JETP Letters, Vol. 72, No. 4, 2000, pp. 218-226. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 72, No. 4, 2000, pp. 313-326.

Original Russian Text Copyright © 2000 by Nefedov, Petrov, Molotkov, Fortov.

Formation of Liquidlike and Crystalline Structures
in Dusty Plasmas

A. P. Nefedov, O. F. Petrov, V. |. Molotkov, and V. E. Fortov

Institute for High Energy Densities, Russian Academy of Sciences, 1zhorskaya ul. 13/19, Moscow, 127412 Russia
Received June 29, 2000

Under certain conditions in a dusty plasma, which is a low-temperature plasma with dust grains, the strong
interaction between grains can give rise to gas-iquid-solid-state phase transitions. A study is made of ordered
(liquidlike and crystalling) grain structuresin various kinds of dusty plasmas: athermal plasmaat atmospheric
pressure, a plasma of a dc glow discharge, and a UV radiation—driven plasma. The results of experimental
observations of ordered dust structures are reported, and the characteristic features of the dust structures and
the conditions for their appearance are discussed. © 2000 MAIK “ Nauka/Interperiodica” .

PACS numbers: 52.25.Zb; 52.80.Hc; 64.70.-p

1. INTRODUCTION

The grains in a dusty plasma can be intrinsically
charged either by electron and ion fluxes or as a result
of photoemission, thermal emission, and secondary
emission of electrons from the grain surface[1, 2]. The
grains that emit electrons acquire a positive electric
charge, in which case the electron density in a dusty
plasma increases. In contrast, the grains that collect
electrons acquire anegative charge, so that the electron
density decreases.

Since the sizes of dust grains are relatively large
(from a few hundredths of a micron to several tens of
microns), the grains may acquire avery large charge Z
(about ~10>-10° elementary charges). As a result, the
mean energy of the Coulomb interaction between

grains, whichisproportional to Zﬁ , can be much higher

than the grain thermal energy; this circumstance
reflects the highly nonideal nature of adusty plasma, in
which the charged grains play the role of multiply
charged heavy ions [3]. Theoretical calculations of the
equilibrium properties of such a plasma show that,
under certain conditions, the strong electrostatic inter-
action between grains and the low energy of the grain
thermal motion give rise to both gas-iquid-solid-state
phase transitions and the formation of ordered spatial
structures analogous to those in liquids or solids. In
these processes, the electron and ion components
behave asideal gases, asin aDebye plasma. In contrast
to conventional solids and atomic liquids, individual
dust grains are large enough to efficiently scatter light
and to be recorded by a video camera or even to be
observed visualy. Crystaline structures formed by
charged grainsin dusty plasmas are called Coulomb or
plasma crystals [4].

The interaction between dust grainsis traditionally
described by the one-component plasma (OCP) model

or by the model with a screened (Debye) potential
[3, 4], which isaso known as the Yukawa model. These
models, which assume a classicad quasineutra
unbounded plasma, make it possible to describe phase
transitions by numerically calculating the critical values

of the Coulomb coupling parameter I' = (Z4©)%/TkT,,

where T, is the plasma temperature, F = (4my/3)3 is
the mean distance between the grains, and ny is the
grain number density.

In the OCP model, the dusty plasmais treated as an
idealized system of ions against the uniform back-
ground of neutralizing dust grains, so that, on the
whole, the plasma is electrically neutral. The interac-
tion between grainsis described by the Coulomb poten-
tia U(r), and three-dimensional regular crystalline
structures form when the parameter I is above the crit-
ical value ', = 171. For small I values (I' < 4), the
plasma is in a “gaseous’ state [2—4]. In the Yukawa
model, the grain charge is assumed to be screened by
plasmaelectrons and ions, in which case the interaction
between grains is described by the Debye-Hiickel
potential. Taking into account the screening effect,
which isdescribed by theratiok = /rp (Wwhererp isthe
Debye radius), makes it possible to introduce the
parameter I = (Zye)?exp(—F /rp)/F KTy = I exp(—F /rp).
Asaresult, in theYukawamodel, the plasmathermody-
namics and, accordingly, the conditions for phase tran-
sitions, are described by the two parameters: I' and K.
In the limit 7 /rp — 0, the Yukawa model passes over

to the OCP model; and, in the limit f/rp — oo, it
passes over to the solid-sphere model.

In early experiments, crystaline structures were
observed in plasmas with iron and aluminum micron-
sized charged grains confined by alternating and static
electric fields. More recently (see, e.g., [5, 6]), results
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have been reported on the Coulomb crystallization of
dust grainsin aweakly ionized plasma of low-pressure
RF discharges. In such plasmas, the electron energy is
about several electron volts and the ion energy is close
to the thermal energy of atoms (about 0.03 eV) [7].

In the absence of emission processes, the grains
acquire anegative charge. Thiseffect isattributed to the
fluxes of background electron and ions onto the grain
surface. It is generally assumed that the electron flux
onto the grain surface is absorbed by the grain, while
the incident ions knock the electrons out of the grain
surface and recombine. Since the electrons are much
more mobile than the ions, the eectron fluxes are far
moreintense than theion fluxes, so that the grainsbegin
to be charged negatively, thereby repulsing the elec-
trons and attracting the ions more and more efficiently.
The grains continue to acquire a negative charge until
the electron and ion fluxes onto the grain surface
become equal to one another.

In experiments on RF discharges, the dust grains
acquire a fairly large negative charge (about 10°—
10° electron charges), in which case a cloud of dust
grains forms near the solid (electrode) surface with a
negative potential, in the region where the gravitational
and electrostatic forcesarein equilibrium. A cloud sev-
eral centimetersin diameter may contain several tens of
horizontal layers of dust grains, the distance between
the grainsin the layers being several hundred microns.

In more recent experiments, attempts have been
made to produce three-dimensional extended ordered
structures in the bulk of a quasineutral dusty plasma
(rather than in region near the electrode). The grains
that formed these structures were charged via various
mechanisms, in particular, photoemission and thermal
emission. Thus, liquidlike ordered structures were
observed to appear in a quasineutral thermal plasma
with a temperature of about 1700 K at atmospheric
pressure, and three-dimensional crystalline structures
were produced in the positive column of adc glow dis-
charge. The formation of ordered structuresin aplasma
consisting of dust grains charged by UV radiation was
also studied in microgravity experiments carried out
aboard the Mir space station.

2. ORDERED DUST STRUCTURES
IN A THERMAL PLASMA

Our experiments were carried out with low-tempera-
ture therma amospheric-pressure plasma flows in
which the temperatures of the electrons, ions, and neutral
particles were equa to each other and which contained
suspended cerium dioxide (CeO,) grains. The plasma
temperature was varied in the range 1700-2200 K
(atmospheric pressure) [8, 9]. The distinguishing fea-
ture of cerium dioxide is that its work function for
emission of thermal electronsis low (~2.75 eV). As a
result, the dust grains were charged not only by back-
ground electron and ion fluxes, but also via thermionic
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emission, which may give rise to a positive grain
charge. In the course of experiments, the electron den-
sity varied from 10° to 10* cm3.

Our measurements provided information about such
plasma parameters as the densities of the electrons and
positive ions, the plasma temperature, the dust density,
and the mean diameter of the grains. The spatial dust
structures were analyzed using the pair correlation
function g(r), which is defined as the probability for a
grain to occur at a distance r from the test grain and,
accordingly, characterizes the relative spatial positions
of the grains, i.e., shows whether the grains form sto-
chastic (liquidlike) or regular (crystalline) ordered
structures. The correlation function in the plasma flow
was measured with atime-of-flight laser counter based
on the phenomenon of the scattering of a focused laser
beam by individual dust grains moving through the
measurement region. The radiation scattered by indi-
vidual grains as they traversed the laser beam was col-
lected by an objective and fed to a photodetector. The
received pulsed signals were then processed in order to
calculate the pair correlation function.

Theresults of measuring spatial dust structureswere
compared with the experimental data obtained for an
air jet with CeO, grains at room temperature. Such a
flow models a “gaseous’ plasma, i.e., a plasmawith a
random (stochastic) spatial distribution of the dust
grains.

Figure 1 shows representative pair correlation func-
tions g(r) for CeO, grainsin an air jet at room temper-
ature and in athermal plasma. It is seen that the corre-
lation functions for dust grains with the density ny =
2.0x 10° cm=3in an air jet (Fig. 1a) and in a thermal
plasma with the temperature T, = 2170 K (Fig. 1b) are
essentially the same. Thus, we can concludethat, inthis
case, theinteraction between grainsin athermal plasma
isweak and ordered dust structures cannot form.

According to Fig. 1c, in a thermal plasma with a
lower temperature (T, = 1700 K) and higher grain den-
sity (ng = 5.0 x 107 cm3), the correlation function has
the form characteristic of aliquidlike structure. In such
a plasma, the ion density (n; ~ 10° cm®) is about one
order of magnitude lower than the electron density
(ne~ 5 x 10% cm~3). The grain charge evaluated from
the quasineutrality condition is positive and equals
10%. The experimentally obtained parameter values
> 120 and k = 1.6 indicate a strong interaction
between grains, thereby evidencing the appearance of
liquidlike dust structures. That the experimentally
observed structures were relatively dlightly ordered
(see Fig. 1c) is attributed to the finite plasma lifetime
(about 7 ms), which is too short for the ordered struc-
ture to form completely.
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Fig. 1. Pair correlation function g(r) for CeO, grains with
the charge Zq = 500 in an air jet at room temperature (Tg =
300 K) and in plasmas with the temperatures Ty = 2170 and
1700 K.

3. MODELING OF THE DYNAMICS
OF THE FORMATION OF ORDERED DUST
STRUCTURES IN A THERMAL PLASMA

In order to interpret the experimental results, we
numerically simulated the dynamics of the formation of
ordered dust structures in a thermal plasma. We begin
by analyzing the main physical processes that govern
the formation of such structures. In our experiments,
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start to interact with each other. The ssimplest estimate
for the thermalization timeis

T2 [8kT2m,7*
Ty = [na n, /nmn md} , )

where m, and n,, are the mass and density of the gas
molecules and a and my are the radius and mass of a
dust grain.

Under our experimental conditions (see table), the
thermalization time 1y, = 5 x 10 sis far shorter than
the plasma lifetime t; ~ 7 ms; consegquently, we can
assume that the dust grains are heated practicaly
instantaneously. Thisassumption isalso justified by the
results of investigating the grain dynamics by the cor-
relation spectroscopy technique. Spectroscopy mea
surementsindicate that the dust plasmacomponent isin
equilibrium with the surrounding gas (in which case we
can also neglect anomalous heating of grainsin a gas-
discharge plasma).

The formation of ordered dust structures in a ther-
mal plasmawas modeled using the methods of molec-
ular dynamics. For each dust grain, we solved the two-
dimensional equation of motion
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into which we incorporated the interaction between
grains, the friction force of the grain on the neutral gas
particles; and the random (Brownian) force Fy,, which
results from the impacts of the molecules of the sur-
rounding gas. Under the assumption that the interaction
between grainsis described by the Debye potentia, the
force ®(r) can be written as

when stochastically distributed neutral dust particles i) 7262 ; ,
enter the plasma, they are heated to the temperatureof () = —Z,e—— = d—z[l + —} exp E——% €)
the surrounding gas, acquire an electric charge, and or r Ao Ao
Parameter values used to simulate the formation of ordered dust structuresin athermal plasma
Parameter Value Parameter Value
Plasma temperature T=1700K Grain charge Z4 =500
Neutral gas pressure P,=1am Mean intergrain distance [ =17 pm
Electron plasma density ne=7x 10 cm || Screening length Ap=11pum
lon plasma density n, =4 x 109 cm= || Dust—neutral-gas friction rate Vgn = 9.6 x 10* st
Dust density ng=5x 10" cm=3 || Coupling parameter r=90
Grain radius a=04pum Parameter K K=25
Grain mass my=1.6x10"2g || Coupling parameter with allowancefor | [s=8
screening
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The table lists the model parameters, which are
close to those of our experiments. Now, we turn to the
main simulation results. We found that, by the end of
the relaxation process, the system evolves into a well-
ordered state, which can beformally referred to asalig-
uidlike state. Figure 2 illustrates the evolution of the
pair correlation function g(r) calculated from the
instantaneous positions of the grains. The profiles in
Fig. 2e were evaluated by averaging the function g(r)
over time; the averaging procedureisjustified, because,
during the time interval 40 < t < 70 ms, the system
evolvesinto asteady state and the pair correlation func-
tion remains essentially unchanged. For comparison,
Fig. 2 shows the correlation function that was obtained
directly from experiments and correspondsto Fig. 1c.

Analyzing Fig. 2, we can qualitatively describe how
the ordered dust structures form. First, the grains that
occur at short distances from each other start to fly
apart; as aresult, aregion arises in which the pair cor-
relation function vanishes (Figs. 2a, 2b). Thisprocessis
very fast, because the repulsive forces between the
grains increase sharply as the distance between them
decreases. Then, a pronounced first peak appearsin the
profile of the pair correlation function (Fig. 2¢). Astime
elapses, the first peak becomes higher; this process is
accompanied by the appearance of additional peaks
(Fig. 2d). The steady-state correlation function
(Fig. 2e) is characterized by several pronounced peaks.
Such afunction istypical of aclosely ordered system.
Itisfor thisreason that the final state of the system was
called aliquidlike state.

The time required for an ordered structure to form
can be defined rather arbitrarily, depending on the cor-
relation scale length in which we are interested. The
larger the distance, the longer the time required for the
pair correlation function at this distance to relax to the
fina state. Thus, in the case under analysis, the first
three peaks appear in the profile of the correlation func-
tion on a time scale of about t; = 35 ms. We can also
introduce the time t; needed for the formation of the
first peak in the pair correlation function. Physically,
thisis the time scale on which any short-scale correla-
tion in the system comes into play. For the parameter
values at hand, numerical calculations givet; =5 ms.

A digtinctive feature of our experimentsisthe finite
plasmalifetime t; = 7 ms. According to our ssimulation
results, thisindicates that the formation of ordered dust
structures revealed in the experiments was in progress;
consequently, we experimentally determined unsteady
pair correlation functions. Nevertheless, the plasma
lifetime was long enough for short-scale correlations to
come into play.

Figure 2 enables us to compare the pair correlation
function obtained experimentally with the functions
calculated numerically. We point out the following two
circumstances. First, the experimental correlation func-
tion was found to have only one peak, which agrees
well with the simulation results. In fact, Fig. 2d indi-
2000
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Fig. 2. Evolution of the pair correlation function. The solid
curves plot the profiles calculated numericaly at the times
t=(a 0.7, (b) 2, (¢) 5, (d) 7, and (e) 40 ms. The dashed
curves are for the experimentally obtained profile.

catesthat, at t = 7 ms, thefirst peak in the experimental
function is aready close to its final shape, while the
higher order peaks are only beginning to form. The
presence of only one peak provides conclusive evi-
dence that the plasma lifetime isinsufficiently long for
an ordered structure to form completely. Second, the
first peak in the experimental correlation functionisfar
wider (by afactor of approximately five) than that in the
function calculated numerically. This discrepancy may
in principle be attributed to the specific features of the
measurement technique using a time-of-flight laser
counter [8, 9].

4. THREE-DIMENSIONAL CRYSTALLINE DUST
STRUCTURES IN A DC GLOW DISCHARGE

In contrast to the thermal plasma, the plasma of a
low-pressure glow discharge in a gas at room tempera:
ture is nonisothermal. We carried out a series of exper-
iments with dc glow discharges in neon over the pres-
surerange from fractions of atorr to several torr and for
discharge currents from fractions of a milliampere to
severa milliamperes.

We observed ordered dust structures in the positive
column of a glow discharge with standing strata—
immobile dark regions alternating with bright zones
with nonuniform luminosity, the characteristic spatial
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Fig. 3. Layout of the experimental device for studying
ordered dust structures in a gas-discharge plasma.

scale of the strata being about several centimeters[10].
The electric field is relatively strong in the head of a
stratum (i.e., in its bright part) and is weak outside the
head. The floating potential of the discharge-tube wall
is high. As aresult, the head of each stratum acts as an
electrostatic well capable of trapping highly dispersed
grains in the positive column of a glow discharge in a
vertically oriented tube, in which case the strong radial
electric field does not allow the grains to escape from
the well and reach the tube wall.

A schematic of the experimental deviceisshownin
Fig. 3. The grainsirradiated by a vertical or horizontal
laser beam were recorded by a video camera (some of
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the grains were even observed visually). The formation
of ordered structures can be described as follows.
Micron-sized grains falling from the container into a
glass tube enter the discharge plasma from above and
acquire an electric charge when moving through the
plasma. After the charged grains have fallen bel ow their
equilibrium positions, they stop falling down and move
upward for several seconds; then, they form an ordered
structure, which remains unchanged for an arbitrarily
long time (as long as the discharge parameters remain
unchanged) [11]. Experiments on the formation of
ordered dust structuresin the positive column of aglow
discharge were carried out with several kinds of grains:
grains in the form of hollow borosilicate glass micro-
spheres 5060 pm in diameter, polydisperse Al,O4
grains 3-5 um in size, and monodisperse melamine-
formaldehyde grains 1.87 um in diameter.

The grains were seen to form acloud at the center of
astratum. Asarule, we observed several clouds simul-
taneousdly in the neighboring strata. Glass microspheres
formed clouds 5-10 mm in diameter, and the diameter
of the clouds of Al,O; grains amounted to 20 mm. A
cloud of glass microspheres consisted of 10-20 plane
horizontal layers; the number of layers in a cloud of
Al,O; grains was even larger. In the vertical direction,
thegrainsin acloud built chains. The distance between
the vertical chains was 250400 um; and the distance
between the grainsin the horizontal direction was 350—
600 pum, so that the grain density was about ny ~ 10°—
10* ecm=3[12].

Figure 4a displays a portion of the horizontal cross
section of a dust crystal formed by 1.87-pum-diameter
monodisperse melamine-formaldehyde grainsin adis-
charge plasma in a neon—hydrogen mixture at a pres-
sure of 0.8 torr, the discharge current being 1.1 mA.
The shape of the pair correlation function g(r) for this
ordered structure (see Fig. 4b) provides evidence for
long-scale correlations between the grains, thereby
indicating the crystalline nature of the structure.

800 1200 1600 2000
r (um)

400

Fig. 4. (a) Image of a horizontal cross section of an ordered dust structure in a stratum of the positive column of a glow discharge

and (b) pair correlation function for this structure.
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Fig. 5. Images of glass microspheresin avertical cross sec-
tion at different discharge currentsand plasmapressures: (a)
0.5 mA and 0.47 torr, (b) 0.5 mA and 0.44 torr, and (c)
0.4 mA and 0.37 torr. Figure 5d is a magnified image of a
part of the cylindrical structure shown in Fig. 5¢c. The scale
in images (8)—(c) is 3 mm, and the scale in the magnified
image (d) is1 mm.

Varying the parameters of the discharge plasma (the
plasma pressure and discharge current) made it possi-
ble to change the shape of a dust cloud. Thus, from
Figs. 5a-bc, we can see that, as the discharge current
and plasma pressure decrease, two neighboring ellipti-
cally shaped clouds merge into a cylindrical ordered
dust structure, which extends to several tens of centi-
meters in the vertical direction. Figure 5d presents a
magnified image of apart of the cylindrical structure.

On increasing the discharge current, we observed
the evolution of crystalline structures, first, into liquid-
like structures and, then, into gaseous structures. In a
sense, we may speak of the “melting” of dust crystals.
Thus, for Al,O; grains at a plasma pressure of 0.3 torr
and a discharge current of 0.4 mA (Fig. 6a), the corre-
lation function has four pronounced peaks (Fig. 7a),
thereby providing evidence for long-scale correlations
between the grains and, accordingly, for the crystalline
nature of the ordered structure. When the discharge cur-
rent is increased by almost one order of magnitude (to
3.9 mA, see Fig. 6b), the shape of the correlation func-
tion implies the existence of only short-scale correla-
tions between the grains; this indicates that the dust
crystal “melts’ and “evolves’ into aliquidlike structure
(Fig. 7b). We emphasize that, during this“ phase transi-
tion,” the distance between the grains (250 um) remains
almost unchanged [13].

Under certain conditions, we observed the effect of
anomalous hesating of the dust component in dc glow
discharges, in which case the grains acquired very high
energies (up to 50 eV). This effect can be explained as
being due to the melting of dust crystals, which was
observed when the plasma parameters changed. Under
certain discharge conditions, increasing the number of
small-sized grains gives rise to composite dust struc-
tures. in some regions, the grains are highly ordered
(plasmacrystals), and, in other regions, they experience
convective and oscillatory motions (dust—plasma lig-
uid) [14]. Most of the central region of the composite

Fig. 6. Images of Al,O3 grainsin avertical cross section for aplasma pressure of 0.3 torr at different discharge currents: (a) 0.4 and

(b) 3.85 mA. Thescaleis 1 mm.
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Fig. 7. Pair correlation function for Al,O3 grainsin avertical cross section at aneon pressure of 0.3 torr and discharge currents of

(a) 0.4 and (b) 3.85 mA.

structure is occupied by a highly ordered dust—plasma
crystal with a pronounced chainlike configuration of
the grains. In the upper region of the structure, the
grains experience convective mation, whose intensity
decreases toward the center of the structure. In the
lower region, the grains are observed to oscillate in the
vertical direction (grain density waves) at a frequency
of about 10 Hz and a wavelength of about 1 mm, the
mean intergrain distance being 200 um (Fig. 8). Such
self-excited oscillations can be driven by the instability
of dust acoustic waves; the nature of this instability
requires a separate study [15].

Let us estimate the grain parameters under condi-
tions typical of glow discharges: the electron thermal
energy iskT, ~ 3 eV, theion thermal energy is0.03 eV,
and the electron density is approximately 10°cmr=. Ina
glow discharge in neon, the floating potential of the
grains amounts to V, ~ (kT./e) ~ 3 V. The grain charge

Fig. 8. Image of an ordered dust structure of monodisperse
grains 1.87 um in diameter at a discharge current of 5 mA
and aplasma pressure of 0.3 torr. The vertical dimension of
the frame is 10.6 mm.

can be found from the relationship Z; = aV,. Conse-
guently, the charge of glass microspheres 50-60 um in
sizeisestimated to be ~10° e.

The grain charge can also be deduced from the bal-
ance between the gravitational and electrostatic forces
inastratum, Z, = myg/eEq. At E5~ 10 V/cm, the charge
of glass microspheres with the massm, ~ 102 g is esti-
mated to be Z, ~ 10° e. This estimate is about one order
of magnitude larger than what we have just obtained for
typical discharge parameters. This discrepancy can be
explained by noting that, in the region occupied by the
stratum, there is a second peak (at 15 eV) in the profile
of the electron energy distribution function, so that,
inside the stratum, the grains acquire a negative charge
until the grain floating potential becomes as high as
V4~ (KTJ€) ~ 15-30 V, which corresponds to the float-
ing potential of the discharge-tube wall. As aresult, the
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RIAR
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Fig. 9. Layout of the experimental device in space experi-
ments.
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Fig. 10. Sequence of states of an ensemble of bronze grainsin an ampoule at a pressure of 40 torr (a) 20 and (b) 110 s after shaking

the ampoule.

charges of glass microspheres and Al,O5 grains are
approximately equal to ~10° and 10° e, respectively.

5. PLASMA DRIVEN BY UV RADIATION
UNDER MICROGRAVITY CONDITIONS

A dusty plasma with positively charged grains can
also be produced by irradiating the neutral grainsin a
buffer gas by a flux of photons with energy above the
work function for photoelectronic emission from the
grain surface. The conditions in such a plasma may be
favorable for the appearance of ordered crystaline
structures. Since, for most substances, the characteris-
tic work function for photoel ectronic emission islower
than 6 eV, the fluxes of photons with energies lower
than, or on the order of, 12 eV can be used to chargethe
grains positively without ionizing the buffer gas (such
as helium and argon).

Ordered structures of the grains charged by solar
radiation have been studied in microgravity experi-
ments aboard the Mir space station [16]. Investigation
of the formation of ordered dust structures in such
experiments provided fundamentally new information
that cannot be obtained under terrestrial conditions.
Note also that intense fluxes of UV radiation in space
can charge dust grains via photoemission, in which
case, grains severa microns in size acquire a positive
charge of about ~10°-10*e.

Space experiments were performed with glass
ampoules filled with neon at different pressures (0.01
and 40 torr) and containing spherical bronze grains
coated with cesium (Fig. 9). Before the experiment, the
ampoule was placed in front of the window of the Mir
station. The grains were irradiated by a planar laser
beam (“laser sheet”) with awidth less than 200 um and
were recorded by avideo camera.

Since the grains were deposited on the ampoule
wall, the experiments were carried out as follows: first,
the ampoule underwent an external dynamic action
(it was shaken up); then, the grainsrelaxed to theinitial
state (they were again deposited on thewall). Figure 10
illustrates the evolution of an ensemble of grainsin an
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ampoule at a pressure of 40 torr under the action of
solar radiation. Experimental observations revealed
that, initially, the grains moved in a random fashion.
Then, the grain motion usually became ordered; at a
high pressure, the grain motion along certain trajecto-
ries in an ampoule was found to be more intense. In
some experiments, the grains were observed to experi-
ence not only translational, but also oscillatory motion.
When processing the measured data on grain trajecto-
ries, the grain velocity wasfound to vary periodically in
al the experiments. Such velocity variations may be
attributed either to the fluctuations of the grain charge
or to the dynamic action of microaccel erations aboard
the Mir space station.

Experiments on the Mir station revealed another
interesting effect—the formation of agglomerates in
which the number of grains varied from three or four to
several hundred and which could be detached from the
ampoule wall by dlightly shaking up the ampoule. The
agglomerates primarily appeared several seconds after
the ampoule was shaken up, and thereafter they
decayed under the action of solar radiation. Presum-
ably, the agglomeration of grains in the ampoule is
explained by the fact that, in the initial stage of irradia-
tion, some of the grains were charged positively (via
photoelectronic emission) and others were charged
negatively (by the fluxes of the emitted electrons).

According to the estimates obtained when analyzing
the grain dynamics, the grains may acquire a charge as
large as severa units of 10* elementary charges, the
coupling parameter being I ~ 10% Although the grain
charge and coupling parameter were both large, no
strong correlations among the grains were observed:
the grains formed only liquidlike structures.

6. CONCLUSION

Our experimental study of strongly interacting dust
grainsin athermal plasma at atmospheric pressure and
in the positive column of a dc glow discharge demon-
strates the possibility of the formation of ordered dust
structures (including crystalline structures) in dusty
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plasmas with specific parameters (e.g., in a thermal
plasma, which characteristically occupies afairly large
region and in which the dust structures are essentially
three-dimensional). The ordered dust structures appear
in a quasineutral plasma region rather than in an elec-
trode sheath. That the experimental pair correlation
function has only one maximum is explained by the
finite lifetime of the thermal plasma: the correlation
function was measured over the time interval during
which the formation of an ordered structure was till in
progress.

In a stratum of a dc glow discharge, we observed
various kinds of ordered structures of micron-sized
grains: from liquidlike structures with short-scale cor-
relations, to crystalline structures (dust—plasma crys-
tals) with long-scale correlations. The ordered struc-
turesdiffer in shape; in theinner region of the structure,
the grains can experience convective motion.

A comparative analysis of the results from experi-
mental and theoretical studies of an ensemble of dust
grains charged by solar radiation via photoemission
under microgravity conditions confirm the conclusion
that the grains may form extended liquidlike ordered
structures even in a plasmain which the agglomeration
processes are very intense.

The results of our investigations may have some
important applications. Ordered structures in dusty
plasmas can be successfully used to solve both theoret-
ical and practical problems. One of the most important
theoretical problemsin plasma physicsisthat of study-
ing strongly nonideal multicomponent plasmas. The
results of experiments with crystalline dust structures
can be conveniently used to develop and validate ana-
lytic models of such plasmas. It is aso important to
investigate the lattice dislocations in crystals, the ther-
modynamics of crystal |attices having dislocations and
dislocation-free lattices, the interaction of laser light
with crystals, oscillations and waves in ordered struc-
tures, and related resonance phenomena. In solid state
physics, the results of these investigations can be used
to model atomic and molecular crystals. In the physics
of critical phenomena, the study of phase transitionsin
dusty plasmas can provide new insights into the con-
densation processes. The possibility of creating small
systems consisting of several dust grains and an analy-
sis of their stochastic motion and their response to
external fields can be very useful for investigating the
dynamic processes in such systems.

Among microelectronics-related applications, we
can mention the problem of removing particlesin man-
ufacturing integrated circuits and the problem of mod-
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eling small crystals (nanocrystals) in studying plasma
methods for film deposition. Commercial applications
of our results may include the following issues: the cre-
ation of coatings through the UV radiation—controlled
deposition of grains suspended in a plasma onto a sub-
strate for the purpose of fabricating new artificial mate-
rials with the desired properties (including porous and
composite materials), the production of granules with
multilayer coatings from substances with different
properties, etc.

This work was supported in part by the Russian
Foundation for Basic Research, project nos. 95-02-
06456, 97-02-17565, and 98-02-16828.
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