
[6], which we discussed above, appears slightly later than Ref.
[11], but the priority of Ref. [5] is without any doubt). The
experiments [11] also use argon gas. In contrast to experi-
ments [5, 6], however, where the dust particle are injected with
very fixed sizes, in Ref. [11] the appearance of dust particles is
a result of chemical reactions within the plasma volume. The
dust particles are created as result of the recombination of
molecular complexes of SiO2, with subsequent agglomera-
tion. Particle sizes increase continuously during the chemical
reactions until the dust particles are micron-sized (or of that
order). The distribution of sizes is, therefore, not narrow.

The size dispersion does not prevent the appearance of
large negative charges on the dust particles and their collection
close to the lower electrode. The configuration of the HF field
confines the charged dust particles such that the observed
plasma-dust cloud is not a cloud with a free boundary.

The discharge is supported by an HF field at the same
frequency as in Refs [5, 6], 13:56MHz. The ion density is also
of the same order of magnitude as in Refs [5, 6],
�109 ÿ 1010� cmÿ3. Although the sizes of dust particles can
vary substantially, the observations show that a very regular
crystalline structure forms with particles of almost equal sizes
Ð about 10 mm. The observed lattice is a centered cubic with
180 mm and 130 mm sides. The last value corresponds to the
distance between the planes of the cubic structure and the
central particles. In a single plane, the particles have positions
in the square corners. In the next plane their positions are at
the center of the square. Domains with such a structure
coexist with domains with a hexagonal close-packed struc-
ture, where, in one plane, the particles have positions in the
corners of triangles, and in the next plane the particles also fall
in the corners of triangles, just shifted such that the corners
fall over the centers of previous triangles, in line, and in the
same direction, plane-by-plane (fcc alternates every other
plane).

The lattice constant in the first plane is 160 mm, and the
distance between the planes is 130 mm. An estimate for the
screening radius is not given in Ref. [11], but as the ion
concentration is somewhat larger than in Refs [5, 6] we can
conclude that the Debye radius is somewhat less than in Refs
[5, 6] but still somewhat larger than the dust size. The ratio of
the lattice constant to the screening radius is even larger than
in Refs [5, 6].

In Ref. [11] the process of melting in plasma-dust crystals
is observed for the first time, showing an increase in the
thermal motion of the dust particles, and/or an increase in the
fluctuations of the collective fields. These two types of
Brownian motions should be related. In plasma-dust crystals
there may exist a new mechanism of melting related to
fluctuations of dust charge (such a mechanism is impossible
for ordinary atoms and molecules). In experiments [11],
concerning ordinary first order transitions, it is shown that
after the melting of a plasma-dust crystal, the distant ordering
in the pair correlation function disappears, while the nearby
ordering remains. Also, a decrease in neutral gas pressure
decreases the neutral friction of dust particles while increasing
the dust temperature.

On the surface of the dust particles the potential is
approximately equal to twice the electron temperature (this
appears in the OML approach), and thus, at a distance of the
order of the lattice constant (which is 15 times larger than the
dust size), the potential will be 7:5 times higher than the
electron temperature. Accepting that the electron tempera-
ture is 2 eV (in Ref. [11] an estimate of the electron
temperature is not given) we estimate the potential in the
place where the other dust particle should be present is
3.75 eV. Accepting the minimum possible charge on the dust
particle as 3� 103e, we find that the energy of interaction
without screening is Zd � 3:75 eV � 10 keV. This estimate
once more emphasizes that Debye screening is very important
as the obtained interaction, without screening, seems to be
enormously large. Taking into account the Debye screening
and also the fact that the Debye radius in Ref. [11] is
somewhat less than in refs [5, 6] (approximately 2ÿ3 times),
one finds that the interaction energy is too small to satisfy the
criterion [1] for transition to the crystalline state. An increase
of dust kinetic energy due to a decrease in the neutral-gas
friction (appearing in the case where the pressure of neutral
gas is decreased) can be explained only if one supposes that
the thermal dust fluctuations are suppressed by friction with
neutrals, and that the charge fluctuations, or the interaction
between charged dust particles, is the source of these
fluctuations. If this is the case, a decrease in such interactions
by 5 ± 6 orders of magnitude, appearing due to Debye screen-
ing, also contradicts the observations. The only remaining
possibility concerns more detailed dust-dust interactions at
distances larger than the Debye radius (the references to
recent papers in which such a consideration is made are
given in the theoretical part of this review).

2.1.3 About the experiments of the Kiel University group{. The
experiments [12] are devoted to a direct measurement of the
charge on dust particles in the plasma-dust crystal. The
necessity for such measurements is dictated by several
circumstances. Firstly, as was already mentioned, the dust
component in the plasma volume cannot be considered as a
weak perturbation to a preliminarily prepared plasma (P � 1)
as it can substantially change the profile of the potential in the
plasma, which itself determines the charge on the dust
particles. Secondly, an increase in dust density should
decrease the charge on the dust particles as particles would
screen the plasma fluxes to the other dust particles. The role of
fast electrons here increases due to the shadow effect, and they
begin to accumulate in the plasma volume. Also, the presence
of different electrostatic fluctuations accelerates the electrons
and these non-thermal fast electrons can be present in the
double layer in which the crystal is partially situated.
Electrostatic fluctuations and electrostatic turbulence are
detected in Ref. [11].

The direct measurement of the charge on dust particles in
the plasma-dust crystal can answer the question concerning
the charge equilibrium in real experiments, with many dust
particles interacting. The scheme of experiment [12] is similar
to that of Refs [5, 6] Ð the HF field frequency is 13.56 MHz,
the ion density is also almost the same, ni � 2� 108 cmÿ3, and
the relative contribution of dust component in the quasi-
neutrality condition is not less than in [5, 6], which is related to
the lower value of the dust density (approximately one order
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ofmagnitude less than in [5, 6]), namely, nd � 1:4� 103 cmÿ3.
Nevertheless, the directly measured charge on the individual
dust particles appears to be 5 times larger:Zd � 105, such that
ndZd � 1:4� 108. The charge was measured directly with the
balance of the electrostatic and gravitational forces (more
exactly by deviations from this balance) and by the resonance
frequency determined by the ion density in the double layer.

The dust particles, 30 mm in diameter, injected into a
plasma volume are larger than in the two experiments
described earlier. This itself should increase the charge on
the individual dust particle by 4:3 times (according to the
OML approach); the observed increase of the charge was by 5
times. The Debye radius is measured to be 90 mm, 3 times
larger than the dust size. Finally the lattice constant is
880 mm, exceeding the screening radius by a record
number Ð approximately 29 times.

All of the above discussed questions in connection with
the relation between the lattice constant and the screening
radius are, in this case, much more serious. They will be
discussed in the theoretical part.

2.1.4 About the experiments of the Oxford University group
(UK){. No experimental papers have yet been published by
the University of Oxford, although several are currently
being prepared. Early results [13] are available in which the
parameters of the installation used are very similar to those
described above. One remarkable difference from the pre-
vious experiments is the absence of any control on the size
and morphology of the injected dust particles Ð the particles
used are taken from a laser printer (toner) which has a very
complicated structure (probably fractal) and range in size
from 0:3 to 30 mm. The latter means that the charge obtained
by the different dust particles will very considerably, which,
one suspect, would alter the interactions between the
particles. Despite this, a well ordered plasma- dust crystal is
observed. This fact is itself a good indication of the
development of self-organizing processes in which the local
changes of the plasma surrounding the dust particles
equalizes the dust interactions (obviously such a process
should become energetically favorable). Nevertheless, the
difference in suspended dust sizes is indicated by the
interactions between the dust particles and the laser radia-
tion. In other words, the crystal is indeed formed from dust
particles of different sizes which is a rather interesting
phenomenon.

It should be mentioned that, in the group of Chungli
University, the sizes of the dust particles are also not
controlled, but the measurements are made on the size of
dust particles which actually take part in formation of the
crystal. These sizes are, in the Chungli group, almost the same
for all particles in the crystal.

One might expect a separation of dust particles of
different sizes as the force of gravity acting on heavier dust
particles is larger. This natural selection may also be present
in the experiments of the Oxford group, but the interaction
with the laser radiation shows that the sizes of dust particles
do differ.

A more detailed experimental investigation of the inter-
action of laser radiation with dust-particles and dust crystals
in a plasma is currently underway. Mono-dispersive particles
are employed to quantify the effect, and ascertain its cause Ð

radiation pressure, thermal forces, etc. At present, radiation
pressure is the more likely cause.

In Ref. [13] the behavior of a plasma-dust crystal in the
presence of low frequency potential oscillations, in both
planar and perpendicular directions, are observed. Non-
synchronous oscillations indicate the propagation of low
frequency modes of the sound type. Dust convection in non-
uniform fields is also observed, which will be studied in depth
over the next year.

2.1.5 About the latest experiments of the Max Planck Institute
for Extraterrestrial Physics (FRG). The aim of the experi-
ments [14] is to investigate phase transitions in dusty plasmas,
from the crystalline state to the state of complete disorder.
Along the direction of the force of gravity there should exist
both translational order and the orientational order. The
corresponding translational and orientational pair correla-
tion functions, according to Ref. [14], have a different
behavior during the phase transitions. A decrease in the
neutral gas pressure, as was already mentioned, increases the
kinetic energy of dust particles, which they receive due
collisions with neutrals. It is observed that the decrease of
the translational order can be accompanied by an increase in
the orientational order. An increase in crystal defects was also
identified, which was accompanied by substitution fluxes of a
convective type.

These investigations are the first of their kind into the
process of self-organization in open systems. Of most interest
is the recent investigation [15] analyzing the behavior of a
small number of dust particles. Although one-dimensional
crystals are impossible, the external potential barriers make it
possible to organize the particles in such away as to produce a
chain of particles on which one can observe the Bloch type
wave propagation. Similar experiments were performed with
two dust particles which approach, over time, equilibrium
positions with a definite distance between them. This distance
was larger than the Debye radius but not so large that the
external fields worked to confine them and define the
equilibrium distance.

If the interpretation of these observations is correct they
constitute an experimental proof of the existence of attractive
forces between dust particles at distances larger than the
Debye radius. For this interpretation to be correct it is
necessary that the potential of the two dust particles, at
distances much larger than the Debye radius, be of the
molecular type, i.e. repulsive at small distances and attractive
at large distances. Such potentials indeed appear and will be
described below.

2.1.6 About the experiments of the High Temperature Institute
group (Russia){. In experiments [16] macroscopically ordered
systems were first observed in plasmas of Ne. The character-
istic features of the observations are that the structures appear
only in regions with high electron temperatures and high
electron densities. The average distance between dust parti-
cles was of the order of 300 mmwhich is somewhat larger, but
close to the inter-dust distance in the experiments of the Max
Planck Institute for Extraterrestrial Physics.

A rather large charge on each dust particle, of the order of
Zd � 7� 105, is also observed, probably due to the relatively
large size of dust particles (up to 60 mmÐ twice as large as in
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the experiments of the Kiel University group). The Debye
radius is much less than the average inter-dust distance but
close to the size of the dust particles (in some cases the Debye
radius is even less than the size of dust particles). The
observed structures are not exactly ordered, as in other
experiments, which is probably related to the large inhomo-
geneities. The structures are observed in that part of the strata
where the electron density is large, 109 cmÿ3, which is close to
the value of the electron density in the other experiments.

2.2 Plasma-dust clouds in plasma surface treatment
The number of experiments concerned with the treatment of
the surfaces of materials using plasmas is very large. Topics
include, among others, the coating of surfaces with thin films
and plasma etching for the production of computer chips. The
physical processes in these different experiments are quite
similar. We consider here, in detail, the plasma HF etching
conditions which, in the above, seem to be of the largest
practical importance.

Investigation into the formation of dust clouds in the
processes of plasma etching was started, only recently, in the
works [17, 18], where laser scattering from dust in the
discharge chamber was used for the detection of dust clouds
levitating above the etching wafers. The first proof that such a
dust clouds could in fact be plasma-dust liquid drops was
given in Ref. [19]. Of drops we have in mind states similar to
plasma-dust crystals but in a liquid state rather than crystal-
line.

In Ref. [20] it was shown that the etching products
injected, during etching, into the plasma volume, can also
form layered structures in which each layer is some kind of 2D
plasma-crystal. The structure and the particle separations,
however, may vary from one layer to another such that the
size of the dust particles decreases with height. In a sense these
works are similar to those on plasma-crystals but the density
of dust appears to be much higher; the dust is formed
naturally; and all of the problems have specific practical
hindrances Ð few possibilities for changing devices and
difficulty in performing diagnostics. The formation of these
structures is inevitable and undesirable as a natural contam-
ination in the production procedure. We will give only a
general description of the problem and shortly discuss the
three mentioned works as having principal importance, not
only for etching, but also formany other experimental devices
in which the low-temperature plasmas come into contact and
interact, with the surfaces surrounding a discharge volume.

2.2.1 A general review concerning the formation of dust
particles in low-temperature plasmas and in experiments on
plasma etching. The first discovery of the presence of dust
particles in the low-temperature plasmas of gas discharges
was made far back, in 1924, in a pioneering work of
Langmuir [21]. The most detailed and recent investigation
into the role of dust particles in positive columns of gas
discharges was performed in Ref. [22].

At the present time it is confirmed that most low pressure
plasma discharges contain a relatively large, well confined
dust component. This confinement is due to the appearance
of negative charges on dust particles which approach the
floating potential, as well as to the presence of negative charge
on the walls of the discharge chamber. The appearance of the
latter has the same cause. The potential barrier between the
volume and the walls for electrons is approximately Te (in
energy units), but for dust particles with a charge Zde this

potential barrier will be ZdTe. As a rule, the dust particles
quickly lose their kinetic energy in collisions with neutrals, the
density of which in low-temperature plasma is usually 5 ± 6
orders of magnitude higher than the density of electrons or
ions. The condition for dust confinement, ZdTe > Tn � Ti, is
rather well satisfied in gas discharges.

The source of dust particles is the evaporation of macro-
particles from the surface of the discharge chamber. (This
serves as a source of dust particle in any discharge, not only
those invented for etching, though for etching this source is
very effective.) The rate of dust injection depends substan-
tially on the properties of the surface Ð its chemical
composition and temperature, among other parameters.
These parameters can change over the duration of discharge.

The difference in the behavior of dust particles between
the DC discharge and AC HF discharge used in industrial
etching is not very significant as the frequencies usually used
are of the order of several tens of MHz. At these frequencies
the dust particles do not have time to react to the rapidly
changing HF field. The HF field force is usually small
compared to the DC electric field force.

In the process of etching there exist two sources of dust
particles. The first source is related to an over-saturation
within the volume of the discharge of vapors of the materials
used for etching. This creates macro-particle drops by
sublimation. As a rule, in chemically active mixtures dust
particles may be born from chemical reactions. Another
source of dust particles is the process of etching itself.

Let us describe in a very rough and simple manner the
principle of the etching mechanism used in most of the
industrial installations for the formation of computer micro-
schemes. As was mentioned earlier, the double layer formed
in a gas discharge close to the wall (and also close to the wafer
which is used for etching) repels the electrons and accelerates
the ions. The ions traversing the double layer cross the
potential difference of the order of the electron temperature,
which is much higher than the ion temperature, i. e. the ions
receive energy comparable with electron temperature.

The sample for etching has a mask and the ions (of the
naturally appearing ion flux) approaching the sample,
bombarding it, should create a local temperature of the
order of that necessary for welding thematerial of the sample.
This inevitably leads to evaporation and injection of non-
spherical fragments of etching into the plasma volume.

The physics covering the appearance of the ion flux is the
same as that which leads to the formation of the double layer
and the levitation of dust particles. Also, the process of
electrode erosion (electrodes are usually made from metals
or graphite) contributes to the injection of macro-particles
into the plasma volume.

Laser scattering can be used to detect the dust particles
from the size of 0:01 mm, but practically, the most widely used
method for the detection of dust particles starts from the size
of 0:1 mm. One can follow, starting from this size, the
evolution of the dust particles and answer the question of
whether they are growing or not. The general answer is that
they are almost always growing but the stage of growth
depends on the rate of injection of new dust particles and
the agglomeration of smaller particles into larger ones.
Usually, the etching time is sufficiently long to observe the
dust particles growing to a size visible to the naked eye (up to
103 mm).

The mechanism of growth of dust particles is not well
understood, but obviously it is the recombination of electrons
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and ions that leads to the deposition of material onto the
surfaces of the dust particles. This process is an inevitable
factor related to the ion and electron fluxes appearing from
the adjustment of the potential of the dust particle to that of
the floating potential which leads to the appearance of charge
on the dust particles. The ion thermal flux, according to the
OML approach, is approximately 2:1� Te=Ti � 102 times
larger than the geometrical ion flux, and is sufficiently high to
explain the observed rate of dust particle growth at stages
where agglomeration is not effective. This rate is of the order
of seconds, and for etching processes taking a long time, the
time interval of 1 s is rather short. The observations indicate
that after such durations from starting of the etching process,
the measured dust density is already up to 108 cmÿ3, with dust
particles sizes of about 0:1 mm. This value of the dust density
is at least four orders of magnitude larger than in the
experiments on the plasma-dust crystals. Therefore, the
ratio of ndZd to ne is much higher than that of the previously
discussed experiments on plasma-dust crystals, P � 10 ± 102,
such that the collective effects introduced by dust are much
stronger. One can expect that, in this case, the concept of an
independent charging of dust particles is not quite appro-
priate. The subsequent growth of a dust particle can appear as
an interchange between the processes of material deposition
and dust particle agglomeration. A detailed physical under-
standing of these processes is still absent. It is only known that
the dust particles always continue to grow; that they can
become, in some stages, perfectly spherical, starting from
completely nonspherical shapes, and can, in other stages,
form fractal-like structures, probably due to dust agglomera-
tion. These fractal structures often look like cauliflowers (see
Fig. 1). Most experiments find the appearance of such
structures in the final stages of etching. The process of
agglomeration, which can lead to formation of such struc-

tures, is still a puzzle since the presence of dust charges should,
at the first glance, prevent agglomeration.

It should be mentioned that an increase in dust size
increases the charge on a dust particle, and at close distances
(the Coulomb repulsion is proportional to the square of the
charge of the two interacting dust particles) one should expect
that other, non-electrostatic, forces should be included. In the
theoretical part, we will try to give examples of such attractive
forces and to explain the phenomenon of agglomeration.

Up to the present time only a single explanation has been
proposed for agglomeration. It is also possible to show that,
in open systems, agglomeration is energetically favorable. All
this will be discussed in the theoretical part, but here we
should mention a practical aspect of the problem, that
agglomeration is the main obstacle in the production of
computer micro-schemes of necessary quality, and is, at the
present time, the main problem in the further miniaturization
of computers. The latest results concerning the struggle with
this problem are given in Ref. [23].

In the experimental conditions of the continuous growth
of dust particles and their continuous injection into a
discharge chamber, the density of dust particles reaches such
a value that the collective processes become dominant and the
correlations of dust particles become strong. One can con-
sider the possibilities of the formation, in these conditions, of
plasma-dust liquid drops and plasma-dust crystals. But the
situation becomes more complicated as the charge on dust
particles grows with the first power of the dust size, and as the
mass of particles grows with the cube of their size. Because of
this, the heaviest particles would be concentrated near the
lower layer closest to the etching wafer.

The main question is whether the largest particles will
continuously fall on the wafer as soon as their sizes becomes
large enough and they become heavy enough not to be
levitated in the field of the electric double-layer above the
wafer, or whether the subsequent dust layers can `support' the
lower ones if the structure is of a crystal type, until suddenly
the whole structure falls onto the wafer. In the first case, the
contamination is continuous, but in the second case, it is
sudden and disruptive. With this in mind, the practical
answers concerning contamination during etching depend
upon an understanding of the dust-crystal properties as well
as on an understanding of dust-dust interactions. At the
present time, there does not exist a clear understanding of
the physics of dust growth and dust interaction. The struggle
against dust contamination is, at the present, only made by a
post-etching assessment of wafers for quality.

One physical relation of interest is whether the mean dust
separation in etching experiments is larger or smaller than the
Debye radius Ð a question which can be answered with our
present knowledge of etching data. Here, it is necessary to
emphasize the large difference between the experiments on
plasma etching and those of plasma-dust crystal formation,
although some phenomena are common to both. The main
difference is in the much larger dust density in the etching
experiments. In the case where the dust density is of the order
of 108 cmÿ3 (as it is the case in some of the experiments
described above), the average distance between the dust
particles is d � �3=4pn�1=3 � 10 mm, while the Debye radius
is about 50 mm, i.e. the Debye radius is much larger than the
inter-dust distance Ð opposite to the conditions where the
plasma-dust crystals are formed. The criteria (1.3), for
etching, is also not fulfilled, which means that the Debye
radius is equal to the ion Debye radius. There are some

Figure 1. Photograph of a dust particle, obtained by low voltage scanning

electron microscopy. The dust particle was grown in a helium plasma with

graphite electrodes, using an HF discharge of 15 MHz and a pressure of

1 torr [25].
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etching experiments where the inter-dust distance is compar-
able to theDebye radius, but on average, the relation between
them is opposite to that for plasma-dust crystals.

One unresolved problem is whether the observed dust
structures have free boundaries or not. There is more evidence
for the first possibility than for the second.One should have in
mind that the ambipolar double-layer field exists only close to
the walls of the discharge chamber, which can help with
confinement. The free boundary structures should therefore
be somewhat separated from the walls, as is usually observed.

Complications arise from the rather complex structure of
the distribution of ionization rate by HF fields, which makes
rather uncertain the conclusion that the observed structures
have free boundaries. For free boundaries to exist, it is
necessary for some kind of surface tension to be present.
The latter should be related to dust attractionwhich should be
present, both in the case where the average distance between
the dust particles is less than the Debye radius, and where the
opposite is true. We will discuss these problems in the
theoretical part. One should also have in mind that though
the average distance between dust particles inside the dust
cloud may be less than the Debye radius, in the outer part of
the cloud it may be larger than the Debye radius.

Only in exceptional cases do etching processes create dust
clouds with a regular spacing of dust particles. Due to the
strong interaction between dust particles, experimentalists are
in agreement that the observed clouds in etching experiments
correspond to plasma-dust liquid drops. From the point of
view of observations, the structures observed are indeed
similar to liquid drops levitating above the etching sample.
Since the average distance between the dust particles is less
than the Debye radius, it seems to be more appropriate to use
the Monte Carlo numerical simulation results [1] for a
strongly correlated system, although the problem of how
one applies the results of the OPC to the system which is, in
principle, multi-component, still remains. Nevertheless, at
distances less than the Debye distance, the electrostatic
interaction is only Coulomb, and this gives some argument
for using [1], although, as we will see in the theoretical part,
the interaction with the neutral component of the gas is also
very important and can lead to dust attraction. Postponing
the consideration of the neutral component, we will estimate
here only the electrostatic interactions and find whether
criterion [1] is fulfilled.

According to experimentalists' opinion, the charge on the
dust particles in etching experiments (although their density is
high) is not less than the value given by the OML approach,
which is Zd � 102. This implies that the parameter
G � Z 2

d e
2=dTd � 50 < 170. Usually, according to Ref. [1],

the experimentalists consider the case 15G < 170 as a
system of strongly interacting particles where the interaction
is not sufficient to form a crystal but sufficient to form a
liquid. From this point of view the concept of liquid drops as a
model of plasma-dust clouds observed in etching experiments
is the proper model to understand the observed phenomenon.
But the main problems remain Ð whether the drop is
separated from the walls, and what the nature of surface
tension is? A liquid drop can only form in the presence of
surface-tension. There is also the question of weather the drop
has a free boundary. None of these problems can be solved
before the forces introduced by dust interaction with neutrals
(see below) are understood.

Recent experimental results on dust structures observed in
etching experiments are collected in Ref. [23]. In most cases,

the surfaces of plasma-dust structures are separated from the
walls which may indicate that these structures have free
boundaries.

We will stop the discussion at this point, however, as the
aim of this review was merely to explain the similarities and
differences between the different types of dust structures
observed in the different experiments. We will consider now,
in more detail, those experiments which shed some light on
the principle physical questions:

(1) Do the dust structures have sharp boundaries?
(2) Are they plasma-dust liquid drops?
(3) Under what conditions do these structures become

dust-crystal±like structures?

2.2.2 About the experiments of the IBM group (USA){.
Experiments [17, 18, 24] were the first to outline the problems
of natural wafer contamination due to dust structure forma-
tion, in the process of etching. Industrial technologies require
clean vacuums during the etching of wafers to avoid dust
contamination. For this reason, production is made in
clinically clean compartments which prevent the precipitation
of any dust. InRefs [17, 18] it was pointed out that the process
of etching itself may naturally lead to the appearance and
growth of macro particles over time, spoiling the quality of
the etching wafers.

Starting from papers [17, 18, 24], laser scattering diag-
nostics are used to determine the form and structure of the
dust clouds as well as to determine the size of the dust
particles. The latter can be performed only partially, provid-
ing only qualitative answers.

In Ref. [26], another important conclusion is reached Ð
that most industrial installations are, in fact, traps for dust
particles. This conclusion was obtained phenomenologically
due to the absence of any success over many attempts to
remove the dust structures from the discharge volume, either
by using devices similar to vacuum cleaners or, among other
methods, by using flowing gases in which the dust particle are
dragged. The main conclusion is that dust particles are
continuously created above the etching wafers and that they
are well confined there, forming quite stable and stationary
dust clouds.

One question is whether this confinement is due to some
collective effects related to dust such that these clouds are a
self-organized structures? The results of Ref. [24], containing
visual information in the form of films taken over the whole
etching time, may provide answer to this important question.
A qualitatively established result is that the dust particles are
self-confined in localized spatial domains, which finally fall
down before the end of the etching, leading to the contamina-
tion of the wafer. Consequently, it is reasonable to assume
that the observed dust structures have the nature of dust
liquid-drops or of dust clouds which can be self-localized in
certain spatial domains in a way which is deeply related to the
structure of the etching wafers. It is proven that the localiza-
tion is a direct consequence of the presence of plasma, as it is
absent in neutral gases. It is clear that except for forces known
to act in neutral gases (related to temperature-gradients,
neutral drag, gravity, and turbulence), in the presence of
plasmas other effects (related to the large dust charges and to
the processes which maintain these charges) become impor-
tant. We will discuss them in the theoretical part, in addition
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to new dust-dust interactions due to neutral capture and
emission by dust particles.

Here, we present photograph illustrating a large concen-
tration of dust in the form of regular structures. These
structures are determined by the form and geometry of those
defined by the etching wafers. Figure 2 shows one of these
structures obtained by means of laser scattering, reminiscent
of planetary rings.

In most cases, the observations divide the dust distribu-
tions by sizes. Dust particles of almost equal size are observed
only for short discharges. In the case where the walls are
creating an appreciable quantity of dust particles, one
observes a wide distribution of dust sizes, while for short
discharges with volume creation and growth of dust particles
there is only a narrow distribution of dust sizes. In the case of
a round wafer, one often observes two dust clouds with sharp
edges, close to the lower and upper electrodes, corresponding
to the two double layers formed Ð the lower cloud being
thicker. The lower electrode serves as a wafer.

The clouds have the form of rings which indicates that, in
the perpendicular direction (i. e. the direction of gravity),
collective forces do indeed act. Similar pictures were obtained
in the case where the lower electrode contains many wafers.
The most effective traps for dust particles appear in-between
the wafers, especially when they are closely packed. This
transversal focusing cannot be explained without the help of
collective effects.

Localization of the dust clouds is observed in practically
all installations for etching, both in HF fields and electron
cyclotron resonance fields, in magnetron etching and deposi-
tion. It should be mentioned that dust particle, being charged
to repel each other, nevertheless form, in these localized traps,
structures with a behavior similar to liquid drops. It seems to
be certain that in the direction perpendicular to the electrodes,
the boundary of the drops is free.

The puzzling phenomenon of the surface tension, required
to form the drops, is needed to explain the observation that
the drops can be confined in the perpendicular direction in
presence of large repulsive forces between dust particles. The
experiments suggest that the form and the size of the clouds
are changes with the injection of additional dust particles,
which is a manifestation of the presence of collective interac-
tions. The clouds are localized at the inhomogeneities in the
lower electrode, or wafer; this indicates that initially an

electrostatic trap is present which confines single particles,
but this confinement should disappear quickly in the presence
of several dust particles if they repel each other. The force
which is associated with the inhomogeneities of the lower
electrode, leads to inhomogeneity of the lower double layer,
but as the potential difference here is only of the order of the
electron temperature. Thus the inhomogeneities can change
the thickness of the double layer, probably by several times,
but not by orders of magnitude.

The dust particles are separated from each other by a
distance of at least 0:1d and a repulsive force acting on each of
them is larger than the force related to the inhomogeneity of
the double layer. This is the main puzzle of the observations.
Consequently, other attractive forces are necessarily present.

We will continue this discussion after giving expressions
for collective dust particle interactions in the theoretical part,
where the attractive forces are discussed in detail.

2.2.3 About the experiments of Orleans University group
(France){. The most detailed investigation into the dynamics
of dust particle growth in the first stages of gas discharge for
etching, is performed in Refs [27, 28]. The initial size of the
dust particles, from which the growth is followed, is 0:01 mm.
Growth is recorded, continuing up to sizes of 0:05 mm. This
stage is shown to be the agglomeration stage where the total
mass of the dust particles was roughly constant, and growth is
the result of agglomeration. During this stage, the density of
dust particles decreases while the size of each dust particle
correspondingly increases, with the total mass of dust
particles being conserved. For dust particles of 0:01 mm in
size, the OML approach gives the charge on the dust particles
to be Zd � 102. This charge is still large but can be, in fact,
lower than that given by the OML approach for high dust
density.

After this phase, which seems to be mainly an agglomera-
tion phase, a new phase appears where the slow growth of
dust particles is probably related to the deposition of material
onto the surfaces of particles. In this stage, the growth in size
of the dust particles is much slower. Initially, before the stage
of agglomeration, the dust density reaches the value nd � 109

cmÿ3 and is comparable with the ion density. At the end of the
agglomeration stage, however, the dust density decreases but
is still very high, nd � 108 cmÿ3. Further on, in the stagewhere
the dust size slowly increases, the dust density slightly
increases too, by a level of the order of (1 ± 3)�108 cmÿ3.

It is interesting that, in both stages, the size of the dust
particles is still small compared with theDebye radius, but the
inter-dust distance, at the transition from one stage to
another, is of the order of the Debye radius. Also observed
is a decrease in electron density with distances increase, which
directly suggests that the electron charge has a tendency to be
transferred to the dust particles.

The growth of dust particles is limited, experimentally, to
sizes less than or equal to 0:23 mm (which does not mean that
further growth is absent, but only that the observations are
made only up to this stage). In addition to growth, the velocity
distribution of the dust particles is measured. It is found to
correspond to a thermal distribution with a thermal velocity
of 0.02 cm sÿ1. This makes it possible to estimate the
parameter G, which is shown to be G > 1. This suggests that
the observed dust structures are in the plasma-dust liquid
phase.

Figure 2. Photograph of a dust cloud above three closely packed silicon

wafers placed on a graphite electrode. The photograph was obtained by

raster image laser scattering.

{ CNRS, UFN Sciences, Universite d'Orleans, France.
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2.2.4 About the experiments of Iowa University group (USA){.
In experiments [29], stratified dust structures in horizontal
layers are observed for the first time. Each layer has structures
similar to plasma-dust crystals with dust particles of approxi-
mately uniform size. The largest particles collect in the lowest
layer. This is explained in Ref. [29] by the balance between the
electric force and gravity, as particles with larger sizes are
heavier by the cube of their size, while the charge growth is
only linear. Such effects are not important in the experiments
described previously as the dust sizes in Ref. [29] are much
larger than in Ref. [28]. On the other hand, the period of the
observations in Ref. [29] is much larger than in Ref. [28].

In Ref. [29], the particles in each layer grew over minutes
and the layers grew over hours up to sizes where gravitational
effects become important. These observations are of interest
for two reasons: firstly, that the observed structures are
similar to plasma-dust crystals, and, secondly, by the way in
which the dust particles fall on the lower electrode.

It was observed that the growth of the whole structure is
interrupted by a sudden collapse of all layers onto the lower
electrode (or etching wafer). An increase in HF power
decreases the number of layers formed before the disruption.

The distribution of dust particle sizes was very broad, up
to sizes of the order of 1 mm. The observations indicate that
the agglomeration of dust particles occurs at a time when
particles are levitating in plasma, i.e. during the stage where
they have large negative charges. One should explain why the
large dust charges do not prevent the agglomeration of large
particles. Another important observation is that in the
process of growth of the dust particles, a moment may be
reachedwhen the dust particles in the lower layers are not able
to levitate more, and then not only the lower layers fall down,
but the whole structure collapses.

2.3 Parameters of various cosmic dust structures
The dust has been known to exist and to play a role in cosmic
plasmas for a long time [30, 31]. Active cosmic investigations
by satellites and space missions make clear the role of dust in
the many processes occurring in space: formation of stars and
planetary systems, the quasars accretion, the formation of
planetary rings and tails of comet, the solar wind. The dust is
present in themagnetosphere and even in the upper and lower
ionospheres. In the latter case, an additional source of dust
comes from human pollution.

In the early stages of cosmic research, the role of the
collective effects introduced by dust was ignored. Later on,
the collective effects began to be investigated, but a full
picture of them is still absent.

The first collective effects to be investigated were related
to the electrostatic repulsion of dust [32 ± 34], particularly to
the role of dust in the determination of the thickness of
planetary rings [35, 36]. The influence of dust on the plasma
component began to be considered only recently, although
the parameter P is, in many cases, large enough for these
influences to become sufficiently important that they should
be considered. For large values of the parameter P, the mean
free path of the plasma particles (of the order of 1=ndpa2 or
less), which interact with the dust appears to be comparable
to the size of the dust cloud such that the external plasma
fluxes are absorbed within the plasma cloud leading to a
rather strong plasma dissipation, which cannot be neglected.

In the theoretical part, the collective influence of dust on the
plasma particles will be described in detail, as well as the
collective dissipation related to the presence of dust. These
constitute, however, only the first steps in the direction of a
self-consistent treatment of dust and plasma particles.

For cosmic conditions, the self-gravitation of dust can be
important, but the collective effects may be more important:
they can lead to a new type of attraction between particles,
which can compete with gravitational instabilities. Investiga-
tions into this area are also in the early stages. Consequently,
the main new aspects of recent studies are a relatively large
role of gravitational effects, including self-gravitation, and an
increasing role of plasma dissipation in dust clouds, because
of their large size. The gravitational effects are also important
for equilibrium structures in dust clouds. Plasma dissipation
was not often estimated for cosmic dust clouds, but this
parameter is very important as the comparison between
plasma mechanisms for dissipation in dust clouds with other
mechanisms for dissipation, and can identify which type of
interaction is more responsible for the self-organization
processes and the formation of self-organized dust structures
in space. We will concentrate our attention here mainly to the
problems rarely discussed regarding to the cosmic dust
clouds, namely, plasma mechanisms of dissipation, which
can in certain conditions play a dominant role in dust self-
organization.

2.3.1 About planetary rings. From 1979 to 1989, the cosmic
missions gave a more or less complete picture of the planetary
rings in our solar system: around the Saturn, Jupiter, Uranus
and Neptune [37]. Many planetary rings exist around these
planets. They have extremely complicated structures indicat-
ing the presence of strong self-organizing processes. At the
present time plenty of literature exists concerning planetary
rings, including monographs [38, 39] and reviews [40, 41].

All planetary rings contain dust particles with sizes
ranging from 0.1 ± 1 mm or less, up to 5 meters Ð these are
boulders, not dust particles in the traditional sense. In
physics, however, this `sense' is related to certain relative
values, one of which, in this context, is the ratio of dust
particle size to the Debye radius. From this point of view, we
consider a particle to be a dust particle if its size is less than the
Debye radius. This means that the particles in the rings are the
dust particles. For example, it is well known that the plasma
in the region of Saturn's rings, which are the most famous
rings in the Solar system, has a temperature ranging from 30
eV to 50 eV, and a density of the order of 3 ± 10 cmÿ3. For
these parameters, the Debye radius is 12 ± 30 m. Therefore, all
particles in the rings are dust particles.

All particles are under the influence of both gravitational
and electrostatic forces, but obviously for large particles, the
role of gravitational forces is more important (for specific
criteria, see below). It is necessary to take into account both
the gravitational force from the central planet and that from
the self-gravity. The charges received from the plasma by all
particles smaller than the Debye radius are `equal', because
the charge on them is proportional to their size. Therefore, the
charge on a meter-sized particles is of the 6 orders of
magnitude larger than that on micron-sized particles.

The main mechanism of the dissipation of plasma
particles in a dust cloud is dust particle absorption by dust
particles, as dust charging is a continuous process, and
although the largest particles may interact mainly gravita-
tionally, this dissipation may be substantial even for largest

{ Department of Physics and Astronomy, the University of IOWA, Iowa

City, IA 52242, USA.

64 V N Tsytovich Physics ±Uspekhi 40 (1)



particles. It is possible that the absorption is determined by
the largest particles or by the smallest particles, rather than
being determined equally by particles of any size.What is true
depends on the dust particle size distribution, which is well
known only for several of the brightest planetary dust
rings [23]. Contrary to the plasma-dust systems described
above, which were more or less mono-dispersive in size, or the
size of dust particles was varying, but not by several orders of
magnitude, the planetary rings have a very broad, non-
Gaussian distribution in size. Often this distribution follows
a power law. Some of these distributions have physical
characteristics determined by the largest particles and other
by the smallest. For example, the dust density may be
determined mainly by the smallest size, the dust mass density
by the largest size, and the plasma particle mean free path by
all sizes. Therefore, the dust size distribution (from observa-
tional data) is very important for estimates of the physical
parameters within the rings.

We define the distribution function for dust particle sizes,
nd�a�, nd �

�
nd�a� da. Observations indicate that this dis-

tribution is a power-law with the index of distribution close
to 3: nd�a� � 2a20nd=a

3, where a0 is the minimum size of dust
particles. The observations, in some cases, are able to check
for the existence of meter sized particles down tomicron sized
or submicron-sized particles. For this distribution, we find
that the above mentioned dependencies of the different dust
cloud parameters on particle sizes are exact.

Another important feature of the dust clouds, forming the
planetary rings, is that they are surrounded by an almost
thermal plasma and in most cases, inside a dust cloud no
source of ionization exists (although in several cases volume
photoionization is present on the sunny side of the rings).
Thus, in absence of photoionization, the recombination of
electrons and ions on the dust particles is compensated by the
external plasma flux, such that the value of themean free path
of the external plasma electrons and ions becomes important,
1=
�
nd�a�pa2 da, as is its comparison to the thickness of the

ring.
Let us give, as an example, the data for the best known and

most investigatedplanetary rings ofSaturn.Of the ringswhich
were investigated, the first, usually the brightest, are denoted
by the letters A;B;C;D, in order of decreasing distance from
the planet's surface (correspondingly from 136 to 122, from
118 to 92, from 92 to 74 and from 74 to 67 thousand
kilometers). These rings are rather thin, of the order of 10
meters or less (this estimate is correct at least for dust, which
does not vary considerably in size from the maximum). The
thickness of the rings is apparently close to the Debye radius,
and the maximum size of particles reaches 3 m.

The remainder of Saturn's rings are more distant from the
planet and denoted by the letters F;G;E (distances about 140
and 170 thousand kilometers and from 181 up to 483
thousand kilometers from the surface of the planet). These
rings are rather thick, about 100 kilometers for rings F andG,
and about 10 thousand kilometers for ring E. The maximum
size of the dust particles is, strictly speaking, not well known;
it is usually assumed that it is of the order of 0.1 ± 1 mm.

For the inner rings, the ratio of thickness to radius is of the
order of 10ÿ6. For the outer rings, this ratio is 10ÿ3 ± 10ÿ2.
The particles of different sizes vary in distance from the
equatorial plane. The gravitational field of the central planet
controls the particle movement in the equatorial plane and
they move in this plane on the Keplerian orbits. The same
field in the direction perpendicular to the equatorial plane

attracts the dust particles to the plane (the gravitational field
component for particles deviating from the equatorial plane is
proportional to z=R3, where z is the height from the
equatorial plane, and it changes sign with changes in the
deviation from z plane). Opposing this attractive force are the
pressure force due to the thermal dust motion and the electric
repulsion force of the charged dust particles.

Radio-observations indicate that the surface mass density
of the inner rings is of the order of 5 g cm2. For a power-law
distribution of sizes, the last value is determined by the
particles of the largest size. For 5 m particles, we find the
normalizing coefficient in the power-law distribution of dust
particles to be nda

2
0 � 10ÿ3 cmÿ1.

For a power-law distribution, it is reasonable to use as a
characteristic for the number of particles of a given size, the
number of particles larger than the given size, a, namely

na �
�
a

nd�a� da � nda
2
0

a2
:

From this expression we obtain that the density of the dust
particles of 0:3 mm in size ( 3� 10ÿ5 cm) will be 106 cmÿ3, and
the average distance between them will be 300 mm. Then,
using the OML approach, we can estimate of the charge on
these particles, Zd � 104.

The average distance between the dust particles is much
less than the Debye radius, but the temperatures of the
electrons are almost equal to those of ions, and the presence
of a small amount of neutrals can influence the dust-dust
interactions. By neglecting the neutrals we can estimate the
electrostatic interactions with the parameter G.

We find that the criterion G � Z2
de

2=Td01 is certainly
fulfilled and, at first glance, the dust plasma state should be a
liquid. Uncertainties related to this statement are due to
following:

(1) One needs to take into account variations in the force
of gravity with distance from the central planet. In the case
where the gravitational energy changes over distances com-
parable to the average separation between particles, by more
than the electrostatic energy of interaction, one can doubt the
reliability of the estimation ofG for the transition to the liquid
state;

(2) The dynamics of neutrals and their influence on the
dust-dust interactions, should be taken into account; and in
the case where dust-dust interaction energy can be changed by
neutrals (see below) by an amount comparable to the
electrostatic energy of interaction, this effect also should be
taken into account;

(3) The collisions between dust particles can create fluxes
within dust size `space', which also seems to alter the criterion
for G.

All these questions are for future investigation.We restrict
ourselves here to the estimation of the energy changes within
the central planet's gravitational field for comparison with
the electrostatic interaction field.

As the size of the dust particles increases, their density
decreases with 1=a2, but Zd / a such that G / a4=3. With a
decrease in the size of dust particles, the electrostatic energy of
their interaction correspondingly decreases.

The change in the gravitational field of the central planet
can be estimated in the following way (the Keplerian orbital
motion of the particles in the equatorial plain can be excluded
by considering the process in the co-moving frame of
reference). For Saturn, the product of its mass Ms and G is
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equal to 4� 1022 cm3 sÿ2, and the distance from the center of
the planet to the inner rings is of the order of (1 ± 2)�1010 cm.
For a mass density of dust particles in a ring of 1 g cmÿ3, we
find that the size of the dust particles (for which the change in
gravitational interaction over the average distance between
the dust particles is of the order of the electrostatic interac-
tion) is roughly equals to 1 mm.As the change of gravitational
action is proportional to a particle's mass, and therefore is
proportional to a3, we find that the dependence of the change
of the gravitational action with respect to the dust particle
size, a, is sharper than for an electrostatic interaction (/ a4=3).
This means that all dust particles with size of the order of, or
larger than, 1 mm, are mainly regulated by gravity, while for
dust particles smaller than a micron, the electrostatic interac-
tions are of greater importance.

This estimation is rather rough however, and is made
assuming that all particles have the same size, which in fact is
not the case for a ring. Also, the role of neutrals is neglected.
In addition, it is also necessary to take into account that: the
parameter G decreases rapidly with a decrease in the size of
dust particles; the applicability of criterion [1], for the multi-
component system, is questionable; with a decrease in dust
size, the dust density rapidly increases; for high densities, the
applicability of the OML approach is questionable; and
finally, the minimum size of the dust particles within a ring
is not well known from observations. Therefore, we can
conclude that it is too early to make a definite decision
about the state of the plasma-dust clouds in the planetary
rings Ð whether it is in the form of a liquid or a gas.

One important parameter of the rings is the mean free
path of the plasma particles, for which we can make a
relatively accurate estimation. For Saturn's inner rings we
find

1

napa2
� ndpa20 ln

amax

amin
� 3m;

if ln�amax=amin� is of the order of unity. Thus, the mean free
path appears to be comparable in size to the thickness of the
rings such that the depletion of the external charging flux for
the dust particles in the rings should not take place. However,
with a decrease in dust size, the thickness of the ring increases,
as the light particles form a kind of `atmosphere' above the
heavy particles. Here, the small particles in the inner part of he
ring `feel' the plasma particle deficit, and charge to the values
predicted by OML theory.

Themeasure of the decrease in electron density is the value
of the parameter P � ndZd=ne. In the presence of a distribu-
tion of dust particles in size, taking into account that Zd / a,
we find that

P �
�
Zd

a

nd�a�
ne

a da � Zd

ane
2nda

2
0

�
da

a2
� Zd

a
2nda

2
0

1

a0
;

which is determined by theminimum size of the dust particles,
a0.

Other constants are given from the observations,
nda

2
0 � 10ÿ3 cmÿ1, and by OML approach,

Zd=a � 107T cmÿ1, where T is measured in electronvolts.
For T � 10 eV we have Zd=a � 108 cmÿ1, and thus, for
a0 � 10ÿ4 cmÿ3 (1 mm) and ne � 10 cmÿ3, we have P � 108.
This is a very large value as practically all of the electrons
would be attached to the dust particles, in the case where the
mean free path is less than the thickness of the ring.

These estimates raise many questions not yet resolved as
they suggest that the inner part of the ring may be screened by
the plasma which charges the dust particles. Also, the
structure between the inner and outer part of the dust ring
may be very complex.

The general description of the above example of Saturn's
rings indicates that, in spite of an exceptional progress in
understanding the plasma-dust state in planetary rings, many
physical parameters are still not easily obtained from
observations. For this reason, it is desirable to find some
general conclusion regarding the possible role of plasma
processes in the self-organization of such structures.

The parameter which determines the rate of possible self-
organization processes is the rate of dissipation, as in open
systems it characterizes the ability of the system to form self-
organized structures. One obvious form of dissipation is the
dissipation of plasma fluxes, which from a geometrical point
of view, are oriented from both sides in a direction toward the
ring plane, and perpendicular to it. Being equal on both sides,
they does not transfer momentum, but only energy to the ring
system. These fluxes are dissipated on dust particles if the
plasma particle's mean free path is less than, or of the order
of, the thickness of the rings, which as we have shown, is just
the case.

Another type of dissipation is related to the movement of
dust particle along the Keplerian orbits. Collisions between
these particles transfers them from one orbit to another. The
collisions are inelastic, which gives some rate of dissipation,
estimated in Ref. [37]. Our aim is to compare this rate of
dissipation with the rate of absorption of plasma fluxes,
which we call plasma dissipation.

Let us estimate the energy associated with plasma dissipa-
tion in Saturn's inner ring,A. As the plasma flux moves at the
ion thermal velocity (the electron flux charges the ring as a
whole, and decreases due the negative charge of the ring until
the electron flux becomes equal to ion flux Ð similar to a
single dust particle) and since, as it was shown, the mean free
path of the plasma particles is equal to, or less than, the
thickness of the ring, the plasma flux should be entirely
dissipated in the ring, such that the dissipation rate is given by

Spl � 1

T

dT

dt
� 4ne

nd

vTiS

V
;

where S is the surface of the ring. A factor of 2 appears from
the sum of the fluxes of electrons and ions, and another factor
of 2 appears from the sum of fluxes from both sides of the
ring. V � Sh is the volume of the ring and h is the ring's
thickness. For ring A, we find the estimate
S=V � 1=h � 2� 10ÿ3, such that, for ne � 10 cmÿ3 in a
hydrogen plasma with T � 30 eV, vTi � 5� 106 cm sÿ1,
while for an oxygen plasma of the same temperature,
vTi � 1:3� 106 cm sÿ1. The value nda20 � 10ÿ3 cmÿ1 is fixed
from observations, but a0 is still not well known. We find
Spl � 1011a20=h. The value of h is also not well known for the
minimum size of particles, but one assumes a0 � 10ÿ5 cm and
h � 105 cm, which seem to be the limiting values giving the
minimumof the dissipation rateSpl, we findSpl � 10ÿ4 sÿ1. It
is probably more realistic that the value of Spl is somewhat
larger than the given value. For example, supposing
h � 10m � 103 cm, we obtain Spl by two orders of magnitude
larger.

The value of Spl obtained can be compared with the value
which we denote asSg, which is due to gravity, The Keplerian
motion, viscous dissipation during the differential rotation of
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dust particles in the ring. According to Ref. [37], Sg is
estimated to be 10ÿ5 sÿ1. In the case where Sg dominates the
self-organization, it can be connected with gravity induced
viscosity; in the opposite case, which seems to be more
realistic according to the given estimate, the self-organization
related to plasma effects will be dominant. Up to the present
time, this point has not been recognized and its consequences
have not been analyzed.

For Saturn's outer rings, we will give an estimate of their
parameters according to Ref. [24]. For the E ring, the most
remote ring, the density of dust is nd � �10ÿ3 ± 10ÿ4� cmÿ3 , in
the range of sizes of 10ÿ4 cm. For these parametersG � 5, and
dust charge is calculated using the OML approach. This may
mean that the state of the plasma-dust cloud is a liquid. This
estimation indicates that the OMLapproach is appropriate as
the mean free path of the plasma particles for the charging of
dust is approximately equal to 1=nda

2 � 1010 m, which is
larger than the E ring's thickness (of the order of 107 m).
However, the size distribution of dust particles is strictly
speaking unknown, and the presence of large dust particles
(of the order of tens of microns) is possible if the thickness of
the ring for the absorption of dust particles is of the order of
unity. In this case, Spl � 0:3� 10ÿ7 sÿ1.

For the G ring, the density of the dust particles is
approximately one order of magnitude higher, and the
parameter G is only 2 times less, and the conclusion that the
plasma-dust system can be in the liquid state may be correct.
The depth of plasma particle penetration is one order of
magnitude less, but the thickness is 5 times less. For the outer
rings we find Spl 4Sg, i.e., the self-organization should be
related to the plasma processes.

In the F ring, the relative density of the dust is high,
ndZd � 10ne, i.e., the electrostatic lowering of the electron
density should be substantial.

The rings of the Jupiter and the rings of other planets have
properties more closely related to the properties of Saturn's
outer rings, and for them Zdnd=ne � 10ÿ3.

In most of the remote rings of the Saturn, and practically
in all of the dust rings of the other planets, electrostatic
interaction and thermal dust motion determine the structure
of the distribution of dust particles perpendicular to the plane
of the rings. For G > 1, the perpendicular structure is
determined by electrostatic forces [37], and for G < 1, this
structure is determined by the thermal dust motion [41]. The
latter has been known for a long time.

The formulation of problems associated with plasma self-
organization in the deeper relationship between the radial
structure and the perpendicular structures will be discussed
later, after the theoretical part of this paper. The most
puzzling observation to be explained is the complex hierarch-
ical structure of the rings observed in the radial distribution of
dust particles.

2.3.2 About interstellar dust-molecular clouds.The existence of
interstellar dust-molecular clouds was discovered in 1930 [42].
This dust was discovered, and is observed mainly by the
scattering of the radiation of stars, and this method is thus
most sensitive to dust particles comparable in size to the
wavelength of visible light, 0:1 ± 0:01 mm. The mechanisms
for the formation of dust clouds in the interstellar medium is
not well known, but they may be similar to those known in
laboratory experiments Ð a stage of chemical growth
followed by material deposition and agglomeration.

At the present time it is accepted that dust particles may
serve not only for the recombination of electrons and ions,
but also as a main source of molecular hydrogen. Molecular
hydrogen is absorbed by the dust and is instrumental in dust
growth; and leaving the dust particles, contributes substan-
tially to the molecular component of the dust-molecular
clouds. According to widely adopted theory, most young
stars are born in dust-molecular clouds Ð by shock waves
which serve as initial density fluctuations for gravitational
self-contraction.

The origin of dust-molecular clouds is attributed to the
thermal instability of the interstellar media [43]. The rate of
cooling by means of bremsstrahlung in an optically thin
plasma is proportional to the rate of collisions, and thus is
proportional to the square of the density. Therefore, if the
cooling begins to dominate, it leads to a further increase in
density, which, in turn, leads to an increase of cooling. Thus,
the interstellar media is separated into regions of hot plasma
with temperature up to 100 eV, and cold clouds. The presence
of dust allows for faster cooling as the dust being heated is
effectively cooled by radiation losses [44, 45].

The temperature of interstellar dust-molecular clouds is
very low, about 10 K, and therefore, the charge of the dust
particles of micron size may be ascertained by the OML
approach for a thermal electron distribution of the order of
Zd � 10. Unfortunately, there is no reliable data concerning
the dust particles of larger size which can carry greater
charge.

Ionization in dust-molecular clouds is produced by
cosmic rays. Both the density and the velocity distribution
of electrons are determined by the balance between their
creation by cosmic rays, and recombination on the dust
particles. For this process, it is very improbable that the
electron distribution is thermal, and if it is a power-law one,
which is more probable, the charge on the dust particles
should be substantially higher, up to Zd � 102.

Dust particles can collect even greater charges if one takes
into account ionization by subcosmic rays, i.e., that compo-
nent of the distribution which has energy less than the rest
proton energy. The role of subcosmic rays in the process of
ionization in interstellar dust-molecular clouds was discussed
in Ref. [46], where it was shown that their role is very
important, which additionally indicates that the charge on
dust particles may even be substantially higher than the value
estimated above.

The dust density of micron sized dust particles in dust-
molecular clouds is not well known, but it is probably close to
nd � 10ÿ6 cmÿ3, such thatZdnd � �10ÿ4 ± 10ÿ3� cmÿ3 and the
electron density is of the order of ne � 10ÿ3 cmÿ3. This means
that the dust charge density is comparable with the electron
charge density. For a charge Zd � 10, the parameter
G � Zde

2=Td � 0:02; but for larger values of dust charge,
Zd � 102, we have G � 2:3. This estimate indicates that the
state of the dust-molecular clouds is probably gaseous. The
inter-dust distance is approximately 102 cm, while the Debye
radius is close to 103 cm, i.e., the latter is much larger than the
average distance between the dust particles. Close to the edges
of the dust-molecular clouds however, this ratio can be the
opposite.

In contrast to the rings, the question concerning the
screening of plasma fluxes to some of the dust particles by
other dust particles does not arise, as the ionization by cosmic
rays is a volume ionization.
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3. New theoretical concepts
and results of numerical simulations

3.1 Dusty plasma as an open system
Dust particles absorb plasma particles and plasma particles
recombine on dust particles. For a plasma to exist in the
presence of dust, either constant sources of ionization and/or
plasma fluxes from outside of the dust cloud regions (i.e.,
from regions where the dust is absent) should be present.

In laboratory experiments, ionization is produced either
by DC electric fields or by HF fields, as, for example, in most
experiments on plasma etching and plasma surface deposi-
tion. In the planetary rings, plasma penetrates from the solar
wind, which is not disturbed by the dust component, or from
the near planet's plasma. With both a source and a sink of
particles, the system is open and especially capable of self-
organization and the formation of structures.

The complex structure of planetary rings can be related
both to the plasma mechanisms of dissipation and to the
processes of dissipation related to viscosity and differential
particle rotation. Most likely, the plasma mechanisms lead to
structures smaller than those induced by gravitation or
differential rotation and viscosity, but this problem is open
for future investigation. In plasma-dust crystals, it is the
plasma mechanisms for self-organization which are mainly
important.

Before starting to compare the role of different mechan-
isms for self-organization it is necessary to describe quantita-
tively the plasma mechanisms for dissipation which appear in
the presence of dust particles, in more detail. The model, in
which any plasma particle, which hit the surface of a dust
particle, is attached to it and finally recombine on the dust
particle, is used widely in the investigation of dust behavior in
plasmas and dust charging. The influence of this process on
the behavior of the plasma component has only been margin-
ally investigated, although a dusty plasma is naturally a self-
consistent system and it is inappropriate to take into account
any process in one of its components and not to take it into
account in another.

The influence of dust particles on the plasma component
in a dusty plasma is one of the key effects in plasma
dissipation and plasma self-organization. In reality, it is
possible that not every plasma particle which strikes the dust
particle's surface attaches to it. In this case, however, one can
introduce an attachment coefficient which will alter the
results by a numerical coefficient of the order of unity and,
at the present stage of investigations, this numerical coeffi-
cient is not so important and, in fact, can be taken into
account by renormalizing the effective size of the dust
particle.

Very often, plasma particle attachment can be described
by the OML approach, as was mentioned and used above.
For completeness, we will describe this method briefly. In this
approach, two assumptions are made:

(1) Independently of the structure of the electrostatic
potential in plasma near the dust particle, any plasma particle
which initially is far from dust particle, can reach the surface
of the dust particle, and if it is allowed by conservation laws,
and will attach to the dust particle;

(2) For spherical dust particles, the limiting impact
parameter of a plasma particle [when the plasma particle is
absorbed (attached) by the dust particle] corresponds to a
tangential trajectory to the dust particle.

An advantage of such an approach is that the cross-
section of the plasma particle attachment can be found using
the energy and momentum conservation laws only, indepen-
dently of the complexity and nonlinearity of the plasma
potential close to the dust particle.

Let us denote, by pcr the critical value of the impact
parameter of the plasma electrons and ions with the sub-
scripts e and i, using for electrons and ions respectively. For a
critical value of the impact parameter, the plasma particle
tangentially approaches the surface of the dust particle. For
an impact parameter larger than the critical value, the plasma
particle does not strike the dust particle.

If a is the radius of the spherical dust particle, the
conservation of angular momentum can be written in the
form:

me; ive; i p
cr
e; i � me; iv

g
e; ia ; �3:1�

where ve; i is the velocity of the plasma particle far from the
dust particle and v ge; i is its velocity just near the surface of the
dust particle. The conservation law of energy gives:

me; iv
2
e; i

2
� �mv

g
e; i�2
2

ÿ ee; i�jf0j � f� ; �3:2�
wheref0 < 0 is the electrostatic potential on the surface of the
dust particle, f is the potential far from the dust particle, and
ee; i is the charge of the electrons and ions respectively
(ee � ÿe; e > 0; ei � Zie > 0). For a single dust particle,
without losing generality, one can assume that the potential
far from the dust particle is zero. This gives the cross-section
for non-elastic collisions (attachment collisions) between
plasma particles and dust particles, in the following form:

se � p�pcre �2 � pa2
�
1ÿ 2ejf0j

mev2e

�
; �3:3�

si � p�pcri �2 � pa2
�
1� 2Ziejf0j

miv2i

�
: �3:4�

The cross-sections of elastic collisions of electrons and ions
with dust particles, which correspond to impact parameters
larger than the critical one, are of the same order of
magnitude. The cross-section of inelastic collisions can be
used for the calculationof electron fluxes,ce, and ion fluxesci,
absorbed by dust particles,

ce � 2
������
2p
p

ne;0vTea
2 exp

�
ÿ ejf0j

Te

�
; �3:5�

ci � 2
������
2p
p

ni;0vTia
2

�
1� Ziejf0j

Ti

�
: �3:6�

The change of the charge on the dust particles is
determined by the balance of these fluxes,

dZd

dt
� ce ÿ

X
i

Zici: �3:7�

In equilibrium, for singly charged ions ci � ce, that gives
the equation for the potential on the surface of a dust particle
and, therefore, the equation for the equilibrium charge on the
dust particle,

exp

�
ÿ ejf0j

Te

�
� vTi
vTe

�
1� ejf0j

Ti

�
�1� P�; �3:8�

whereP is a dimensionless parameter, which characterizes the
ratio of the electron charge on the dust particles (per unit
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volume) to the charge of the free electrons (same units) under
the equilibrium condition [48],

P � ndZd

ne;0
: �3:9�

From the condition of quasi-neutrality, it follows that
ni;0 � ne;0�1� P�. The charge Zd and the surface potential
f0 are related to each other. In the case where, for estimates,
one can use the vacuum relation between these values,
eZd � ajf0j, one can find an equation for the dimensionless
equilibrium charge on the dust particle, z, defined as

z � Zde
2

aTe
: �3:10�

This equation can be derived from Eqn (3.8) and has the
form [49]:

exp�ÿz� � �1� P��t� z������
tm
p ; �3:11�

where,

t � Ti

Te
; �3:12�

and

m � mi

me
: �3:13�

Most experiments on plasma-dust crystals have been
performed with heavy ions of noble gases such as Ag, Xe,
Kr, and the ratio (3.13) is rather large, but the charge on the
dust particles depends on this ratio only logarithmically.
Also, in most laboratory experiments, the ratio t is rather
small, of the order of 10ÿ2. For a hydrogen plasma and
Te � Ti, P5 1, the solution of Eqn (3.11) is z � 2:5.

From the given expressions it is clear that the fluxes, both
of the electrons and ions, are determined by the ion thermal
velocity. The rate of dissipation is determined by the energy
dissipated on the dust particles. Using the cross-sections (3.3)
(3.4) and Eqn (3.11), we find the energy dissipated on a single
dust particle to be cE � cE

e � cE
i , where the upper script E is

used as indication of the energy dissipation and the lower
index is used for electrons and ions,

cE �
������
8p
p T 2

e

Ti
vTinia

2�z2 � 2z� 2tz� 2t� 2t2�: �3:14�

The flux of the energy, cE, by the order of magnitude, is
determined by the thermal ion flux to the surface area, pa2.
The effective surface area is larger than pa2: when the ions are
attracted by the dust particles they are collected from a
surface much larger than the geometrical dust surface.

In etching experiments, Te=Ti 4 1 such that the energy
flux to the dust particles is substantially larger than the
thermal ion flux to the geometrical dust surface. For
planetary rings and interstellar dust clouds, Te � Ti, and the
energy flux for hydrogen plasma, for P5 1, is
cE � 31�pa2TnivTi�. Multiplying nd by this value, we obtain
the energy in 1 cmÿ3 of dusty plasma. In laboratory plasmas,
with volume HF ionization, this energy is taken from HF
fields. In Ref. [44], it was shown that the fluxes (3.5), (3.6),
multiplied by nd, exactly correspond to the rate of HF field
ionization. In the presence of such a balance there exists an
exact proof that the stationary dusty plasmas are the open
systems, which are most appropriate for the development of
self-organization processes.

The rate of dissipation, Spl, in the presence of volume
ionization, can, to a certain approximation, be written as the
ratio of the dissipated energy to the energy per unit volume,

E � nnTn � neTe � niTi � ndTd :

Wewill write this expression in a formwhich is useful for both
laboratory experiments and astrophysics,

Spl � cEnd
E
� opiPR

a

di
f �t; z�; �3:15�

where,

R � niTi

nnTn � neTe � niTi � ndTd
; �3:16�

f �t; z� � z2 � 2z� 2tz� 2t� 2t2

zt
; �3:17�

and nn and Tn are the density and temperature of the neutral
component, respectively.

In laboratory experiments, the temperatures of ions and
neutrals are approximately equal, close to 0.02 eV, while the
electron temperature is of the order of several eV. The degree
of ionization, however, is small (approximately 10ÿ6) and the
energy content of the neutral component dominates. In
interstellar clouds, the temperatures of all components are
approximately equal, but the degree of ionization by cosmic
rays is small and, again, the main energy content is in the
neutral component. Therefore, in both examples, R � ni=nn.

For laboratory experiments t � 10ÿ2 5 1 and
f � �z� 2�=t � 400, R � 10ÿ6, but the plasma ion frequency
is rather large (for Ag opi � 7� 106 sÿ1). Therefore,
Spl � 400aP=di s

ÿ1, P � 10. This estimate indicates that for
a=di � 1=10, the processes of self-organization can develop in
a time of the order 10ÿ2 s, while the time of experiments are
much longer.

In interstellar clouds f � 7, ni=nn � 10ÿ7, P � 10ÿ3,
opi � 43 sÿ1 and thus the process of self-organization
requires hundred of millions of years. If, on the other hand,
one takes into account that the star formation occurs in the
regions of high compression by shock waves, the self-
organization processes need only millions of years which is
known to be short compared to the presently accepted time of
star formation. This plasma self-organization can probably
create the small scale, pre-star condensations.

In planetary rings, the main energy is dust energy such
that f � 7;R � 1, but the dust density is rather high making
the summation of dissipation on individual dust particles
rather inappropriate. A better estimate can be found from
the total thermal ion flux in the direction perpendicular to
the plane of the rings, as was made above. According to
those estimates, self-organization can develop in 104 s. It
should be noticed that, for a flat layer, the increase of ion
flux is absent.

Here, at the end of this section, it is necessary to discuss
the limits of the applicability of the OML approach. The
numerical 3D simulation by super particles [50], shows a close
coincidence between the numerical results of dust charging
and those obtained by the OML approach, if a5 d. The latter
suggests that, in the case of 3D plasma particle motions, the
strong nonlinearities close to the dust particles allow only a
small number of ions to reach the dust particle (the electrons,
both from a theoretical point of view and from the results of
numerical simulations, have a Boltzman distribution).
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One should also have in mind that the electrostatic energy
accumulated on dust particles can be rather large [51],

WE

neTe
� Pz: �3:18�

As z � 2 and as, in laboratory etching experiments and
planetary rings, P4 1 (often), a dusty plasma can be
considered as an accumulator of plasma energy [46].

Although a general conclusion that dusty systems are very
suitable for the development of self-organization processes
can be established by the simple estimates given above, to
follow the chain of all such self-organized processes, including
a set of new nonlinearities, is not a simple task. Up to the
present time, only fragments of this chain have been
investigated. We will discuss these fragments as they seem to
shed light upon the whole problem and themselves represent a
new theoretical concept which will help to solve this general
problem.

3.2 Non-exponential (non-Debye) screening
of the field of dust particles
As a consequence of the openness of a system, the charge of
dust particles is not screened in the usual way by an
exponential factor [52], i. e. the electrostatic potential is not
a usual Yukawa type of potential given inRef. [3]. It should be
mentioned that the nonlinearity in the plasma particle
distribution around the dust particle can appear only at
distances less than the Debye radius, and at distances of the
order of, or larger than, the Debye radius, the linear
approximation for screening is sufficient. Nevertheless, the
openness of the system, as we will show, creates an additional
large scale field with a power-law decrease in distance, which
results in the existence of a large scale repulsion of dust
particles. This effect is completely due to the presence of
plasma fluxes to dust particles, i.e. it appears only in open
systems.

To find an explicit expression for the electrostatic
potential of a dust particle at distances much larger than the
Debye radius, we will use the conservation laws for angular
momentum and energy, but for finite distance from the
surface of the dust particle. In this section, we denote, by ve; i,
the electron and ion velocities, not at large distances from the
dust particle as before, but at a distance r from its center; by y,
we denote the angle between the velocity direction of an
electron or ion at the point r and the direction from this point,
towards the center of dust particle; vge; i is the velocity of an
electron or ion, which tangentially touches the surface of a
dust particle.

Plasma particles, with angular momentum vr sin y less
than the critical value of the angular momentum, vge; ia, will be
absorbed by the dust particle. From the energy conservation
law,

me;i v
2
e; i

2
� ee; if �

me; i�v ge; i�2
2

ÿ ee; ijf0j; �3:19�
we find the range of angles in which the plasma particles move
only towards the dust particle. This range is given by the
inequality

sin2 y <
a2

r 2

�v ge; i�2
v2e; i

� a2

r 2

�
1� 2ee; i�jf0j � f�

me; iv2e; i

�
; �3:20�

where the distribution of plasma particles close to the dust
particles is zero.

As we assumed that d4 a, it is sufficient to consider the
distances r4 a, where jfj5 jf0j, and where the angular
range with an absence of plasma particles is relatively narrow
and is determined by the inequalities:

1ÿ cos y >
a2

2r2

�
1ÿ 2ejf0j

mev2

�
�3:21�

for electrons, and

1ÿ cos y >
a2

2r2

�
1� 2Ziejf0j

miv2

�
�3:22�

for ions.
In the calculation of the spatial distribution of plasma

particles close to the dust particle, we should take into
account that in the ranges determined by Eqns (3.21), (3.22)
the plasma particles are absent. As we are interested in large
distances, we can assume that jefj5Te;Ti. Here, the electron
and ion distributions, close to the dust particle, can be found
from relations:
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The first terms in these expressions give the usual Debye
screening. We will consider the distances r4 d4 a, where the
condition of quasi-neutrality should be fulfilled,
ne �

P
i Zini, giving an expression for the potential of a single

dust particle at distances much larger than the Debye radius,

f � ÿjf0j
X
i

Te

2�Te � Ti�
�
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�
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r2
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For Ti 5Te and jf0j � Zde=a, we find the potential
describing the repulsion of dust particles for distances larger
than the Debye radius (denoted as fr) [52] (see Refs [53, 54])
to be

fr � ÿ
X
i

ZdZiea

2r2
: �3:26�

This potential is not screened. The screened Coulomb
potential under these conditions is described by:

f � ÿZde

r
exp

�
ÿ r

d

�
: �3:27�

Thus, the non-screened potential (3.26) dominates the
screened Coulomb potential for distances

r4 d ln
d

a
: �3:28�

Potential (3.26) leads to repulsion forces of dust particles
Fr, which slowly decrease with distance between the dust
particles. These forces work effectively at distances much
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larger than the Debye screening radius,

Fr � ÿ qUr

qr
; �3:29�

where,

Ur � ÿZdefr � Zr
Z2

de
2a

2r2
; �3:30�

and the coefficient Zr is equal to [52]

Zr �
ejf0j
Te

�
aTe

Zde2

�
Te

Te � Ti

�
Zi � Ti

2ejf0j
�
� Zi: �3:31�

The last approximate expression in Eqn (3.31) is found for the
limit Te 4Ti.

3.3 Forces of attraction between dust particles
due to direct bombardment by plasma particles
Every dust particle in a plasma creates (initiates) a radial flux
of plasma particles towards its center. In the case when two
dust particles are close to one another, every dust particle is
situated in the path of the flux toward the other dust particle
[55] (see also Ref. [56]). Due to the continuity of fluxes, such
fluxes exist at distances larger than the Debye radius. This
creates an additional force of attraction between the dust
particles, related to the direct bombardment of dust particles
by fluxes associated with the other dust particles.

To be more specific, for a spherical dust particle in an
isotropic distribution of plasma particles, the plasma flux
does not transfer any momentum to the particle. However,
as was already shown, a dust particle itself creates an
anisotropy in the plasma particle distribution in its neighbor-
hood, so within a certain angular interval, there are no
plasma particles moving in a radial direction away from the
dust particle. From this property it follows that when two
dust particles are present in an isotropic plasma close to each
other, a force will act on each of the dust particles due to
bombardment from the flux associated with the other dust
particle, from the side, opposite to the direction to the other
dust particle.

To find this force we can invert the problem and calculate
the bombardment force assuming that the flux exists only
from the other dust particle, in the same angular interval in
which it is absent. The bombardment force, calculated in this
way, will be equal in value and opposite in sign to the force we
are interested in.

The angular interval is determined by inequality (3.22), if
r4 a. We will consider the force of attraction for r4 d. In the
opposite limit, the attraction force is small as compared to the
Coulomb force. For this reason, we can certainly use
expression (3.22), as d4 a.

Each dust particle is under the action of the flux of the
other dust particle in its angular interval (3.22). Since r4 a,
this flux, at the position of the other dust particle, is almost
flat. The ions in this flux are transferring a larger amount of
momentum than the electrons (see below).

The cross-section of interaction is determined by relation
(3.4) and the ion flux is determined by the velocity vi far from
the dust particle on which the flux is acting. The transferred
momentum is determined by the ion velocity on the surface of
the dust particle, which according to the conservation laws
given above, is larger than vi by the factor
�1� 2Ziejf0j=miv

2
i � (remembering that, in collisions with

dust particles, ions increase their momentum as they are
attracted to the negatively charged particles).

The bombardment force, denoted as Fb, is found by
integrating over the entire ion distribution in the angular
range defined above. For the thermal ion distribution, we find
[52]:

Fb � ÿ r
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The approximation used in the calculation of this expres-

sion assumes that the cone of angular distribution is small,
which means that

a2

r2

�
1� Ziejf0j

Tiy2

�
5 1; �3:33�

which gives an estimate of the minimum value of y in
expression (3.32):

ymin � a

r

���������������
Ziejf0j

Ti

s
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As ymin enters in the final result only inside a logarithm, its
exact value is not very important.

The force due to electron bombardment can be obtained
in a similar fashion. It differs from Eqn (3.22) by substituting
(ÿe) for Zie, Te for Ti and ejf0j=Te for ymin. The last
substitution is the most important for estimating the magni-
tude of the effect of electron bombardment. It shows that,
according to the energy conservation law, only the fast
electrons take part in the momentum transfer from electrons
to dust particles. This leads to the appearance of a small
factor, exp�ÿejf0j=Te�, which has the order of vTi=vTe.
Another small factor is important only if Te 4Ti (which
occurs in most laboratory experiments). This factor is equal
to T 2

i =T
2
e and its appearance is due to the fact that, from the

equation for equilibrium dust charge, the value ejf0j=Te � 1,
even for Te 4Ti. For this reason, one can usually neglect the
force due to direct bombardment of dust particles by
electrons.

Both the additional repulsion and attraction of dust
particles at large distances have the same physical reasons,
related to fluxes, which determine the rate of dissipation and
the openness of the system. The expression for the attractive
bombardment force is in a good agreement with 3D simula-
tions, by means of the Particle In Cell (PIC) method [47]. It is
also possible to compare the analytical results for the
bombardment force obtained above with the phenomenolo-
gical results of Ref. [49], where the plasma pressure acting on
the dust particle from the side shadowed by a second dust
particle, is briefly estimated. For this comparison, it is useful
to write the obtained analytical result in the form:

Fb � ÿ qUb

qr
; �3:35�

where Ub is the effective potential which describes the
bombardment force,

Ub � ÿZb
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By the phenomenological approach [56], one can calcu-
late the ion pressure on the effective surface, from which the
ions are collected: 4pa2�1� Ziejf0j=Ti�. We multiply this
value by the solid angle at which the surface of one dust
particle is `seen' from the other dust particle:

Ff � ÿZf 4pa2n0; iTi
a2r

r3

�
1� Zijf0je

Ti

�2

; �3:38�

where Zf is the phenomenological adjustment coefficient.
Expression (3.38) can be written in a form similar to (3.36),
with a substitution of Zb;f for Zb:

Zb; f � Zf

�
1� Zijf0je

Ti

�2�
aTi

Zde2Zi

�2

: �3:39�

In the limit Te 4Ti, it is necessary to take into account
that ejf0j is of the order of Te and for jf0j � eZd=a we find
Zb;f � Zf.

From expressions (3.36) and (3.37), it is clear that the
absolute value of the bombardment potential contains the
small parameter a2=d 2

i , which is comparable to the non-
screened Coulomb potential,Z2

de
2=r, but the attraction forces

are not screened whereas the Coulomb forces are, such that
the new forces dominate at larger distances.

It is important that expression (3.36) contains the ion
Debye radius (for the normalization used here). The ion
Debye radius is much lower than the electron Debye radius
in all of laboratory experiments. The presence of d 2

i in the
denominator of the expressions for the attractive forces
makes them rather large for the parameters of real experi-
ments. In addition, for Te 4Ti, another large factor appears
due to Zb:

Zb �
1

2

����������
ZiTe

Ti
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pejf0j

s
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Ti

ZiTe

r �
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Zb 4 1, as ejf0j=Te � 1.
The first paper to mention the possibility of attractive

forces between dust particles is Ref. [57].

3.4 Attractive forces between dust particles
due to Coulomb scattering of plasma fluxes
The necessity for the existence of attractive forces was pointed
out in Ref. [52]. In addition to momentum transfer by direct
collisions, plasma fluxes can also transfer momentum to dust
particles in cases where the plasma particles do not actually
strike the dust particles, but rather transfer momentum in
nearly elastic Coulomb collisions, passing the dust particle at
a certain distance. As for direct collisions, in an isotropic
particle distribution such elastic collisions do not transfer
momentum to a single dust particle.

With amethod similar to the case of direct bombardment,
the force of elastic Coulomb momentum transfer from one
particle to another can be found by inverting the problem and
calculating the momentum transferred by plasma particles
emitted from another dust particle in the same angular
interval (3.21). The difference between the process of momen-
tum transfer by direct bombardment and by the Coulomb
scattering is only in the value of the impact parameter, which
should be, in the first case, less than the critical value, and in
the second case, larger than the critical value. As for large
inter-dust distances where the flux created by one dust
particle at the position of the other dust particle is almost

flat, it is possible to use, for the momentum transferred in
elastic collisions, the known expression for ion momentum
change the in Coulomb collisions with impact parameter p:

2miv

1� p2v4m2
i =�Z2

de
4Z2

i �
: �3:41�

By multiplying this expression by the ion flux, n0;iv, and by
integrating the obtained expression over the angles in the
interval (3.21), as well as by integrating the result over the
impact parameters and ion velocities, supposing that the ion
distribution far from the dust particles is thermal, we find the
force due to the Coulomb scattering of ion fluxes, Fc:

Fc � ÿ r
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or

Fc � ÿ qUc

qr
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whereUc is the potential of this attractive force in the form of
(3.36), substituting Zc for Zb,
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where,
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a2�1� Ziejf0j=Ti� � Z2
de

4Z2
i =�4T 2

i y
4� : �3:45�

By integrating over the impact parameter we have
assumed that the minimum impact parameter corresponds
to the critical value whereby the ions begin to pass the dust
particle, and the maximum impact parameter corresponds to
the Debye radius.

In the limit Te 4Ti, the value of L is of the order of unity
only for a5 4diTi=Te. Under these conditions, the force due
to Coulomb scattering of fluxes on particles is larger than the
force due to direct bombardment of the dust particles, by
approximately

������������
Te=Ti

p
times (as follows from the compar-

ison of the expressions for Zb and Zc). For a < di�Ti=Te�3=4,
the Coulomb scattering still dominates over direct bombard-
ment. For Te of the order of Ti, both forces are of the same
order of magnitude.

3.5 The attraction and repulsion of dust particles
due to neutral fluxes
Forces due to fluxes of neutrals on dust particles appear only
if the thermal neutrals being absorbed by dust particles leave
them with a thermal distribution corresponding to the dust
surface temperature, different from the neutral temperature.
In the case where the temperature of the dust surface is lower
than the neutral temperature, the energy absorbed by the dust
particle is greater than the energy lost by the dust particle, i.e.,
there exists an energy flux toward the dust particles [58]. Also,
the neutrals appearing as a result of the recombination of
electrons and ions can leave the dust particles. In this case, a
net neutral flux exists.

In most of the low-temperature laboratory plasma experi-
ments, the density of neutrals is approximately 5 orders
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greater than the density of ionized particles, and the question
is, under which conditions does the attraction or repulsion of
dust particles due to neutral fluxes dominate over the
attractive forces due to fluxes of charged particles, taking
into account that the charged particle cross-sections are
substantially larger than the neutral cross-sections?

By using an argument similar to that for ion fluxes, we
obtain the interaction forces between dust particles due to
neutral fluxes:

Fn � ÿ qUn

qr
; �3:46�

where,

Un � ÿnnTn
1

2r
pa4
�
1ÿ

�������
Tds

Tn

r �
; �3:47�

and nn is the neutral density, Tn is the temperature of neutrals
and Tds is the temperature of the surface of the dust particles.
The attraction appears for Tds < Tn. Expression (3.47) can be
rewritten in a formmore useful for comparison with the other
forces:

Un � ÿZn
a2

d 2
i

Z2
de

2

r
; �3:48�

where

Zn �
1

8z2
TnTi

T 2
e

nn
ni

�
1ÿ

�������
Tds

Tn

r �
: �3:49�

From this expression, it follows that the coefficient of
attraction due to neutrals, Zn, contains, for Tn of the order
ofTi, the temperature factor �Ti=Te�2, while for dust particles
which are not very small (see below), the coefficients Zb Zc
contain a factor Te=Ti. All of these factors compete with the
large ratio nn=ni in expression (3.49).

In laboratory experiments on plasma dust-crystals and
plasma etching, Ti=Te � 10ÿ2 and the degree of ionization is
not less than 10ÿ6 ± 10ÿ7. Therefore, the temperature factors
overcome the effect related to the low degree of ionization.
Due to the additional small factor 1=8z2 5 1, the forces
related to the neutral fluxes can be neglected in laboratory
experiments, independently of its sign. However, the `safety'
factor for this statement is only one order of magnitude. If the
degree of ionization in a laboratory experiment is inhomoge-
neous such that regions with a low degree of ionization can
exist locally, then the effect of neutrals can be important in
these regions.

In planetary rings, the degree of ionization is high but the
temperature of all components appears to be equal such that
the neutrals do not contribute to the interaction. For
interstellar clouds, the rate of equalization of temperatures
is high, but the surface temperatures of dust particles appear
to be lower than the temperature of neutrals, as the dust
particles are cooled by radiation.

In molecular clouds, the temperature of neutrals is
accepted to be of the order of 10 K, but the surface
temperature of dust particles cannot be less than the
temperature of three degree black body radiation such that
the difference between the temperature of the neutrals and the
surface temperatures of dust cannot be substantially larger
than several degrees. Nevertheless, the important point is that
the interaction with neutrals leads to an attraction between
the dust particles in dust-molecular clouds. As the tempera-

tures of ions and electrons are, here, almost equal, and the
degree of ionization is of the order of 10ÿ7, the attraction due
to neutral bombardment is dominant. In this case, the
attraction is also related to the openness of the system as the
difference of temperatures between dust surfaces and neutrals
is produced by radiative cooling of the dust, the energy
leaving the system.

3.6 Dust molecules
Numerical simulation [55] indicates that it is quite possible to
form molecules from two negatively charged dust particles in
a dusty plasma, for Te � Ti. The analytic consideration given
above is sufficient to find the dependence of the binding
energy as a function of Te=Ti, and to show that the binding
energy increases with the growth of this ratio.

Most plasma-dust experiments have electron tempera-
tures of several eV and Te=Ti � 102. These parameters seem
to be very favorable for the formation of dust molecules and
more complex structures. The dust molecule can be consid-
ered as an elementary building block for the formation of a
plasma-dust crystal.

The above analytical expressions for the attractive and
repulsive forces allow us to give an estimate for the binding
energy of dust molecules under conditions corresponding to
those of existing laboratory experiments. In Figure 3,
coefficients Zr; Zb, and Zc are given as functions of the
temperature ratio Ti=Te, in the range of
10ÿ2 < Ti=Te < 10ÿ1, which corresponds to the range in
most experiments. We assume that the temperature of the
dust surface is equal to the neutral temperature and that the
interaction with neutrals does not lead to additional
attractive forces [52].

The radius of the dust molecule, rm, can be estimated from
the distance at which the total potential U � Ur �Ub �Uc

has a minimum:

rm � Zr
�Zb � Zc�

d 2
i

a
� d 2

i

a

�����
Ti

Te

r
: �3:50�

The last approximate expression is written for Te 4Ti.
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Figure 4 displays the dependence of rm on the temperature
ratio in the same range: 10ÿ2 < Ti=Te < 10ÿ1.

The binding energy of the dust molecule, Um, can be
estimated as the value of U for r � rm:

Um � Z2
de

2a

2r2m
� Z2

de
2

2a

a4

d 4
i

�Zb � Zc�2
Zr

� T2
eZd

Ti

a4

d 4
i

: �3:51�

The last approximate expression is written for Te 4Ti.
Figure 5 contains the dependence of Um on the tempera-

ture ratio, in the range 10ÿ2 < Ti=Te < 10ÿ1.

For typical plasma experiments, Te � 2 eV, a=di � 1=10,
Zd � 104 and the binding energy can reach 100 eV and larger.
The binding energy is strongly dependent on the ratio a=di Ð
to its fourth power. In most experiments, however, this ratio
is not less than 1=10 and, therefore, the factor a4=d 4

i is larger
than 10ÿ4.

The obtained estimate for the binding energy indicates
that it is rather large. It is likely that the binding energy in the
dust-crystal should be of the same order of magnitude, in the

case when binary interactions do play themost important role
in a dust-crystal. This is partially supported by experimental
observations of dust-crystal melting, where the observed
energy of dust particles measured after the melting is close
to 40 eV, while the initial temperature of dust particles, before
the formation of dust structures, is close to 0:02 eV (room
temperature).

Generally speaking, the energyZdTe, which is of the order
of tens or hundreds of keV, is the typical maximum energy for
two dust particles at close distance, as Zde

2 is of the order
of aTe and the energy of interaction, at a distance of the order
of a (close distance), is of the order of Z2

de
2=a � ZdTe. The

molecule is formed at distances of the order d 2
i =a4 a and the

binding energy is 4 orders of magnitude less thanZdTe, which
gives an energy of the order of 1 eV. Expression (51), however,
contains an additional factorTe=Ti � 102, the origin of which
is also rather clear and is related to the fact that the ions are
collected from a surface much larger than the geometrical size
of the dust particle as they are attracted to it. This explains the
large estimate for themolecular binding energy, and probably
the crystal binding energy, of the order of 100 eV, which is in
qualitative agreement with experimental observations.

3.7 Dust sound waves and ordinary sound waves
The attractive forces in dusty plasmas are similar to gravita-
tional forces Ð they have the same dependency on distances
between particles. The differences are:

(1) The attraction becomes dominant only for certain
large distances, of the order of the size of a dust molecule,
d 2=a (the latter expression, for the absence of neutral fluxes).
This does not mean that the attraction does not work at
smaller distances. In general, all forces should be taken into
account and the repulsion forces can lead to elastically
created sound waves;

(2) The attractive forces only act on the dust component.
There should exist a large collision rate of dust particles with
other particles, including neutrals, for the other particle to
follow the contraction produced by dust attraction.

Dust attraction becomes less effective in the case when
certain collisions, or other processes, can fill the angular cone
of the plasma particle, or there are neutral distributions close
to dust particles, even though flux conservation does not
allow fluxes to change substantially, neither by collisions or
instabilities.

In applications, particularly astrophysical, all types of
attraction between particles, including gravitational attrac-
tion and the attraction between dust particles due to the
bombardment of neutrals and charged particles, should be
treated together. The gravitational instability, as is well
understood, starts only when the thermal motions leading to
sound waves do not prevent its development. The classical
equation for the Jeans gravitational instability, in the case
where a system contains dust, neutrals and plasma particles,
has the form:

o2 � k2v2s ÿ 4pG�nnmn � nimi � neme � ndmd�: �3:52�

Included is the mass density of all dusty plasma components.
In equation (3.52), G � 6:67� 10ÿ8 CGS, is the gravitational
constant and vs is the velocity of ordinary sound. As the
velocity of ordinary sound is relatively large (relative to the
other sound velocities whichwe discuss later) the critical value
of the wave number kcr � 2p=Lcr, which determines the Jeans
length, Lcr, is relatively small, and therefore the size from
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which the instability starts is large. According to accepted
theory [44, 45], stars are born in regions where intense
compressional shock waves propagate through interstellar
dust-molecular clouds. As a rule, the dominant part of the last
term in the right hand side of Eqn (3.52) is the dust
component, as the term ndmd makes the largest contribution
to the mass density.

In a dust cloud it is nevertheless necessary, not only to take
into account the additional forces of attraction described
above, and those due to fluxes of plasma particles and
neutrals onto the dust particles, but also the fact that another
branch of sound waves appear in a dusty plasma which can
significantly alter the threshold for instability.Where gravita-
tional attraction is negligible, the new attraction forces may
behave in ways similar to gravitational instability , which is a
critical topic in laboratory experiments.

It is very important that another branch of sound waves
exist in a dusty plasma, called dust-sound waves [59 ± 62],
which have a velocity, called the dust-sound velocity, that is
much slower than the usual sound velocity. It is necessary to
understand the way these two branches, with two different
sound velocities, enter into the dispersion equation for
instability.

The velocity of dust-sound waves is many orders of
magnitude slower than that of ordinary sound, and, if one
substitutes the dust-sound velocity into Eqn (3.52), the critical
size for an instability to develop becomes much smaller than
for ordinary sound. We will begin by considering a system's
behavior in the case where gravitation is unimportant, and
only the dust-sound waves actually enter the equations, and
where dust attraction is due to the openness of the system.We
will then describe how this instability is combined with the
usual gravitational instability. The first approach is needed to
understand the initial stages in the formation of plasma-dust
crystals, plasma-dust liquid drops and plasma-dust clouds in
laboratory experiments; and a more general approach,
including gravitational forces, is needed for astrophysical
applications.

The expressions for dust-sound waves are different in the
short and long wavelength limits. The division between them
is the mean free path of plasma particle ± dust collisions (a
more exact definition is provided below).

Collisionless dust sound waves, remembering that normal
sound waves can also be collisionless, (o4 ni), are called ion-
sound waves. They only exist for Te 4Ti, and their speed is

vs �
�������������������������
ZiTe�1� P�

mi

s
: �3:53�

Normal collisional sound waves, (o5 ni), exist for any
relation between Te and Ti, and their speed is�����������������������������������5Ti � 3Te�=3mi

p
.

The full spectrum of ion-sound waves can be found by
supposing that the electron susceptibility corresponds to the
Debye screening (Ee ÿ 1 � o2

pe=k
2v2Te, i.e., electrons quasista-

tically following the ion disturbances) and that the ion
susceptibility corresponds to free inertial ion motion
(Ei ÿ 1 � ÿo2

pi=o
2). The contribution of dust susceptibility

is negligible if the dust-plasma frequency, opd, is much less
than the ion plasma frequency. In this case vs � vTeopi=ope

and the condition for quasineutrality in the unperturbed state
is ni; 0 � ne;0�1� P�, which gives, in Eqn (3.53), the depen-
dence of the usual sound velocity on the dust density P. It is
only the presence of this dependence that makes the velocity

of ordinary sound in dusty plasma different from the velocity
of ordinary sound in the absence of dust.

For collisionless dust-sound waves both the electron and
ion susceptibilities correspond to Debye screening and the
susceptibility of the dust corresponds to the free inertial
motion of the dust particles in the wave field:

Edo; k � 1ÿ o2
pd

o2
; o2

pd � 4p
Z2

de
2nd

md
: �3:54�

Then the condition of quasineutrality in the wave distur-
bances, and the condition of quasineutrality of the unper-
turbed state, lead to

o2 � k2v2ds;1 ; �3:55�

where vsd;1 is the velocity of short wavelength dust sound
waves, equal to [60, 61]

v2ds;1 � o2
pd

d 2
e d

2
i

d 2
e � d 2

i

�
�����������������������������������
PZdTe

md

t
t� 1� P

r
: �3:56�

We give the subscript 1 for this dust sound speed to
distinguish it from the long wavelength dust-sound speed,
which will be described below.

For t � Ti=Te 5 1, the velocity of the dust-sound wave
considered here is determined by the relation

vsd �
���������������������
PZdTi

md�1� P�

s
: �3:57�

The derivation of Eqn (3.57) assumes that
vsd 4 vT d �

��������������
Td=md

p
, or

Td 5PZdTi
1

1� P
: �3:58�

As in the most interesting cases Zd is a very large number,
condition (3.58) is easily satisfied, even for Td � Ti. For low
dust density, P, however, relation (3.58) can be violated. It is
satisfied in all experiments on plasma-dust crystals and
plasma etching; it is satisfied in planetary rings; and, in the
limit of applicability, is likely to be satisfied in interstellar
dust-molecular clouds. From optimal estimates in dust-
molecular clouds, Zd � 102, P � 10ÿ2ÿ10ÿ1, and relation
(3.58) is satisfied. In the latter case, a more appropriate
comparison of vTd is not with vsd;1 but with the long
wavelength dust-sound velocity, vsd;2, given below. The latter
is not proportional to P, although the critical wave number
(the second dust-sound wave numbers should be less than the
critical one) is proportional to P. There are several important
comments to be made concerning the dependence of the dust-
sound speed on the adopted parameters. The presence of
parameter P in the velocity of dust-sound waves distinguishes
their properties from ordinary dust waves substantially, if one
considers the nonlinearities and the conversion of dust-sound
waves into shock waves. In ordinary sound waves, density
enhancements are accompanied by temperature changes, and
thus, in changes in speed, faster regions overtake slower
regions, converting sound waves into shock waves. In dust-
sound waves, not only the temperature, but also the dust
density is changing, and the dust-sound speed depends
directly on dust density. This opens the possibility for the
existence of new, nonlinear dust waves as well as new types of
shock waves. In this problem, it is important that the

January, 1997 Dust plasma crystals, drops, and clouds 75



possibility of energy and momentum transfer from dust
particle disturbances to neutral and charged particle compo-
nents of dusty plasmas exists.

Long wavelength dust-sound waves exist for wavelengths
larger than the mean free path of plasma particles and their
collisions with dust particles (we will continue to neglect the
influence of the neutral component, which will be discussed
later [59]). To describe the interactions between plasma and
dust particles we return to cross-sections (3.3) and (3.4),
which are concerned only with direct impact collisions
between plasma particles and dust particles. We will add to
these cross-sections the elastic Coulomb collision cross-
section for plasma particles with dust particles, which was
shown above to be of the same order of magnitude as those
given by direct bombardment. The frequencies which govern
the disappearance (recombination) of plasma particles in
collisions with dust particles are given by cross-sections (3.3)
(3.4). The equation describing the dynamic changes in a dust
particle's charge, Eqn (3.7), can be used to find the charging
frequency denoted as nch. It characterizes the time scale of
relaxation of dust charge to equilibrium, for small deviations
in charge from the equilibrium value. If Zd � Zeq

d � dZd;
dZd=Z

eq
d 5 1, then

ddZd

dt
� q�ce ÿ

P
i Zici�

qZd
dZd � ÿnchdZd: �3:59�

By using Eqn (3.59) in conjunction with the equation for
equilibrium charge, (3.8), we find:

nch � opia������
2p
p

di
�1� t� z�: �3:60�

In the case when the values, t and z, are of the order of
unity, the following estimate for the charging frequency can
be written, nch � niZd, where ni is the frequency for ion-ion
collisions. As ordinarily, Zd 4 1, the charging frequency is
much larger than the frequency of ion-ion collisions. The
frequency which gives the rate of electron and ion recombina-
tion on dust particles is determined by the same cross-
sections, Eqns (3.3) and (3.4), and should be proportional to
the dust density. The only dimensionless parameter which is
linearly dependent on dust density is P, and such a frequency
is estimated to be nchP � niZdP. The exact calculations
supports these estimates. Given here are the results. The
exact relation between the frequency, Eqn (3.60), and ni, has
the form:

nch � niZd
3t�1� t� z�

2z lnL
: �3:61�

For laboratory experiments on plasma-dust crystals and
plasma etching, t � 10ÿ2, butZd � 104 ÿ 105 and nch exceeds
ni by approximately two orders of magnitude. In planetary
rings, this excess is larger, by four orders of magnitude. In
interstellar dust-molecular clouds, the excess is one or two
orders of magnitude. It is important that, in all cases, the
excess is substantial Ð by several orders of magnitude. From
the same cross-sections, Eqns (3.3) and (3.4), we find, for the
disturbances in the continuity equations for electrons and
ions,

�ÿio� �ne; i� dne; i
ne; i
� i�k � ue; i� � ÿ�ne; i

dnd
nd
ÿ d�ne; i ; �3:62�

where �n is the effective frequency of the disappearance
(recombination) of electrons and ions on dust particles, and

ue; i are the directed velocities of electrons and ions. Equation
(3.62) can be derived by integrating the kinetic equations for
electrons and ions, with cross-sections (3.3) and (3.4), over a
Maxwellian distribution, shifted in velocities by the drift
velocity ue; i, small compared with the thermal velocity. In
the first term on the right-hand side of Eqn (3.62) one can
substitute the equilibrium value of the dust charge, while in
the second term of the right-hand side it is necessary to take
into account the first term of the expansion, dZd=Zd, as the
variation in density depends on the variations of charge. We
find

�ne � nch
P

z

�t� z�
�1� t� z� ; �ni � �ne

1� P
: �3:63�

These relations confirm the estimate given above, that the
frequency of plasma particle recombination on dust particles
differs from the charging frequency by, approximately, the
factor P; but the exact expression contains a factor of the
order of unity, depending upon the temperature ratio and on
the value of the equilibrium charge. Finally, we also obtain
the dependence of the last term in the continuity equation for
electrons and ions, on dZd=Zd:

d�ne � ÿz dZd

Zd
�ne; d�ni � z

t� z
�ni

dZd

Zd
: �3:64�

The relationship between �ni and �ne has a very simple
meaning, that the equilibrium fluxes of electrons and ions are
equal. This relation can be also written in the form

ne; 0 �ne � ni;0 �ni: �3:65�
In a similar manner one can obtain the equations for a

perturbation, in momentum, of electrons and ions:

�ÿio� ~ne; i�ue; i � ÿv2Te; i ik
dne; i
ne; i
� ee; i
me; i

k

k
E; �3:66�

where
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These equations, apart from the direct bombardment
cross-section (appearing in the continuity equation), also
contain the effect of Coulomb elastic collisions between
plasma particles and dust particles. These are the terms
which contain the Coulomb logarithm, which is, here,
ln�d=a�. They were obtained by using the Landau collision
integral in the kinetic equation. For t and z of the order of
unity, the contribution due to Coulomb collisions with ions is
of the same order of magnitude as the contribution due to
direct bombardment, i.e. ~ni � �ne, �ni. The fact that the rate of
these collisions is of the same order can be obtained from very
simple estimates:

reff � Z2
de

2

T
; scul � pr2eff �

pZ2
de

4

T2
� pa2z2 ;

for z � 1. The factor exp�ÿz�, in electron collisions, equalizes
the electron and ion collision rates in the continuity equa-
tions, but in the equations for momentum transfer such
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equalization is not present, and, therefore, ~ne contains
exp z � vTe=vTi 4 1, such that, in ~ne, the Coulomb collision
term is dominant. In most laboratory experiments, where
t � 10ÿ2, Coulomb collisions also dominate ~ni. This is due to
the usual dependence (/ 1=T

3=2
i ). Additionally, 1=T

1=2
i

appears from nch).
The equations obtained for density and momentum

perturbations can be used to obtain a dispersion equation
which takes into account the plasma particle collisions but
neglects the binary plasma particle collisions. These equation
do not always give sound-like solutions, as there exists a
transition range from one type of dust-sound wave to
another, but in extreme limits, we find the two types of dust-
sound waves. The existence of a transition region is physically
clear Ð it corresponds to the case where the wavelength is of
the order of the mean free path of plasma particles in
collisions with dust. The question is, `what kind of combina-
tions of four collision frequencies and in which form they
enter into the definition of the mean free paths?'

For each type of particles there are only two types of
collisions, ~ne; i and �ne; i, but their values are different, as was
shown above. The answer to this question can be obtained
from the dispersion relationÐ it is that the value of the mean
free path is determined by an effective frequency which is a
`geometrical mean value' of the two mentioned frequencies.
Namely, for electrons, it is neffe �

��������
~ne�ne
p

, and for ions, it is
neffi �

�������
~ni�ni
p

. Therefore, it is reasonable to introduce the wave
vectors measured in the inverse values of these effective mean
free paths:

Ke � kvTe
neffe

; Ki � kvTi

neffi

: �3:69�

Then the continuity equations and the equations for change in
momentum, together with the charging equation (for
o5 nch), give the following expression for the dielectric
constant, Eo;k, describing the electrostatic perturbations [59]:

Eo; k � A�k2� � �Edo; k ÿ 1�B�k2� : �3:70�
In this expression, the dust response, (Edo; k ÿ 1), is left
arbitrary, which is useful for further consideration of the
effects of dust attraction. The coefficients, A and B, depend
only on k2 in the limit of low frequencies, o5�ne; i;~ne; i, but
they can be written for arbitrary relationships between the
wave numbers and the mean free path:
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In obtaining this result, we used Eqn (3.7) to express
dZd=Zd through relative changes in density. The limits of
applicability for the expressions ofA andB are determined by
the absence of the frequency coefficients, which is the
consequence of the approximation usedÐ that the frequency
of the disturbance is much smaller than the effective collision
frequencies of the plasma particle ± dust interaction. If
necessary, the frequency dependence of these coefficients
can be recovered by adding to the corresponding frequencies,
nch;�ne; i;~ne; i, the value �ÿio�. This is not of much importance
for the largest frequency, ~ne, but for other frequencies, it
could be of importance in the case where the inertia of the
ions needs to be taken into account, as it is for ordinary sound
waves. For dust-sound waves, all of the frequency terms in
the coefficients A and B are small, and can lead only to slight
dust-sound damping (see below). Another important
assumption in the derivation of the dispersion relation is the
rejection of binary plasma particle collisions. From the
estimates given above, it is easy to find that this restriction
implies that

ZdP4 1 �3:73�

but this is, roughly speaking, the condition that the dust-
sound speed exceeds the thermal ion velocity, or, more
exactly, the thermal dust velocity for the ion temperature
which coincides with the thermal dust velocity, when the
temperature of dust is of the order of ion temperature.

For the case we used in Eqn (3.70), �Edo; k ÿ 1� � ÿo2
pd=o

2,
i.e., if we take into account only the dust inertia, we find that
the previous expressions, (3.55) and (3.56), satisfy the equa-
tion for the dielectric constant equal to zero, only for Ke; i 4 1;
that is, for wavelengthsmuch less than the effectivemean path
for collisions of plasma particles with dust particles. The
whole dispersion relation describes a continuous transition to
and from opposing relations, and is valid in all intermediate
values of wave numbers, where the wavelength is less than the
mean free path for ions, but larger than themean free path for
electrons. We will give here the results for dust-sound
velocity, in the case of the smallest wave numbers, where the
wavelength is larger than both themean free path for ions and
electrons:

v2sd;2 �
ZdTe

md

P�t� z� � �1� P��1� t� z�
t� z� 1� P

: �3:74�

The difference between expressions (3.74) and (3.56) is
especially large for t5 1, as in Eqn (3.74), the dust-sound
speed is determined by the electron, not the ion, temperature.
Also, for P tending to zero, the sound speed of Eqn (3.74)
does not tend to zero as it does for Eqn (3.56). It also should
be mentioned that the effective collision frequency is propor-
tional to P, and thus Eqn (3.74) is valid for wave numbers less
than the critical one proportional to P.

Similar to the case where ordinary sound can be unstable
in gravitational disturbances, dust-sound can be unstable in
the attraction of dust particles described above. An essential
difference is that the dust-sound velocity is rather small and
the instability of self-contraction can be initiated at sizes
much smaller than those for gravitational disturbances. We
will discuss both the cases where gravitational effects are
unimportant (which has applications to laboratory experi-
ments) and the cases where they are important (which may
have astrophysical applications).
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3.8 Electrostatic self-contraction instability of dust clouds.
A simplified approach
We are interested here in the attraction and repulsion effects
under the assumption that the pair interaction of dust
particles is dominant, and over large distances, or small k,
where k5 1=d, i.e., we are interested in the range of wave
numbers where, in the absence of new attraction and
repulsion interactions, the dust-sound wave mode is present.
The range over which the dust-sound mode is present is thus
restricted by the lower valued wave numbers, where the dust-
sound mode is converted to the self-contraction instability.
We will determine the critical value of the wave number for
which such a transition occurs. Assuming that the inequality
k5 1=d is fulfilled, and taking into account the non-Debye
screening, leads to dust repulsion competing with the effects
of dust attraction. The perturbation of dust motion can be
found from the equation for dust momentum, in which the
forces are taken into account. We have:

ÿiomd�k � dv d; k� � �k � Fk� ÿ Zde�k � Ek�
� ÿip2ZrZ2

de
2dn d; kka� 4p i�Zb � Zc�

� Z2
de

2 a2

d 2
i

dn d; k ÿ Zde�k � Ek� ; �3:75�

where dv d; k is the Fourier component of the perturbation in
the dust velocity, and dn d; k is the Fourier component of the
perturbation in dust density. By using the equation of
continuity, �k � dv d; k� � odnd; k=nd, we find the dust
response, in the form:

Edo; k � 1ÿ o2
pd

o2 ÿ �p=4�Zro2
pdka� �Zb � Zc�o2

pda
2=d 2

i

: �3:76�

To start with the simplest case, we consider the range
where, in the absence of attraction and repulsion between
dust particles, the dust-sound mode corresponds to the long
wavelength dust-sound mode, with dust-sound velocity equal
to vsd;2. After taking into account the attraction and repul-
sion, we obtain an equation similar to that of gravitational
instability:

o2 � k2v2sd;2 �
p
4
Zro

2
pdkaÿ �Zb � Zc�o2

pd

a2

d 2
i

: �3:77�

It is possible to write the dispersion relation for an
arbitrary relationship between the wavelength and the mean
free path for plasma particle ± dust interactions (see next
section). Here, we give qualitative analyses of Eqn (3.77)
written in a different form [63],

o2 � k2v2sd;2 � 2ZrZseopdkvsd;2
a

di
ÿ �Zb � Zc�o2

pd

a2

d 2
i

; �3:78�

where,

Zse �
p
8

��������������������������������������������������������������������������
tP

1� P

t� z� 1� P

P�t� z� � �1� P��1� t� P�

s
: �3:79�

By putting in Eqn (3.78), o � 0, we can find the critical
value of the wave number kcr, which determines the size of
disturbances, Lcr � 2p=kcr, which become unstable for

L > Lcr. This length is similar to the Jeans length for
gravitational instability:

kcr � opd

vsd;2

a

di

� �������������������������������
Z2rZ2se � Zb � Zc

q
ÿ ZrZse

�
: �3:80�

This value of the critical wave number can be written in
another form, if we use the expression for the long wavelength
dust sound speed:

kcr � 1

di

a

di
Lcr ; �3:81�

where

Lcr �
������������������������������������������������������������������������������

Pt�1� z� P� t�
�1� P��P�t� z� � �1� P��1� t� z��

s

�
� �������������������������������

Z2rZ2se � Zb � Zc
q

ÿ ZrZse
�
: �3:82�

For this expression to be valid, it is necessary that the
wavelength corresponding to the critical wave number, be
larger than the mean free path:

k5
1

di

a

di
Lse ; �3:83�

where

Lse � P�t� z����������������������
2p�1� P�p

z

���������������������������������������������������������������
t�4� z� � 2z2t3=2

���
m
p

3�t� z��1� P� ln
d

a

s
;

�3:84�
and m � mi=me; i.e., the kcr defines the threshold of instability
only for

Gse � Lcr

Lse
< 1 : �3:85�

In the opposite case, the entire long wavelength dust-
sound branch is unstable, and the threshold can be found only
from the general dispersion relation, given above. For
P � 0:1; 0:01, the critical wave number is indeed larger than
the minimum wave number, where long wavelength dust-
sound exists, and the instability develops for the whole
branch; i.e., the dust sound wave as a branch with large real
frequency, does not exist. In laboratory experiments, the
critical wavelength is less than the size of the installation (or
chamber) and the process of self-contraction of dust clouds
should be effective.

For k4 kcr, the growth rate reaches its maximum, similar
to the usual gravitational instability, and has an explicit
expression [63]:

gmax � Imomax � opd
a

di

���������������
Zb � Zc

p
: �3:86�

We give, in Fig. 6, the dependence of the maximum
growth rate on the ratio of ion to electron temperatures for
hydrogen and silicon (single ionized) plasmas. It can be seen
from this figure that, with a decrease in t, the maximum
growth rate increases as the normalization contains a factor
tÿ3=2. The results given on the left hand side of Fig. 6
correspond to conditions close to those in laboratory experi-
ments for plasma-dust crystals and plasma etching, while the
results on the right hand side of Fig. 6 correspond more to
astrophysical conditions, where the electron and ion tempera-
tures are often equal.
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The maximum growth rate has the following dependence
on the plasma parameters:

gmax / a

���������
ndne

T
3=2
i

s
: �3:87�

The growth rate in the experiments on plasma etching
increases in time, with the growth, in size, of the dust particles,
but in every case the time of the development of instability is
shorter than the time of the experimentÐof the order of 10ÿ3

s or 10ÿ2 s. This most likely explains the appearance of
compact and stable dust clouds in all of the experiments on
dust etching. In the case where neutrals are important in
attraction, the effect of the neutrals can be taken into account
with Zn.

3.9 General theory of self-attraction instability and the
role of dissipative processes
We obtained that the instability of self-attraction can be so
strong that the critical wavelength could be of the order of, or
less than themean free path for interaction of plasma particles
with dust particles. The effective mean free path for electrons
is �me=mi�1=4, less than the effectivemean free path for ions, in
the case that the temperatures of electrons and ions are equal.
One should remember that the effective collision frequency
contains the square root of the product of the effective
frequency in the continuity equation, and effective frequency
in the momentum equation, and that the former does not
contain the mass ratio due to the equality of ion and electron
fluxes on the dust particles.

Experiments were performed in gases containing heavy
ions, with recent experiments on dust crystals performed in

Kr, with atomic weight 80. The mass ratio mentioned
competes with the temperature ratio term, which, due to the
same arguments, is proportional to �Ti=Te�3=4; i.e., the factor
1=30 is competing with the factor 1=300. This indicates that
the range in wave numbers where the wavelength is larger
than the mean free path for electrons, but less than the mean
free path for the ions, is narrow, and the best attempt will be
to consider all intermediate cases exactly, not using approx-
imate analytic expressions. Therefore, we use numerical
methods to solve the dispersion relation.

It is useful, for this purpose, to introduce another normal-
ization of the wave numbers and frequencies. The frequencies
will be normalized with opda=di, which is the characteristic
growth rate of instability, and the wave numbers will be
normalized with a=d 2

i , the characteristic size of dust mole-
cules, and probably the size of the crystal lattice in plasma-
dust crystals.

For this normalization, in the case that we omit factors of
the order of unity (for P; z � 1), the dust-sound frequency is
described byods�k� � kd=di. We restrict this consideration to
the case where a5 di, as before. We will also take into
account the imaginary parts in the dispersion relation [64],
since, although they are small, it is necessary to find whether
the imaginary parts lead to the damping of, or amplification
of waves in the range where the attraction does not create an
aperiodic instability (i.e. for k > kcr).

The reason why the dissipative processes can lead to
instability is that the dusty plasma is an open system. The
reasonwhy the dissipative processes are weak is that, as usual,
the relative order of the dissipative terms in the equations is
determined by the ratio of the frequency to the collision
frequency; the frequency is low because the dust sound
velocity is slow, and the collision frequency is high because
the charging frequency is high. This causes the influence of
dissipative processes on attraction instability to be small in
the range of wave numbers substantially above the threshold
of the aperiodic instability of self-contraction.

In the absence of self-attraction instability, the dissipation
effects can lead either to weak dissipation or weak amplifica-
tion of dust-sound waves. The condition o=nch 5 1, in the
notations accepted here, has the form

md 5
a

di
; P4 1 ; m5

Pa

di
; P5 1 ; �3:88�

where,

md �
vsd
vTi

di
d
: �3:89�

In typical laboratory experiments (Te � 1 eV, t � 10ÿ2,
n0; e � 3� 109, P � 1), the damping will not be weak only for
a < 10ÿ6 cm, which corresponds to the smallest size usually
detected.

We will consider the dissipative processes by means of
perturbation theory. The dispersion equation, Eo; k � 0, in the
approximation where one neglects the dissipative processes,
but for arbitrary relationship between the wavelength and the
mean free path in the dimensionless variables accepted here,
has the form

a�k� � b�k� k2

�o�k��2 ÿ �p=4�Zrk� Zc � Zb
; �3:90�
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Figure 6. The dependence of the maximum growth rate of the electrostatic

self-contraction instability of dusty plasma on the temperature ratio,

t � Ti=Te, and on the plasma density, P � ndZd=ne, for hydrogen plasma

(the lines marked by H) and for silicon plasma containing single ionized

ions (the lines marked by Si).
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where

a�k� � k2
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Ze � �t� z��1� P�2 t
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In the case where the solution of Eqn (3.90) is complex, it
describes the aperiodic instability of self-contraction. The
dissipative processes lead to the following small corrections:

o � o�k� ÿ imdG�k� ; �3:95�

where o�k� satisfies the Eqn (3.90), and

G�k� � k2
a0�k�b�k� ÿ b0�k�a�k�

2�a�k��2 ; �3:96�
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The expressions a0�k� and b0�k� both contain negative and
positive terms, and without exact calculations it is difficult to
determine the sign of the imaginary part. For negative sign,
the instability is related to the release of electrostatic energy
accumulated on dust particles.

We will give the results of some numerical calculations
[64], in the range

10ÿ2 4P4 10 ; 10ÿ2 4t4 103

for hydrogen, argon and silicon plasmas. In the range of very
small t, namely 10ÿ2 < t < 10ÿ1, which is of interest for
laboratory experiments, the results are sensitive to the exact
values of t and P.

Figure 7 contains the results concerning the calculation of
the critical wave numbers kcr as functions of dust density, P,
and temperature ratio, t, for hydrogen and silicon. The
critical values of the wave numbers change little over a
broad range of t, but fall abruptly in the range t < 10ÿ1.
They also decrease with an increase inP. The long wavelength
dust-sound wave branch survives only for P > 1; 10, and
t close to 10ÿ2; i.e., it exists in a rather limited range of wave
numbers in the conditions of existing experiments.

More often, the critical wave numbers are in the range
where the wavelength is comparable to the mean free path.
This means that the instability is strong. However, one can
also recognize the existence of a stable flat spectrum in a
rather broad range of wave numbers, corresponding to the
transition from long wavelength dust-sound waves to short
wavelength dust-sound waves (see Fig. 8).

Figure 9 gives the dependence of the growth rate of self-
contraction on wave numbers for the case where they are less
than the critical wave number, and on the temperature ratio.
Figure 10 gives the absorption coefficient (which is caused by
dissipative processes) as a function of temperature ratio and
the wave number.
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Figure 7. The critical value kcr for hydrogen (a) and silicon (b) plasma as a

function of the temperature ratio, t, in the range 10ÿ2 < t < 1: 1 corre-

sponds toP � 0:02, 2 corresponds toP � 0:1, 3 corresponds toP � 1, and

4 corresponds to P � 10. Similar curves were obtained for Si and Ar.
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It is clear that the relative value of absorption increases
substantially for small values of the temperature ratio, but
due to the low value of the coefficient md, this absorption
cannot prevent the development of instabilities, even for small
t values. As all values in this case are determined by the
maximum dust sizes, the estimates show that the instability is
prevented only in the case where the maximum size is not
larger than 10ÿ2 mm. However, this corresponds only to the
very early stages of gas discharges used for etching. The
appearance of negative values for the absorption coefficient,
i.e., the appearance of instability, was observed in numerical
calculations for wave numbers larger than its critical value,
only for large dust densities (P > 10, see Fig. 11 )

In general, this investigation shows that attraction
instability can develop over a broad range of dusty plasma
parameters. The dissipative processes do not substantially
influence the attraction instability, but for high dust densities,
the dissipative processes can amplify the dust-sound waves.

3.10 Sound waves in the neutral component
and their interaction with dust-sound waves
Above, we discussed the possibility for the existence, in
dusty plasmas, of two types of sound waves: ordinary sound
waves and dust sound waves. We considered mainly the
charged components of the dusty plasma. In the presence of
a large neutral density, however, ordinary sound waves
propagate mainly in the neutral component. In the case
when the frequency of the wave is much less than the
collision frequency between ions and neutrals, the relative
velocity of the ions and neutrals in perturbations tends to
zero, and the ions and neutrals in the perturbations move
together.

The velocities of ordinary sound waves in neutral and
plasma components do not differ substantially. As a result of
friction between neutrals and ions the sound wave velocity for
frequencies much less than the friction frequency, differ from
the frequency of usual sound in the ion or neutral component,
only by a factor of the order of unity.

A qualitatively different situation appears due to the
interaction of dust-sound waves with ordinary sound waves
through collisions of neutrals with dust. Firstly, the cross-
section of such collisions depends on the size of the dust
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Figure 9. The dependence of the growth rate of the instability of self-

contraction on the wave number for k < kcr. On the x axis, the parameter t
ranges from 10ÿ2 up to 1, and on y axis, the parameter k=kcr randes from 0

up to 1. The plasma is hydrogen. Similar curves were obtained for Si and
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particles, and secondly, the velocity of dust-sound waves
differ substantially from the velocity of ordinary sound
waves in the neutral component.

It is also possible that the velocity of ordinary sound is
altered, lowered by dust loading. The two sounds in the
presence of momentum exchange between neutrals and dust
are mixed, and are both changed. Not only is ordinary sound
loaded with dust, dust-sound is also altered by the neutrals
[58].

One can write an equation for the disturbance of the
neutral motions, taking into account the pressure force,
�ÿqnnTn=qr� for which the Fourier components correspond
to

ÿikv2s;n
�
dnn
nn

�
mnnn ; vs;n �

������
Tn

mn

r
;

and also the force of friction between neutrals and dust
nnmnnn�vn ÿ nd�. By using the continuity equation, we
get:

o2nnmn
dnn
nn
� nnmnnn

�
dnn
nn
ÿ dnd

nd

�
� k2v2s;n

dnn
nn

nnmn :

�3:100�
Obviously, in this equation, we can cancel the common

factor nnmn, but we will leave it in this form for now, as in the
corresponding equation for the dust component, the con-
servation of momentum in dust-neutral collisions is readily
seen. The equation for dust disturbances has the form:

o2ndmd
dnd
nd
� nnmnnn

�
dnd
nd
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nn

�
� k2v2s;d

dnd
nd

ndmd :

�3:101�

From these equation, one finds the dispersion equation
which connects the two sound wave branches:

�o2 ÿ k2v2s;n��o2 ÿ k2v2s;d� � ionn

�
�
�o2 ÿ k2v2s;d� �

nnmn

ndmd
�o2 ÿ k2v2s;n�

�
� 0 : �3:102�

Weakly damped waves exist only in two cases:
(1) The case where, in the first approximation, one

neglects the imaginary part of Eqn (3.102); there exist two
branches which are, to a certain approximation, independent
and are weakly damped due to the imaginary part describing
the dust-neutral collisions.

(2) The case where the frequency of the wave is much less
than the collision frequency nn, such that only one branch
exists, making the imaginary part of the dispersion relation
zero. This is weakly damped due to the presence of the real
part of the dispersion relation:

o2 � k2
�
v2s;n

nnmn

nnmn � ndmd
� v2s;d

ndmd

ndmd � nnmn

�
� k2v2s;nd:

�3:103�

This sound branch can be considered as a sound wave in a
neutral component loaded with dust, or as dust-sound loaded
with neutrals. This depends on which of the two terms in the
brackets of Eqn (3.103), is dominant. In the case where the
first term dominates, the velocity in the neutral gas is
decreased by the ratio of the mass density in the neutral
component, to the total mass density, including the dust
component. In the early stages of etching experiments, for

example, the dust mass density, of the order of 108 cmÿ3, is
approximately one order of magnitude less than the mass
density of neutrals; but in the later stages of the experiment,
this ratio is inverted. In dust-molecular clouds, a fairly
accurate estimate for the maximum dust size is unknown,
but according to current belief, the mass density in the dust
component is an order of magnitude larger than that of the
neutral component. In typical dust-crystal experiments, the
mass density of the dust component 10ÿ2 g cmÿ3, is much
larger than the mass density of the neutral component
10ÿ8 g cmÿ3.

We will estimate the change to the value of the dust-sound
velocity by the neutral component for dust-crystal experi-
ments. For ndmd 4 nnmn, using Eqn (3.57), we find:

v2s;nd �
TiP

md

�
Zd

1� P
�N

Tn

ZdTi

�
; �3:104�

where N � nn=ne is the degree of ionization, inverted. For
plasma-dust crystal experiments, as a rule, Z 2

d > 108ÿ109,
while the degree of ionization is not less than 10ÿ6ÿ10ÿ7,
which means that the second term of Eqn (3.104), describing
the contribution of neutrals, is small. The same is true for
etching experiments.

We postponed the discussion of neutrals up to this section,
as the effects produced by neutrals are important only in the
subsequent sections. The role of neutrals is important in dust-
molecular clouds and in plasmas of atmospheric pressure.
The long existence of such clouds, and their self-contraction,
can be due both to gravitational effects and to the plasma and
neutral bombardment with dust particles. Themass density of
dust, in this case, is of the order of, or larger than the mass
density of neutrals.

3.11 Electro-gravitational dust self-contraction instability
The exchange of momentum between dust and neutrals (with
frequency nn) is important not only in conditions of dust
attraction due to neutral and plasma particle bombardment,
but also in the conditions of gravitational attractions between
all components [58]. For this reason, we will consider the
dispersion relation for the interaction betweenordinary sound
waves and dust-soundwaves, taking into account not only the
friction between neutrals and dust, but also all the forces of
attraction and repulsion acting on the dust particles, and the
gravitational forces acting on the particles of all components.
Thus, a more general form of Eqn (3.102) is:�

o2 ÿ k2v2sd � �Zb � Zc � Zn�o2
pd

a2

d 2
i

�
�o2 ÿ k2v2s �

� 4pGmnnn

�
o2 ÿ k2v2sd � �Zb � Zc � Zn�o2

pd

a2

d 2
i

�
� 4pGndmd�o2 ÿ k2v2s � � ionn

�nnmn � ndmd�
ndmd

�
�
o2 ÿ k2v2s;n; d � �Zb � Zc � Zn�o2

pd

a2

d 2
i

� ndmd

�nnmm � ndmd� � 4pG�nnmn� ndmd�
�
� 0: �3:105�

Above, we discussed only the weakly damping modes, the
frequency of which is either greater, or less than the frequency
of momentum exchange between dust and other components.
The intermediate case, where the frequency is of the order of
that given for momentum exchange, was of no special
interest. The qualitative difference between the consideration
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of this and previous section, is that there can exist an
instability even in the intermediate range of frequencies, and
it can serve as a continuation of instability in other domains.
On the other hand, even neglecting the new mechanisms of
attraction, we will not return to the standard gravitational
instability due to the possibility of existence of two branches
of sound waves. We find, in the case of a low rate of dust
neutral collisions:

�o2 ÿ k2v2sd��o2 ÿ k2v2s � � 4pGmnnn�o2 ÿ k2v2sd�
� 4pGndmd�o2 ÿ k2v2s � � 0 : �3:106�

For kvs 4 4pGndmd, 4pGnnmn, i.e. in the conditions
where the usual gravitational instability does not develop,
we find the following two approximate solutions to the
Eqn (3.106):

o2 � k2v2s ; �3:107�

o2 � k2v2sd ÿ 4pGndmd ÿ �Zb � Zc � Zn�o2
pd

a2

d 2
i

: �3:108�

Equation (3.107) describes a stable, ordinary sound wave,
while Eqn (3.108) describes the gravitational instability of a
dust-sound wave, the critical size of which is much less than
the Jeans size, namely, kcr�

�������������������
4pGndmd

p
=vsd. Obviously, in

both branches, the disturbances of both the dust density
component, and the neutral density component, are present.
This means that the gravitational instability is substantially
changed. In the case that k increases, reaching nn=vs, the
dispersion of both branches is changed, but one of them,
which for small k corresponds to Eqn (3.107), will be stable,
while the other, which for small k corresponds to Eqn (3.108),
remains unstable. For kvs 5 4pGndmd, 4pGnnmn, this
unstable branch is transformed to the usual expression for
Jeans instability,

o2 � ÿ4pG�nnmn � ndmd� ;
in which the total energy density of the neutrals and dust is
present. Apart from this branch, another branch exists which
is always stable. The new forces of attraction and repulsion
due to the bombardment of dust, with the additional
condition

kvs 4
�������������������������
Zb � Zc � Zn

p opda

di
;

modify Eqn (3.108) by adding to the right hand side the terms
describing the attraction of dust particles,

�Zb � Zc � Zn�
o2

pda
2

d 2
i

;

close to the threshold, all attraction factors are summed. The
maximum growth rate, gmax, although it is determined by a
more complicated combination of the different types of
attraction, is

g2max �
1

2
�Zb � ZcZn�o2

pd

a2

d 2
i

� 2pG�nnmn � ndmd�

� 1

2

��
�Zb � Zc � Zn�o2

pd

a2

d 2
i

� 4pG�nnmn � ndmd�
�2

� 4pGnnmn�Zb � Zc � Zn�o2
pd

a2

d 2
i

�1=2

: �3:109�

Let us then consider the case where the collision rate
between neutrals and dust is much larger than the other
characteristic frequencies. Here, the two branches merge into
one:

o2 � k2v2s;dn ÿ �Zb � Zc � Zn�o2
pd

a2

d 2
i

ndmd

�nnmm � ndmd�
ÿ 4pG�nnmn � ndmd� ; �3:110�

in which a combined sound velocity (3.103) enters. This
combined sound velocity, in laboratory experiments, as was
predicted, is close to the dust-sound velocity, but in astro-
physical conditions, it can be close to the ordinary sound or
dust sound velocity.

3.12 Surface tension
The presence of attraction between dust particles leads to a
new phenomenon of surface tension in the dust cloud. The
coefficient of surface tension, a is known [65] to be equal to
the work which is necessary to produce an increase in the
surface of the cloud by 1 cm2, and can be estimated as the
energy per unit surface. Denoting the thickness of the surface
layer by h, we find an estimate

a � Umndh : �3:111�
To find an estimate of h is not a simple problem as it is not

quite clear what the surface layer and what the surface
structure of the dust cloud really is. The structures of dust
clouds have mainly been investigated experimentally, and the
most probable surface structure may be determined by
different processes, and depends on the type of external
ionization and the openness of the system. Therefore, we
can only emphasize the qualitative consequences of the
presence of surface tension and give some estimates.

Firstly, surface tension makes it possible for the existence
of plasma-dust crystals within free boundaries, and they will
have a spherical form. Numerical simulations [48] confirm
this conclusion. Secondly, the boundaries of dust clouds can
be due to the surface tension's being rather sharp, which is
indeed observed in most experiments on plasma etching. The
boundaries of planetary ring also sharp.

As concerns the theory of the structure of the surface
layers of dust clouds, we can state that such problems should
be treated self-consistently and nonlinearly Ð up to the
present time such problems have been formulated impro-
perly, not to mention their solutions. It is obvious that the
boundary conditions, and the formulation of the problems,
should be different in the case of volume ionization (as in the
case of plasma etching or in interstellar clouds), and in the
case where the plasma is injected from outside the dust cloud
(which is partially the case for planetary rings). In the first
case, a reasonable estimate of h can be several inter-dust
distances, for example, h � 10�3=4pnd�1=3.

For dust clouds in laboratory experiments on etching,
h � 10ÿ2 cm, and for Um � 100 eV, and nd � 108, we find a
rather large value for the coefficient of surface tension,
a � 10ÿ4 erg cmÿ2, which is approximately 6 (only), a
magnitude less than the surface tension coefficient of water
(but the density of neutrals is approximately 7 orders of
magnitude less than the density of water). For planetary rings,
their thickness is of the order of the plasma particle mean free
path, i.e., for surface tension, the rings are thin films with the
minimum possible thickness. This result, in itself, is of
interest. In general, surface tension should lead to spatial
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localization of dust clouds, which can be considered as an
indication of the self-organization of dust structures.

3.13 Correlations in dusty plasma, soft modes and the
appearance of distant correlations
The presence of attraction between dust particles raises the
problem concerning the existence of distant order within the
pair correlation function in dusty plasmas. We will not
consider here the case of plasma-dust liquids or plasma-dust
crystals, considering more the simple question of the change
in the correlation function introduced by dust present in a
plasma, or more precisely, the correlation function in a dusty
plasma under the conditions where the plasma-dust collision
rate is high, which physically means that the inverse char-
acteristic time of correlation is much less than the plasma
particle ± dust collision frequency (the latter was shown to
exceed the binary ion-ion collision frequency by the large
factorZd). We will also suppose that, in the dusty plasma, the
kinetic energy of dust is much larger than the potential energy
of dust attraction (which is of the order of the dust-molecular
binding energy).

The dust-molecular binding energy is the consequence of
the openness of the dusty plasma system and has nothing in
common with the chemical quantum binding energy in
ordinary matter, related to the overlapping of the wave
functions of quantum particles. In the absence of dust, with
a purely classical approach, the pair correlation function in a
plasma g�r�, has no minima or maxima and smoothly falls
with distance, repeating the shape of the Debye screening
potential: g�r� / �1=r� exp�ÿr=d�. Only for very small parti-
cle separations, due to strong correlations in the pair
correlation function in plasmas in the absence of dust, can
there be maxima and minima.

We will show that, in presence of dust, with its additional
forces of attraction and repulsion, the pair correlation
function changes drastically, even in the gaseous state where
the kinetic energy of dust particles is much larger than the
potential energy of dust attraction. It will not correspond to
the Debye screening correlation function, which seems to be
natural. It also presents some features of distant order.
Although the maxima and minima in the pair correlation
function, in this case, indeed appear to be the starting point of
the consideration which assumes that the kinetic energy of
dust is larger than the potential energy, we are unable to
consider the transition to the liquid or crystalline states.
Nevertheless, the results given below indicate that dusty
plasma, with sufficient dust density, can be considered as
being in a statemore easy convertible to liquid or crystal, than
in the absence of dust. This also seems natural, as dusty
plasma is more capable of self-organization than the other
states of matter.

Here, and below in the definition of the pair correlation
function, we will suppose that as r!1, it tends to zero (this
comment is made because in the literature [1, 2] another
definition of the pair correlation function is often used,
g�r� ! 1 as r!1; it is obvious that these two definitions
differ from each other only by unity). The pair correlation
function, in the absence of dust given above in the form of the
Debye screened Coulomb potential, was obtained by the
perturbation method as the first non-vanishing term describ-
ing the correlations. In the case that such an approach gives a
correlation function with maxima and minima, one can say
that the probability of finding two particles at a certain
distance is larger than in others, although the kinetic particle

energy is larger than the possible binding energy, and in the
majority of cases, the particles will enter, and then leave the
potential wells. However, some particles with low energy can
be captured by the wells. It is certain that such a situation is
not possible in the absence of dust.

As is usual, the theoretical results obtained by using a
small parameter are valid, to an order of magnitude, in the
case where this parameter is of the order of unity. If the theory
of weak correlations leads to somemaxima andminima in the
pair correlation function, this will show a tendency towards
distant correlations, and one can expect that the distant
correlations will appear as soon as the particles' kinetic
energies are of the order of the interaction energy, where
most of the particles can become trapped in the potential
wells. In this case, the formation of structures is not related to
strong correlations but with correlations of the order of unity.
This is not the case for a plasma in the absence of dust, and we
know that strong correlations are needed in this case to form
crystalline structures, where the energy of interaction is
hundreds of times larger than the kinetic energy.

In the case that weak correlations show a tendency
towards distant correlations with maxima and minima in the
correlation function, one can hope that structures such as
crystals can be formed when the potential energy of interac-
tion is of the order of the kinetic energy. Here, we hope to
proceed with the theory of correlation, discussing the
approaches of the renormalization theory of correlations,
the `covering' of weak correlations by polarization clouds,
etc.

If the situation indeed changes radically in the presence of
dust, due to the new interactions in the dusty plasma
discussed above, one can hope that dust-crystals can be
formed for intermediate, and not strong correlations. It also
seems natural that the first step in the investigation of
correlations in dusty plasmas should bemade by an investiga-
tion into weak correlations. A description of such a theory is
given in this section [66].

In the construction of a theory of weak correlations in a
dusty plasma we start with Klimontovich approach [67],
assuming that the discreteness in the system should first be
considered for dust particles only, and that the fluctuations of
plasma particles, which are of amuch smaller scale, follow the
dust fluctuations according to the linear hydrodynamic
relations used above in the continuity and momentum
equations.

The basis of such an approach is that the dust particles,
being much larger than the plasma particles, show larger
degree of discreteness and their fluctuations will be larger
than those of plasma particles. On the other hand, for large
scale fluctuations, one can average the small scale fluctuation
and suppose that the fluctuations of plasma particles follow
the fluctuations of dust particles. Using the standardmethods
[68, 69], we introduce the distribution function for dust
particles f d

p �r; t�, normalized according to the relation

nd�r; t� �
�
f d
p �r; t�

d3p

�2p�3 ;

(the charge of dust particles follows the dust density fluctua-
tions). We introduce the distribution function, averaged over
fluctuationsFd

p�r; t�, where the density averaged over fluctua-
tions is

Nd �
�
Fd

p�r�
d3p

�2p�3 ;
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we also introduce the fluctuations of these values as devia-
tions of the exact values from the averaged ones df d

p �r; t� and
dnd�r; t�. The correlation function,S�k;o�, for stationary and
homogeneous dusty plasma, we define with the following
relation containing the Fourier components of the density
variations:

hdndk;odndk0;o0 i �
1

�2p�3 NdS
d
n�k;o�d�k� k0�d�o� o0� :

�3:111�

For non-correlated particles we use the notation
S
d; �0�
n �k;o�, and the normalization��1
ÿ1

S d;�0�
n �k;o� do � 1 : �3:112�

Then, the pair correlation function's tendency to zero for
r! 1, is determined by the relation

gdn�r� �
���1
ÿ1

Sd
n�k;o� doÿ 1

�
exp�ik � r� d3k : �3:113�

We generalize the standard methods described in [67] by
including the new forces of attraction and repulsion at
large distances. In writing down these relations we will not
use the special normalizations which were made above. We
have,

Sd
n�k;o� �

S d;�0��k;o�
jEeffk;oj2

Gk;o ; �3:114�

where,

1

Eeffk;o

� 1

Ek;o
� p

4
Zrkaÿ

a2

d 2
i

�Zb � Zc � Zn� �3:115�

and

Gk;o �
j1� Eeffk;o ÿ Edk;oj2��1� �Edk;o���p=4�Zrkaÿ �a2=d2i ��Zb � Zc � Zn��

��2 :
�3:116�

Here, Edk;o is the general kinetic expression for the dust
component, in which only the electric forces due to dust
charge are taken into account, though without the new
attraction and repulsion forces (mentioning that, in one of
the previous sections, a simple expression for this value, in the
form 1ÿ o2

pd=o
2, was used). The value Ek;o, in (3.115),

corresponds to the total dielectric permittivity, in which the
contributions of both the electrons and ions are taken into
account, according the scheme of the previous section, with
the generalization of the simplest dust response to the total
kinetic dust dielectric permittivity, Edk;o.

In the limit of a one-component plasma (as in Ref. [1]), or
in the case where we are considering the limit of only the dust
component, we find the results given in [1]: Eeff � E d;E and
Gk;o � 1. For the approach used here, Eeff is of the order of
d 2
i =a

2 4 1 (in the case where one neglects, for simplicity, the
contribution due to neutrals in the dust attraction). Indeed,
the last two terms in the expression (3.104) for 1=Eeff, after the
introduction of the previous section's normalization, are easy
to estimate, and have the order a2=d 2

i . For the same normal-

ization, we have:

Ek;o � 1� 1

��k�2N��k�
d 2
i

a2

�
a��k� � b��k�

�
�k
2�E d;Ek;o ÿ 1�

1� �E d;Ek;o ÿ 1���p=4�Zr �kÿ Zc ÿ Zb ÿ Zn�

�
; �3:117�

where,

N�k� � t� z

1� t� z
�

�k
2

Zi
: �3:118�

Assuming Eeff 4 Ed ÿ 1 we find

Sd�k;o� ÿ S d;0�k;o� � ÿSd;0�k;o� 2Re�Eeffk;o�Edk;o ÿ 1��
jEeffk;oj2

:

�3:119�

For dielectric permittivity, one can use the standard
kinetic expression, which, for the normalization of wave
numbers and frequencies introduced above, can be written
in the form (�k � kd2i =a):

Edk;o � 1� 1
�k2t2d

W

�
�o

�k
���
2
p

td

�
; �3:120�

where

td �
�����������������������
�1� P�
PZd

Td

Ti

s
; �3:121�

W�x� � 1ÿ 2x exp�ÿy2�
�x
0

exp�t2� � i
���
p
p

x exp�ÿx2� :
�3:122�

The pair correlation function can now be written as a sum
of two terms Ð the first following the potential of dust
molecules, gm�r�, and the second describing the additional
long range correlations, gl�r� [67]:

gd�r� � gm�r� � gl�r� ; �3:123�

gm � p2a5

d 8
i t

2
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�
1
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Zr ÿ

1

r
�Zb � Zc � Zn�

�
; �3:124�

gl�r� � 4pa5

d 8
i t

2
dr
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qr2

�1
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�1
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exp�ÿx2� dx

�Re

�
W��x�N��k�

�
a��k� � b��k�

�
�k
2
W�x�

t2d
�k2 �W�x��p�kZr=4ÿ Zb ÿ Zc�

�ÿ1�
; �3:125�

r � ra

d 2
i

: �3:126�

The molecular correlation function has an extremum at
distances where r is of the order of unity, i.e., at the size of
dust molecules. This simple result means that it is more
probable to find another dust particle at a distance r � 1.
The other part of the pair correlation function, gl, has several
maxima and minima, with an amplitude which indicates a
distant order of correlations.
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In the theory of Wigner crystallization, the beginning of
crystallization is related to the appearance of a soft charge
density mode, which, in gl under the present consideration,
corresponds to the zeros in the denominator of the integrand,
in the expression for the correlation function, or

Ek;0 � 0 : �3:127�
This resonance in the correlation function is nevertheless

integrable, as the numerators simultaneously tend to zero.
Under certain conditions for low dust temperatures, the soft
mode resonance can provide the major contribution to the
correlation function. In gl, this condition corresponds to
x � 0 andW�x� � 1, and thus

a��kcr� � b��kcr�
�k2cr

t2d
�k2cr � �p=4�Zr ÿ Zb ÿ Zc

� 0 : �3:128�

It is important that the presence of zeros in the denomi-
nator of the integrand of the correlation function, gives a
periodic dependence of the distances, or, in other words, the
distant correlations. Mention should be made that in closed
systems, Eqn (3.127) has no solutions. Therefore, the presence
of such solutions is a property of open systems. In addition,
function W�x� always has an imaginary part, except at the
point x � 0, and thus the resonance of the soft mode is always
made regular for finite dust temperature.

It is possible to find an analytical expression for gl,
assuming that the resonance related to the soft mode gives
the major contribution to gl. For this purpose, we will
decompose the denominator of gl into small parameters
�kÿ �kcr and x2, substituting in all of the coefficients of this
decomposition, except sin��kr�, the value of �k equal to its
value in the resonance, �k � �kcr:

gl � ÿ z
r

�1
0

sin �kr
�xmax

0

dx
�kÿ �kcr ÿ 2gx2

��kÿ �kcr ÿ 2gx2�2 � pg2x2
;

�3:129�
where
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q
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��ÿ1�
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:

�3:131�
An approximate dependence of the correlation function,

gl, on distance, can be found for td 5 1, when 1=g4 1, and,
therefore, for r � 1, it is possible to use the inequality r5 1=g
to find an approximate analytical expression for the depen-
dence of the correlation function on distance. We find:

gl�r� � zp
8
���
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p
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sin

��
�kcr ÿ p

4

�
r
�

� zp
8
���
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p
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��
�kcr ÿ p

4

�
r
�
2

p

�
0:577� ln

8

pgr

�
: �3:132�

This result is obtained for td 5 1, where the resonance of
the soft mode exists; in this case, as can be seen from
Eqn (3.132), we have gl / 1=

���
g
p / 1=td, but z has the same

order of magnitude as the coefficient in front of that part of
the correlation function which describes the molecular
potential curve, namely gm. The correlation function, gl, as
can be seen from Eqn (3.132), describes the long range order
with maxima and minima decreasing in amplitude with
distance. Thus, the correlations over large distances become
dominant for td 5 1.

We cannot speak here of the formation of crystal
structures, as all of the results were obtained with the use of
perturbation theory. To use perturbation theory, it is
necessary that the amplitude of the dust particle oscillations
appearing due to the action of the forces, F (including the new
forces of attraction and repulsion), equal to F=vdo, be much
less than the `phase' velocity, o=k, determined by the
characteristic frequency, and characteristic wave number, in
the Fourier decomposition of the correlation function (it is
easy to find that, in the case considered, o=k4 vTd). This
criterion for the new attraction forces is converted to
dnd=Nd 5 1, which means that the dust density fluctuations
should be small. This appears to be a natural restriction for
weak correlations.

For the formation of a dust crystal, it is necessary that the
fluctuation of the dust density be at least of the order of unity.
In any case, it is difficult to see that the interaction energy
should be several orders of magnitude larger than the kinetic
energy to form the crystal, as is the case for ordinary crystals.
This conclusion is obviously a preliminary one. This con-
sideration may easily be altered to consider the presence of
attraction due to neutrals, but this effect is small in the present
experiments.

4. Comments on the formulation of future topics
concerning plasma-dust structures

4.1 How to formulate future topics
Above, we described the observations and experiments, and
the first theoretical steps towards understanding them.
Apparently dust structures may, in the future, be an impor-
tant `testing field' for the investigation of self-organization
processes, mainly because of the simple way in which the
equilibrium states can be formed, and because of their high
rate of dissipation. The rate of dissipation indicates an ability
for self-organization, but apart from the high rate of
dissipation, it is also necessary for sufficient sources of
particles and energy to be present, to compensate for the
dissipation, and to form the stationary dissipative self-
organized structures.

The experiments discussed above prove that such quasi-
equilibrium, stationary, self-organized structures can indeed
be formed. The presence of `food' for these structures can
provide for their long existence. For these reasons, the
formulation of physical descriptions of the structures already
created should first be directed towards an investigation of
the aspects which make dissipative structures different from
other structures, determining the minimum free energy, as in
normal crystals or liquidsÐ `living' structures aremuchmore
variable then `dead' structures.

Having this in mind, the structures already obtained
experimentally should be investigated in more detail, and
the non-standard properties should be analysed. This will
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need a lot of work, with use of complicated geometries and
distributions of ionization rates and electric fields. The new
mechanism due to the openness of a system can be checked
using just a few dust particles in a system. Special emphasis
should be made in the investigation of the nonlinearities in
such a system, since they are the essential elements of any
dissipative structures.

The instabilities of self-contraction are only the first
stages of collapse of a dust cloud, which can be described
using a linear approach. The collapse leads, finally, to the
formation of nonlinear structures. The nonlinearities appear
both in the plasma component and in the dust component;
the openness of a system, and the nonlinearities associated
dust charging will substantially change the previously
known plasma nonlinearities. All of these processes were,
in the past, not accounted for. It seems to us that already at
the present time our knowledge is sufficient to formulate
such problems for future experiments, as well as new
theoretical problems.

In this connection, it seems impossible, in this review, to
miss the old problem of ball lightning, for which, according to
the most probable hypotheses, dust and neutrals play the
exclusive role. Here we will be able to give only preliminary
estimates concerning the possible role of the new concepts on
dust interaction in open systems, and to find out what kind of
additional effects they can contribute to themodels already in
existence.

It is also impossible to miss the old problem of star
formation in interstellar dust-molecular clouds, for which,
according to present belief, an important role is played by the
gravitational attraction of dust and neutral molecules. We
will try to give some preliminary estimates of the impact of
new mechanisms of attraction, for self-contraction and
fragmentation in dust-molecular clouds. It is interesting to
note that, at first glance, such different effects as ball lightning
and star formation have common physical grounds.

4.2 Future topics associated with the theory
of plasma-dust crystals
As was mentioned, the appearance of distant order in dusty
plasma indicates that a phase transition to the plasma-dust
crystal state can occur more simply than in ordinary matter,
and probably does not require strong correlations. Up to the
present time, these arguments are only preliminary. The weak
correlations were described for d 2

i =a4 a and thus it is natural
to suppose that the lattice constant will be of the same order,
d 2
i =a4 a. The numerical simulations indicate that this is the

case for the parameters used in simulations. By extrapolating
the results given above, up to the correlations of the order of
unity, it is possible to suppose that, in the plasma-dust system,
they can exist in at least four states.

The condition , in a dusty plasma, for it to be improbable
for dust molecules to form, is Td 4Um, where Um is of the
order of the dust molecule binding energy:

Um � T 2
e

Ti
Zd

a4

d 4
i

: �4:1�

This relation can be written using the expression for the
dimensionless dust temperature, td, introduced above:

td 4
1

t

������������
P

1� P

r
a2

d 2
i

: �4:2�

This state can be considered to be a gaseous plasma-dust
state. For the inequality opposite to relation (4.2), the state
can be considered as a molecular dust state. This is the second
possible state, corresponding to td 4 1, when the molecular
correlations dominate. This state exists for

t5
a2

d 2
i

������������
P

1� P

r
: �4:3�

For

a

di
5 td 5 1 ; �4:4�

long range correlations dominate but are still weak. This is the
third state. Finally, the fourth state corresponds to the case
where the correlations are strong (or of middle strength), and
this state corresponds to the fulfillment of the inequality:

td 5
a

di
: �4:5�

In all cases, the presence of a small parameter a=di, which
is absent in purely Coulomb systems, is important. All
estimates made are obviously preliminary, but there exists a
hope that the theory of dust crystals can bemuch simpler than
the theory of ordinary crystals, due to presence of new, small
parameters.

The theory of plasma-dust crystals, and the phase
transitions which lead to their formation, is waiting to be
formulated. The existing approaches represent only the first
step in this direction. On the other hand, it is very dangerous
that these investigations may be based on the theory of
strong correlations in Coulomb systems alone. Of course, the
construction of such a proper theory will require much
effort, but the arguments given above show that a necessary
element of such theory should be a new physics, due to the
openness of the system Ð relating this openness to the
presence of new attractive forces. The creation of such a
theory is, nevertheless, a more simple task than to impro-
perly formulate a theory of strongly correlated systems, at
the present time.

In the problems of self-organization, a variational
principle is often used [72, 73] which, in a dissipative system,
corresponds to the minimum of one of the conserved values
(without dissipation) with the preservation of the other
conserved value (without dissipation: the first of them is
more dissipative than the other). Many examples of this
kind are given in Ref. [72]. In Ref. [73] a variational
principle is used, for the minimum of energy with the
conservation of current, and for the explanation of the
self-organization in tokamaks. The question is, `what kind
of variational principle can one propose for self-organiza-
tion in a dusty plasma, and for the formation of plasma-
dust crystals?'

In Ref. [57] it was shown that, when the distance between
two dust particles in a plasma decreases, the charge on each
dust particle decreases such that the electrostatic energy
related to the charges on dust particles decreases. This occurs
due to, and together with, the constancy of the potentials on
the surface of two interacting dust particles, as the latter,
being floating potentials, are determined by the electron
temperature. One can probably formulate a variational
principle for self-organization in a dusty plasma in the form
of the minimum of electrostatic energy for constancy of
surface potential on each dust particle.
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4.3 About plasma-dust crystals with free boundaries
The numerical simulations [1], where criteria G > 170 was
obtained for strongly correlated systems, was performed with
periodic boundary conditions and cannot answer the ques-
tion of whether crystals with free boundaries really exist. But
from our experience, we know that they exist for ordinary
matter. For plasma-dust crystals, this question of existence
with free boundaries should be repeated. The presence of dust
attraction opens this possibility.

The numerical simulations performed in Ref. [70], using
the attractive dust forces described above, indicate that dust-
crystals with free boundaries do indeed exist Ð an random
dust distribution forms a plasma-dust crystal with spherical
shape, with spacing between the dust particles of the order of
dust-molecule size. But these results represent only the first
attempts to solve the problem.

The numerical experiments, at the present time, can be
made only with 103 dust particles, larger numbers of dust
particles requiring longer computer times. The final results
should depend on the relationship between the size of the
crystal and the mean free path of the dust particles, in the case
where the plasma is continuously injected from the periphery,
as was performed in Ref. [70]. In Ref. [70], the size of the
crystal is much smaller than the plasma particle mean free
path.

It is necessary to analyze the case of volume injection of
plasma particles. The results should depend on the relation-
ship between the size of the crystal and the thickness of the
double layer, which is usually of the order of �5ÿ 7�d. The
plasma crystal as a whole, will be charged in the case of
plasma injection from the periphery, and will not allow the
electrons to penetrate and screen the dust particles inside
from the electron fluxes, and the charging of dust. All of these
problems are waiting to be investigated, taking into account
the new attraction forces.

In the existent experiments, the plasma-dust crystals
obtained do not have free boundaries as the lower crystal
layers are positioned within the upper part of the double
layers, which appear close to the lower electrode. In this case
the horizontal confinement is produced by the shape of the
HF field potential.

It is possible to form plasma-dust crystals within free
boundaries under conditions of micro-gravity. Only these
experiments will be able to check the predictions of the theory
for plasma-dust crystals within free boundaries, based on the
new types of dust attraction, described above.

4.4 About dust particle agglomeration
The phenomenon of growth and agglomeration of dust
particles in plasmas is well established experimentally, but
poorly understood physically. In many technologies it is
desirable to be rid of this process, or at least to lower its
rate. It is therefore important to understand how the process
of agglomeration can proceed when large charges are present
on dust particles, which obviously lead to their repulsion.

To correctly formulate the problem of agglomeration it is
necessary to analyse all possible mechanisms for dust attrac-
tion. Earlier, we considered these mechanisms mainly for
distances larger than the Debye radius. The electrostatic
attractive forces between dust particles indeed work effec-
tively only at such distances, but the attractive forces due to
neutral bombardment also work at distances less than the
Debye radius, where the electrostatic forces are always
repulsive.

Above we compared attractive forces due to neutral
bombardment, with electrostatic forces for distances larger
than the Debye radius. This comparison is important for
experiments on plasma-dust crystals, where the inter-dust
distance is much larger than the Debye radius, and where the
electrostatic attraction contains the factor �Te=Ti�3=2, which
increases the attraction as Te=Ti � 102.

In plasma etching experiments, agglomeration is observed
when the average distance between dust particles is less than
theDebye radius, such that the attractive forces due to neutral
bombardment can be compared with the electrostatic repul-
sion of the non-screened Coulomb electrostatic potential.
Mention should be made that all expressions for the forces of
attraction and repulsion are valid both for distances larger
than theDebye radius, and in the opposite limit (the Coulomb
repulsion is taken into account in the dispersion relation by
the usual dust plasma term in the dust dielectric constant,
o2

pd=O
2).

The forces given above for attraction by neutral bombard-
ment, are also correct in the limit where the distance between
dust particles is less than the Debye radius (in fact, for these
forces, the Debye radius plays no role). We will show that
attraction by neutrals is, relatively, more important in the
case where the distance between the dust particles is less than
the Debye radius. In this case, when both the attractive forces
due to bombardment by neutrals, and due to electrostatic
repulsion, have the same dependence on distance (potentials
are proportional to 1=r2), and if the attraction is larger than
the repulsion for a certain radius less than theDebye radius, it
will be larger at any smaller distance, down to that which
corresponds to the distance where the dust particles touch
each other (for small distances the dipole interaction also
becomes important).

The criteria for the domination of attraction forces at
distances less than the Debye radius can easily be obtained by
comparing the Coulomb potential with that due to neutral
bombardment [see Eqns (3.46), (3.47)]:

nn
ni
> 8z2

d 2
i

a2

�
T2
e

TiTn

�
: �4:6�

Although this formula is written in the form in which the
parameter di=a enters, it is valid both for di=a5 1, and for
di=a4 1 (also, the electrostatic force, the repulsive force, and
the attractive force by neutral bombardment do not depend
on di). For di=a � 1, the attraction will dominate with the
degree of ionization nn=ni > 3� 105 if z � 2.

In etching experiments, nn=ni � 106, and the criterion for
agglomeration is fulfilled. In fact, criterion (4.6) does not
depend on a. This can be seen from z � Zde

2=aTe. However,
in this case the result will depend on Zd. The question is
whether, for such large dust densities as those observed in
experiments, nd � �109 ÿ 108� cmÿ3, one can use the OML
approach, which gives z � 3?

It is possible that, for large dust densities, there will be
insufficient numbers of electrons present to charge the dust
particles to the value predicted by the OML approach (the
electron density depletion, in the presence of high dust
densities, was observed experimentally). In this case, z in
Eqn (4.6) may be much less than that for isolated charges.

It should be mentioned here that agglomeration usually
appears, and that ionization instability is possible, in volume
ionization, and it is surprising that criteria (4.6) was not
written before. The only hypotheses existing earlier for the
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explanation of the observed agglomeration was that, for some
unknown reasons, the charge on dust particles is small, and
due to fluctuations, there could exist particles with both signs
of charges attracting each other to produce agglomeration.
To stretch the data, and to assume that the charge on dust
particles is so small, is very difficult. The neutrals allow for the
agglomeration, even for rather large dust charges, and this
hypothesis seems to be much more realistic. Answers for this
problem can be given mainly experimentally.

Another important point to be discussed is the relation-
ship between the dust surface temperature and the tempera-
ture of neutrals. Only in the case that the neutral temperature
is lower than the dust surface temperature, bombardment
forces from neutrals are attractive forces between dust
particles. A natural mechanism for the cooling of dust
surfaces is by radiation losses, which according to a well
known relation, could be of the order of sT 4 per 1 cm2 of the
dust's surface, where s is the Stefan ±Boltzman constant.

The heating of the dust surface is produced by the flux of
neutrals, supposing that the ion and electron energy fluxes are
much less, due to the low degree of ionization. The neutral
energy flux is of the order of nnvTnTn. For the cooling of a
dust particle's surface, it is necessary that

nnvTnTn < sT4
ds < sTn : �4:7�

The last inequality in expression (4.7) follows from the
condition of dust attraction, Tds < Tn. Condition (4.7) can be
written in a form useful for practical applications,

nn;15 < 18
����
A
p

T
5=2
n; 273 ; �4:8�

where nn;15 is the neutral density in units 10
15 cmÿ3, andTn; 273

is the neutral temperature in celsius degrees, in units of room
temperature, 273 K. In standard etching experiments,
nn;15 � 1 and Tn; 273 � 1, such that condition (4.8) is fulfilled
and the neutral bombardment force represents an attractive
force. This makes it possible to formulate, in physical terms,
the problem of dust agglomeration as the domination of
attraction due to neutral bombardment, over the Coulomb
charge repulsion.

4.5 New possibilities and estimates for the explanation
of the ball lightning phenomenon
The phenomenon of ball lightning has more theories and
hypotheses than actual physical observations. The results
given above contain new physical concepts which where not
previously applied to this subject. Therefore, we cannot miss
the opportunity to devise preliminary estimate concerning
this problem, with the new theories in mind.

An obvious question is whether the conditions to form a
spherical self-organized dust structure at atmospheric pres-
sure in the air as a gas exist. It is also desirable to concoct only
the simplest, natural hypotheses, not employing any extra-
ordinary assumptions. We will, for this purpose, make use of
the enormous work already performed, by discussing some of
the most probable explanations already made [71].

We do not insist that the estimates given below represent
the best use of the recent developments in dusty plasmas,
giving them only as an example of such use. We are simply
providing additional estimates to those already given in
Ref. [71], as at the time review [71] was written, these new
developments were unknown.

To be explained are:
(1) The extended duration of the phenomenon, and thus,

the source of energy;

(2) The spherical form, and thus, the presence of surface
tension;

(3) The electrical activity, and the difference between the
total energy and that related to the electrical activity.

It is presently accepted as the most probable hypothesis,
that dust is the most important component in the phenom-
enon [71]. The presence of dust in the air during the
preconditions of ball lightning is a well established fact.
Light created by ball lightning, without a doubt, indicates
the presence of plasma (likely inhomogeneous, in the form of
hot points [71]), the average plasma density of which is
estimated in [71] to be 1012 cmÿ3. The neutral density is
2� 1019 cmÿ3, which implies that the degree of ionization is
extremely low, 0:5� 10ÿ7.

Dust can accumulate electrostatic energy, as was dis-
cussed above. But is it sufficient for this phenomenon?
Another problem is that the recombination of plasma on
dust is a rather fast phenomenon, as was shown above. In any
explanation using charged dust, one needs either to find the
source of ionization sustaining the charge, or to explain why
the recombination on dust is not as fast as expected. The
problem due to recombination has always been one of the
largest in the attempts to relate the energy of ball lightning,
either to dust energy, or to plasma energy (see Ref. [71]).
However, as was mentioned, the presence of plasma is an
established fact.

In Ref. [71], a hypothesis was developed in detail in which
ball lightning was considered to be a collection, aero gel,
formed from fractal dust in the form of compactly packed
linear dust structures of nanometer width Ð the size of dust
particles, i.e., of the order of 10ÿ7 cm. According to Ref. [71],
this structure constitutes a very porous skeletonwhich fills the
entire volume of the ball lightning.

Energy is taken from the regrouping of the dust-packs
within the skeleton Ð a molecular binding energy. This
model, as it has becomewell developed, contains some aspects
which do not satisfy the requirement of simplicity made
above, although there are obviously no serious objections to
the model.

The first point which appears unsatisfactory is the attempt
to explain the surface tension, where the direct estimate, as
shown in Ref. [71], gives a value much less than that needed to
justify the observations related to the spherical form of ball
lightning. Review [71] devised a rather complex process of
reconnections, between the ends of the fractal units of the
porous dust structure, to explain the surface tension in ball
lightning. The idea of dust is so simple that it became
desirable to keep it in future models. One important point is
that in air, there are always dust particles, and the size of the
dust particles which are suspended is of the order of, or less
than, a micron.

With that in mind, let us mention the second unsatisfac-
tory point of Ref. [71]. Namely that, in Ref. [71], only dust
particles of size 10ÿ7 cm are supposed to be present in the
spherical dust structure referred to as ball lightning. One can
ask the questions `where do the particles of size larger than a
nanometer go?' and `what complex process occurs to separate
the particles of different sizes?' A more natural assumption is
that in ball lightning, all dust particles with sizes less than one
micron are present.

Despite the above criticisms, we can demonstrate how
certain theories, different from those used in Ref. [71], also
lead in a natural way to dust sizes of the order of nanometers;
and we will also be able to identify which assumptions should
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be excluded to make the presence of sizes smaller than
microns possible. Let us show, forgetting the problems due
to recombination, that in the case one assumes all energy in
ball lightning to be the electrostatic energy of dust particles,
one gets an estimated size of dust particles to be of the order of
nanometers.

A floating condition for ball lightning leads to
ndmd < nnmn, and, assuming that the total energy of ball
lightning is of the order of the electrostatic dust energy, we
have

Z2
de

2 nd
a
� 2ZdTend � 3� 1017 erg

for a total energy of 10 kJ [71]. As Zd � 3� 107a and
Te � 1 eV, we find, from the two written relations, that
a < 2� 10ÿ7 cm, which is close to the value used in Ref. [71].
For such a size similarly with Ref. [71], the dust density must
be extremely large so as not to violate the condition
ndmd < nnmn) Ð about 1015 cmÿ3, with a relatively low
charge on each dust particle, of the order of Zd � 3ÿ 10.

Approximately the same number of dust particles are
assumed in Ref. [71], but they are knitted into the skeletal
form described earlier. This model is not extremely elegant, as
one should explain how such a large dust density is initially
formed. Mention should be made that, for the given plasma
density and temperature, the Debye radius is of the order of
10ÿ4 cm, and the mean inter-dust distance is 0:6� 10ÿ5 cm,
i.e., it is much less than the Debye radius. Bombardment by
neutrals can lead to the agglomeration of dust, but the dust
density will then decrease rapidly and substantially. The
formation of a skeleton can probably be considered a result
of agglomeration, which prevents further agglomeration,
though the initially large dust density remains unexplained.

We can retain the dust hypotheses, but the flexibility in the
parameters only remains if we suppose that the main energy is
not the electrostatic energy of the dust. In Ref. [71], it is also
not the electrostatic energy, but the chemical energy in the
formation of the skeleton. A chemical reaction energy is
assumed in another model [72].

In another sense, the accumulated energy cannot be the
plasma energy as it is of the order of the electrostatic dust
energy. The plasma energy can be estimated,

4pR3 neTe

3
� 3� 104 cm3

� 1012 cmÿ3 � 1:6� 10ÿ12 erg � 1

200
J ;

while the average ball lightning energy is 10 kJ [71].
The simplest assumption regarding dust in ball lightning is

that there exists a broad distribution in particle sizes, with a
maximum size determined by the flotation of dust within air
(with the existence of small air flows), i.e., of the order of a
micron. Another natural assumption is that the total charge
on the dust particles is not larger than the total electron
charge, i.e., ndZd � ne. For size a � 0:3� 10ÿ4 cm we have
Zd � 103, we have nd � 109 cmÿ3. Then, ndmd �
�1=3�10ÿ3 g cmÿ3, which is less than, but close to, the air
density, and the levitation of a dust ball is possible.

Let us assume that the energy is associated with kinetic
dust energy, moving in a turbulent ultrasound field with a
velocity close to the sound velocity. Above, it was shown that
sound waves in the presence of dust can change their velocity
by being loaded by dust. We will suppose that such loading
exist (which obviously should be the case for levitation

conditions), but that it changes the sound velocity by less
than an order of magnitude (for the estimate given above
ndmd � �1=3�nnmn). In this case, the energy of a dust ball will
be ndmdv

2
s 4pR

3=6 � 30 kJ, which requires justification. One
should bear in mind that vs is the maximum turbulent
velocity, and that the average observed energy of ball light-
ning is 7 kJ. Thus, from the energy point of view, this
assumption can be accepted.

Another question then is whether sound turbulence can
produce random dust velocities of the order of the speed of
sound. First of all, the dust should be driven by neutrals in the
case where the frequency of sound waves is less that of the
dust neutral collision frequency. Then, any air motions
(mainly the motions of neutrals) can be transferred to dust
particles; i.e., any mechanical energy can support the dust
cloud. This is favorable as there are many indications that air
motions can provide additional sources of energy in the
development of ball lightning. The energy accumulated can
be in the form of sound waves which can be fed by external
soundwaves. This energy should be, at least, used for electron
heating, followed by ionization. Thus, the problem of energy
support is transferred to the problem of electron heating, and
ionization by heated electrons. We can pinpoint two mechan-
isms of heating Ð by absorption of sound waves, and by
Fermi acceleration. It is easy to show that the latter
mechanism is not extremely effective.

The dust particles with large charges, which reflectmost of
the electrons, are ideal objects for Fermi electron accelera-
tion. The fast electrons have large cross-sections of ionization
and produce secondary electrons which, in principle, are able
to support the charge on the dust particles. Energy in this
process is obviously taken from the dust charge, but the
problem is: how important can the delay be in recombination
of plasma particles on the dust particles? The well known
formula for Fermi acceleration can be written for the average
electron energy, Te:

1

Te

dTe

dt
� u2

vTeL
: �4:9�

In the case that one substitutes into this expression the
average inter-dust distance, ��3=4�pnd�1=3, instead of L, one
obtains, for the temperature, Te � 1 eV and u � 1 cm sÿ1, a
rather long heating time, 3� 104 cm sÿ1, which directly
suggests that this mechanism is not effective.

In the case that hydrodynamic turbulent motions exist,
and that the dust is driven by them, the frequency of turbulent
motions should be less than the collision frequency of
momentum transfer from neutrals to dust, nn � ndvTnpa2.
Up to these frequencies, the sound turbulence will drive the
dust. The velocity of dust in strong sound turbulence,
considered as a collection of weak shock waves, will be of
the order of the sound velocity, and u2 � v2s . Also, one should
assume that L � vs=nn. Then,

1

Te

dTe

dt
� vs
vTe

nn �4:10�

and for the parameters given above, nn � 3� 105, which,
according to Eqn (3.129), gives for the rate of heating,
� 2� 103 sÿ1. The heated electrons will produce a thermal
ionization which should be comparable with the recombina-
tion rate. The recombination of free electrons and ions at
atmospheric pressure occurs in 10ÿ3 s [50]. Other recombina-
tion also occurs on dust particles.
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The distance between the dust particles is of the order of
10ÿ3 cm, which is larger than the mean free path of ions
10ÿ4 cm. The reduction in the recombination rate will be only
10 times, but the characteristic time of dust charge decrease,
determined by the relation being increased, 10, will never-
theless be less than 0:3� 10ÿ5 s, which means the there is an
absent factor of about 300 for this effect to be considered
appreciable.

Let us consider another possibility for heating by sound
waves. For wavelengths of the order of 1 cm, the character-
istic time for diffusive heating of electrons is
vs=vTe10

4 < 10ÿ6 s, which is rather fast.
A third mechanism for heating can be an energy gain due

to the self-contraction of the dust cloud. For the accepted
parameters, attraction by neutrals is not very effective,
though other assumptions, however, may make them effec-
tive. Relation (4.8) is probably not fulfilled, and the neutral
bombardment leads to an additional repulsion. Thus, at
distances less than the Debye radius, all forces are repulsive,
dominated by the Coulomb repulsion, according to inequal-
ity (4.6). The rate of energy increase due to self-contraction is
therefore determined by the change of dust-molecular energy,

Um
nd
ne

d�lnR�
dt

� 103
d�lnR�

dt
:

For d lnR= dt � 1, this rate of heating is not sufficiently
large.

The surface tension is estimated to be 30 erg cmÿ2 for a
reasonable surface thickness of 0.3 cm. Note that, for the
existence of a ball-like structure, it is not necessary that the
attraction forces work only in the surface layer, as even in the
case where the attractive forces work throughout the whole
volume, a ball structure is created (as it is, for example, in
stellar generation). It is only necessary that the thickness of
the layer, where the attraction is effective, be less than the ball
radius, which is indeed the case Ð even in the case where the
attraction is an order of magnitude less, a ball-like dust
structure should appear. Therefore, although attraction can
be used to explain the ball shape of the lightning, the self-
contraction cannot be considered a source of energy.

The only energy left then, is the energy received from
mechanical sound oscillations, trapped within the ball light-
ning, either originally, or continuously trapped over time.
Such a trapping of ultrasonic oscillations is not only possible,
but should occur readily. There exist all of the necessary
conditions for such trapping, as the sound velocity inside the
volume of ball lightning should be less than outside it, if
ndmd � nnmn, which was the starting point of this considera-
tion. The trapping of soundwaves is a natural andwell known
effect, referred to in optics as `total inner reflection'. This
effect appears only for frequencies less than the collision
frequency of neutrals with dust. This gives the estimate,
nn � ndvTnpa2 � 3� 105 s. This frequency corresponds to
the ultrasonic branch of sound oscillations, the presence of
which is rather probable.

For the existence of a self-organized ball-like structure, we
should expect this structure to be contained within an intense
field of ultrasound waves, which feed it with energy that
finally is dissipated on the dust. We can estimate the total
dissipation rate from 4pR3cEnd=3, where cE is the energy
dissipated on a single dust particle, given by relation (3.14).

The dissipated energy will be equal, either to the initially
trapped kinetic dust energy in the field of trapped ultrasonic

waves, or to the energy of the external flux of sound waves on
the surface of the ball lightning. According to the accepted
numbers, we find that the energy dissipated on the dust is
equal to � 3 kJ sÿ1, i.e., if, as it was estimated, the captured
energy is 10 kJ, the time for the existence of the dust ball will
be 3 s, which roughly corresponds to the times observed.

By equalizing the dissipated energy to the flux of sound
waves, assuming that the ball-like dust structure is in an
external ultrasonic field, we find the amplitude of the sound
wave which are able to support the quasi-stationary existence
of such a structure, is v2

~
=v2s � 10ÿ3, where v

~
is the velocity of

neutral oscillation in the field of the sound waves. This
estimate shows that, in this case, the amplitude is sufficiently
small. The existence of this additional source of energy for
ball lightning is in accordance with many observations (see
Ref. [71]).

We are also able to estimate the size of the dust ball
structure by dividing the frequency of the ultrasonic waves,
n � nn � 3� 105 sÿ1, by the sound velocity, 3� 104 cm sÿ1.
This gives a size of 10cm, roughly the order of that usually
observed.

Within the structure, the pressure of neutrals, nnTn �
3� 105 erg cmÿ3, should be compensated by the energy
density due to self-contraction, ndT

3
eZda

4=�T 2
i d

4
i � �

105 erg cmÿ3, which is indeed the case, having in mind the
strong dependence of the last value on the value of the
parameters. We can estimate the growth rate of self-contrac-
tion as

g � 2opd
a

di

�����
Te

Ti

r
� 3� 105 sÿ1 ;

which corresponds to, within an order of magnitude, the
frequencies used. The distance between the dust particle is
estimated to be 10ÿ3 cm, which is 3di=a larger than the Debye
radius, corresponding to a size somewhat larger than the size
of the dust molecules (which should be the case when the
attraction is really working).

From these rough estimates, it is evident that natural
assumptions do lead to a reasonable model. Dust of the sizes
considered are usually present, and the presence of ultra-
sound waves is also probable. These estimates, however,
represent only a possible solution to the problem. It is more
important that new possibilities are opening, due to a deeper
understanding of plasma-dust structures. The latter will
certainly rapidly increase in the future.

4.6 About planetary rings as plasma-dust
self-organized structures
It is usually assumed that the self-organization in Saturn's
inner rings is determined by gravitational effects, and by
dissipative processes related to the collisions of large porous
particles moving in Keplerian gravitational orbits. There is
reason to believe, according to the arguments given above,
that the self-organization in the Saturn's outer rings, where
the maximum size of dust particles is of the order of microns,
is determined by plasma processes. However, an explanation
should also be given forwhy in the inner rings, also containing
small dust particles, the plasma dissipation substantially
exceeds the dissipation due to gravity regulated collisions.

Mention should be made that, for planetary rings,
dissipation on dust particles may be compensated by thermal
plasma fluxes perpendicular to the planes of the rings. By
using relation (3.14) and the observed dust density in the inner
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Saturn rings, nd�a� � 10ÿ3=�a [cm]�3 cmÿ4, and using the
estimate of the thermal plasma flux in the form niTvTi, we
find, for the thickness of the rings, a value close to several
meters, which is very close to the thickness observed.

The gravitational forces determine more, the particle
movement in the plane of the rings. For a particle size
distribution of the form / 1=a3, the density of dust particles
is determined by the smallest size, the mass is determined by
the largest size, and the plasma dissipation is determined
almost equally by particles of all sizes. Although the ratio of
the inter-dust distance and the Debye radius is different for
inner and outer rings, the self-contraction instability can
develop for any relation between the inter-dust distance and
the Debye radius.

Up to the present time, only electrostatic forces of
repulsion have been considered as mechanisms determining
the distribution of dust particles in the direction perpendicular
to the ring plane [33], and only the dust collisions moving in
Keplerian orbits have been used for the determination of the
dust distribution in the plane of the rings [37]. In the last case
[37], a dispersion relation was obtained which takes into
account both the dust collisions and self-gravitation.

It is possible, now, to formulate a problem (future topic)
concerning the dust distribution in the plane of the ring, and
perpendicular to this plane, which takes into account all new
attractive forces, plasma processes, and self-gravitation.

Notice that above, we were able to formulate a similar
problem in the case where the unperturbed state is homo-
geneous. In the case we are now interested in, the unperturbed
state is inhomogeneous in the direction perpendicular to the
ring plane, where all particles have Keplerian velocities.

The distribution in the direction perpendicular to the ring
plane is determined by the balance of the gravitational
contraction force from the central planet, the electrostatic
force, and other forces of repulsion and attraction. Pre-
viously, only the electrostatic non-screened forces of repul-
sion were considered [38, 39].

After a more detailed consideration of the equilibrium
state is made, the problem will be to find the dispersion
relation for the perturbation of this state, taking into account
all plasma dissipative processes. This problem is similar to,
butmore complicated than, the homogeneous problem solved
above, but we can not see any serious difficulty in its
formulation, although the solution will probably be found
only by using numerical methods. The difference from the
previous approaches is that the perturbation develops both in
the ring plane, and perpendicular to the ring plane; and the
separation between the perturbation which develops only in
the plane, or only perpendicular to the plane, will not be
possible. The presence of such a relationship between the two
motions follows from the fact that the collective forces of
attraction and repulsion depend on the perturbation of dust
density, which cannot be divided into a perturbation in the
plane, and in the direction perpendicular to the plane. In
simpler words, the dispersion relation connects the distur-
bances with wave vectors perpendicular to the plane of the
ring, with the disturbances in that plane.

As concerns self-gravitation, one should have inmind that
the threshold is substantially lower in the presence of dust-
sound. Let us illustrate this idea for disturbances in the plane
of the ring. In the presence of differential rotation the
dispersion relation is modified (see Ref. [44]). In the case we
take for the sound speed, the value for the dust sound speed,
and take into account only the self-gravitation, we obtain (see

Refs [44, 45]):

o2 � k2rv
2
sd �

1

R3

d�R4O2�
dr

ÿ 2pGndmdhjkj : �4:11�

In the last term of (4.11), the appearance of the factor
hjkj=2 (where h is the thickness of the disk) is due to the fact
that the problem is 2D, and that the wavelengths investigated
are assumed to have sizes much larger than the thickness of
the disk. The first term of Eqn (4.11) contains the radial
component of the wave vector kr, and the second term of Eqn
(4.11) describes the differential rotation, with the angular
velocity O. The instability is absent if

1

R3

d�R4O�
dr

>
pGndmdh

v2sd
: �4:12�

This criterion is much more rigid than the usual one,
which contains the ordinary sound velocity which is much
larger than the dust sound velocity. In planetary rings, the
criterion may be the opposite of Eqn (4.12). In the case where
this inequality is fulfilled to within a large safety factor, there
will be unstable disturbances in the range

1

R3

d�R4O2�
dr

1

2pGhndmd
< k <

2pGhndmd

v2sd
�4:13�

with the maximum growth rate

gmax �
pGhndmd

vsd
: �4:14�

These relations we present as illustrations of the possible
changes due to gravitational effects in the presence of dust,
even for disturbances within the plane of the rings. The whole
problem is much more complex, as stated above.

4.7 About the processes of stellar formation
in interstellar dust-molecular clouds
According to modern concepts [44, 45], the formation of stars
occurs mainly in interstellar dust-molecular clouds after
compression shock-waves propagate through them, creating
the initial density condensations for further gravitational
contraction. Let us consider the possible role of dust in this
process. One should have an estimate, for the possible dust
agglomeration, for the change of the sound velocity due to the
presence of dust, for the role of neutral initiated attraction,
and for the possible changes in the threshold of self-contrac-
tion.

We will formulate here, only basic estimates. First of all,
nn=ni � 107 and Te � Ti, such that the average distance
between dust particles is much less than the Debye radius;
the criterion for agglomeration of dust particles of micron
size, 107 > 1015, is certainly not fulfilled; and criterion (4.8),
concerning neutral bombardment forces to be attractive
(10ÿ11 < 10ÿ3), is certainly fulfilled. This estimate indicates
that the initial homogeneous state for the development of
instability really can exist.

The time associated with the development of instability
is much longer than the time of momentum exchange
between the neutrals and dust. For the threshold of
instability, it is possible to use Eqn (3.110), obtaining the
maximum growth rate from Eqn (3.107) or (3.110). The
dispersion relation, Eqn (3.110), takes into account the
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electrostatic and the bombardment forces, but due to
nn=ni � 107 > 8z2 � 32, the neutral bombardment attrac-
tion dominates the electrostatic effects.

The ratio of gravitational attraction to the attraction due
to neutral bombardment, is determined by 8pGm2

d=nnTa
4,

which formicron sized dust particles, is 0:5� 10ÿ2. For a dust
size distribution of the form nd�a� / 1=a3 in into the ratio
given above for the gravitational attraction to the attraction
due to neutral bombardment, enters the geometrical average
of theminimumandmaximum size (i.e., the square root of the
product of these values), instead of a, which, in fact, will not
change the main conclusion that the neutral bombardment
attraction dominates. This fact is not taken into account in
the present concepts of star formation. It follows that,
according to the presently accepted data, the value ndmd is,
in the dust-molecular clouds, approximately one order of
magnitude larger than nnmn. This will, according to
Eqn (3.110), substantially lower the threshold sizes where
the self-contraction can start (by approximately 20 times),
and will increase the growth rate by approximately one order
of magnitude. On the other hand, the instability due to
neutral bombardment is effective at smaller sizes than that
due to purely gravitational attraction.

All of these are preliminary estimates, which show that
this topic is important and needs to be investigated in more
detail.

5. Conclusion

The aim of this reviewwas to point out the very rapid progress
made in the past two years towards understanding the
physical processes occurring in plasma-dust systems. The
estimates above were provided as illustrations, bearing in
mind that for the reader, it will be easier to make personal
estimates in this rapidly developing field.

Dust structures are the simplest objects in the study of
more general, self-organizational problems. The possibility of
natural processes of self-organization in space, and the
retention of information in space by these structures, is a
completely open question, which corresponds to completely
new forms of self-organization; but obviously an exciting
newly investigated field relating to the natural formation of
plasma-dust crystals in cosmic space, is completely open for
future investigations.

Space experiments on the growth of plasma-dust crystals
under conditions of micro-gravity, will probably be made in
the near future. They will help us to understand the nature of
the processes of crystallization, and the specific interactions in
open systems, as discussed in this review. Future research
aimed at the miniaturization of computer schemes, and their
production by plasma treatment of surfaces, should become a
central topic in the application of the physics of plasma-dust
structures.
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