
PHYSICAL REVIEW E JUNE 1998VOLUME 57, NUMBER 6
Dynamics of the ordered structure formation in a thermal dusty plasma

Yaroslav K. Khodataev, Sergei A. Khrapak, Anatoli P. Nefedov, and Oleg F. Petrov
High Energy Density Research Center, Russian Academy of Sciences, Izhorskaya 13/19, 127412 Moscow, Russia

~Received 7 October 1997!

The dynamics of the ensemble of interacting dust grains under conditions of thermal plasma was studied,
and the formation of the liquidlike structure observed in the experiment was investigated. The simulation
results showed that ordering of the dust structure manifested in the experiment with thermal dusty plasmas can
be explained by the electric interaction of dust grains. It is found that the structure obtained in the experiment
is far from equilibrium because the plasma flight time is less than the time of structure formation. It conforms
to the emergence of the experimental correlation function characterized by a sharp main peak with no high-
order ones. It is shown through experimental measurements of the diffusion coefficient that the thermal energy
of dust grains is close to the gas temperature, and the friction force acting on grains is determined via the
expression obtained in the kinetic limit.@S1063-651X~98!03606-X#

PACS number~s!: 52.25.2b, 52.30.2q, 64.70.2p
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I. INTRODUCTION

The physics of dusty plasma has seen much progres
recent years. One of the reasons for the interest in this ar
the formation of ordered structures of dust particles fou
recently in the laboratory. This process is attributed to
strong electrostatic interaction between charged dust
ticles. So-called dust crystals and dust liquids were obtai
in the laboratory by different research groups@1–5# showing
these structures to be one of the typical phenomena in d
plasma. It is now recognized that this material, the struct
of which can actually be seen by laser scattering, may c
tribute not only to the plasma physics, but also could b
valuable tool for studying physical processes in conden
matter, such as melting, annealing, and lattice defects.

Most of the experiments on dust ordering were carried
in a plasma of radio-frequency~rf! gas discharge@1–4#. The
formation of macroscopic ordered structures was found a
in the standing strata of a direct current glow discharge@5#.
Under conditions of discharge experiments dust grains
quire negative charge because the flux of electrons to
uncharged particle surface is high relative to that of ions

Shown recently was the formation of dust ordered str
tures in thermal dusty plasma under atmospheric pres
and temperatures of 1700–2200 K@6#. The thermal plasma
was weakly ionized with electrons, ions, and gas all hav
the same temperature. When dust particles are introdu
into thermal plasma they become charged by collecting e
trons and ions, as they do in discharges, but also by emit
electrons. The latter process can lead to a positive ele
charge, unlike the negative charges in low-pressure disch
experiments. The experimental facility incorporated t
plasma device and the diagnostic instrumentation for de
mination of plasma and gas parameters~see @6# for more
details about experimental setup and procedure!. The dusty
plasma device produces the laminar spray of thermal d
plasma under atmospheric pressure. It was possible to m
a number of measurements of dusty plasma parameters
as the electronne and ionni number densities, plasma tem
peratureTg , and the diametera and number densitynd of
particles. The time-of-flight laser system was employed
571063-651X/98/57~6!/7086~7!/$15.00
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analyze the particle structure in the thermal spray and the
compute the radial pair correlation function. The photon c
relation spectroscopy method was used to systematic
study the dynamics of charged dust grains in the plasma

In Ref. @6# it was shown that the pair correlation functio
of CeO2 particles computed at the plasma temperatureTg
51700 K and particle number densitynd553107 cm23 re-
veals the distinctive short-range order of a liquid system. T
particle chargeQd determined by charge balance is positi
and its value is about 500 elementary charges@6#. The esti-
mated corresponding coupling parameter, which is the r
of the Coulomb electrostatic interaction energy to the d
thermal energy isG'150. Such aG value is high enough to
expect the ordered structure formation as the dust sys
appears to be essentially strongly coupled in this case.

The conditions and procedure of the experiment descri
differ essentially from that of the discharge experiments g
ing hope to enrich our knowledge of the dust structuri
processes. In particular, one of the attractive features of
thermal dusty plasma is the relative simplicity of the unifor
conditions. It is an obvious advantage as compared to
rf-discharge situation where the plasma crystal forms n
the bottom electrode at the boundary of the cathode she
which is a strongly nonuniform and anisotropic region. Th
circumstance means that the theoretical interpretation of
structure obtained can turn out to be easier in the case o
thermal dusty plasma than in the case of the discharge
Another advantage is the developed diagnostic base sup
ing the experiment.

The main idea of this paper is to study the dynamics
the ensemble of interacting dust grains, in particular, to
vestigate the formation of the liquidlike structure observed
the experiment. The correct numerical simulation requi
verification of the dusty plasma parameters that are not m
sured directly, in particular, the dust thermal energy, fricti
coefficient of dust grains, and characteristic time of d
charging. The values of the dust thermal energy and frict
coefficient are obtained by means of photon correlation sp
troscopy~Sec. II!. The characteristic dust charging time
estimated by showing it to be small compared with the sim
lation time step~Sec. III!.
7086 © 1998 The American Physical Society
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57 7087DYNAMICS OF THE ORDERED STRUCTURE FORMATION . . .
The solution of the problem has also required some s
cific approach. The point is that in our case the particle s
tem may not achieve the stationary state. The pair correla
function of the dust structure was measured at a heigh
approximately 35 mm over the burner surface. Taking i
account the spray velocity~about 5 m/s! the estimate for the
dusty plasma flight time ist ft'7 ms. Therefore it is not
obvious that the equilibrium pair correlation function c
describe the dust structure observed in the experiment.
time evolution of the pair correlation function needs to
investigated. In order to do it the dynamics of the 2D syst
of interacting dust grains has been simulated by mean
usual molecular dynamics~MD! method. However, the pai
correlation function was calculated from the positions of
grains at the moment taken without any time averaging.

The simulation procedure is described in Sec. IV. T
pair correlation function obtained in the simulation is co
pared with the experimental one. The absence of high-o
peaks of the experimental pair correlation function and
broadening of its first peak are discussed.

II. DUST THERMAL ENERGY

In recent years, the problem of the dynamic properties
dust particles in plasmas has received detailed attention
low temperature weak-ionized plasma the dust grain ha
large surface area and effectively exchanges its kinetic
ergy with neutral atoms or molecules. Thus it is usually
sumed that dust particles can be characterized by a ne
gas temperature and exhibit Brownian motion. However,
cent investigations of the strongly coupled dusty plas
show that this assumption requires special verification. It w
shown that at some conditions the temperature that cha
terizes random motion of dust grains can greatly exceed
neutral gas temperature@7–10#. The processes leading to th
observed high particle temperatures are not known. So
not obvious what the temperature characterizing the kin
energy of dust particles is under our conditions.

To resolve this problem and to study the dynamics
CeO2 particles in a laminar spray of thermal plasma the p
ton correlation spectroscopy~PCS! method was used. Th
basic idea of this technique is a measurement of charact
tic fluctuation time through temporal correlation of the d
tected scattered light signal. The temporal autocorrela
function ~AF! G(2)(k,t) is studied:

G~2!~k,t!5^I ~k,0!I ~k,t!&, ~1!

whereI is the intensity of the scattered light,t is the time,
andk is the scattering wave vector the magnitude of which

uku5
4pn

l
sinS u

2D , ~2!

wheren is the refractive index of the medium,l is the wave-
length of the incident light, andu is the scattering angle.

If ~a! the scattering volume contains a large number
particles so that this number does not fluctuate greatly,~b!
multiple scattering can be neglected,~c! the particles are
small and/or spherical, and possess no mean motion, an~d!
their dynamics is governed by the diffusion equation, we c
rewrite Eq.~1! in the following form @11,12#:
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g~2!~t !511b exp~22k2Ddt!, ~3!

whereg(2)(t) is the normalized AF, andDd is the diffusion
coefficient of dust particles. The coherence factorb is
smaller than 1 at finite apertures and reflects the degre
spatial coherence of the detected light.

When mean particle motion is significant~as in our ex-
periment where the particles are moving in a laminar sp
of thermal plasma! two additional requirements arise. It i
desirable to make the Doppler term due to the flow veloc
of the particles as unimportant as possible. This is done
adjusting the scattering plane perpendicular to the flow
locity @13#. Also, the analysis of two characteristic timestd
~diffusion time! and tu ~transit time through laser beam! is
needed@14#:

td5
1

2k2Dd
, ~4!

tu5
b

u
, ~5!

whereb is the characteristic length of scattering volume, a
u is the flow velocity. In conditions where the particle me
motion dominates (td@tu) the AF of scattered light inten
sity will provide information on flow velocity. Iftd!tu the
particles may be assumed to possess no mean velocity
Eq. ~3! is valid. As a general rule Eq.~3! may be used unde
conditions where@14#

td,0.25tu . ~6!

A schematic representation of the photon correlation s
tem used in our experiment is shown in Fig. 1. The lig
source was the Ar1 laser and the wavelength used w
l5488 nm. Scattering light is collected at 90° from the i
cident beam. Spatial filters were used to define the scatte
volume. A collecting lens of 200 mm focal length was us
to focus the image of the scattering volume on the surfac
an EMI 9863KB/100 photomultiplier tube operating in th
single-photon-counting mode. The counting pulses were p
cessed with the Malvern Digital Correlator connected w
the IBM PC/XT. TheMALVERN software controls the cor
relator and extracts data from the measured AF.

We have obtained the autocorrelation functions of scat
ing light intensity for CeO2 particles in an air flow at room
temperature~without flame! and for a laminar spray of ther

FIG. 1. Schematic representation of photon correlation sys
used in experiment~top view!.
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7088 57KHODATAEV, KHRAPAK, NEFEDOV, AND PETROV
mal plasma. Plasma temperature was varied from 170
2200 K. We used the initial part of the AF curve to satis
Eq. ~6!. It was found that the initial decay of the AF is we
represented by Eq.~3!, so we used Eq.~3! to obtain the
diffusion coefficient of dust particles from the AF.

We have obtainedDd51.331027 cm2/s for the CeO2
particles in an air flow. We can determine particle diametea
using the standard equation

Dd5
Tg

3pha
, ~7!

whereTg is the neutral gas temperature andh is the viscosity
of the medium. For typical parametersTg5295 K and h
518.431026 Pa s we founda51.84mm. This result is in
good agreement with the result obtained by the light exti
tion technique@6#.

The dependence ofDd on plasma temperature is shown
Fig. 2. The plasma parameters werend53.83105– 2.3
3106, ni53.23109– 331010, and ne54.63109– 3.3
31010 cm23. It can be noted that the change in plasma
rameters does not affect strongly the value of the diffus
coefficient. To compare our experimental results with the
two curves are also shown in Fig. 2. The first one is
Dd(Tg) obtained using Eq.~7! that is valid in the hydrody-
namic limit when the mean free pathl fp of the gas molecules
is much less than the particle size (l fp!a). The second
curve Dd(Tg) is valid in the opposite kinetic case (l fp
@a):

Dd5
3Tg

3/2

2Pa2~2pM !1/2, ~8!

where P is the gas pressure andM is the mass of the ga
molecules. In our experimentsl fp'0.8–1.1mm, so thatl fp
;a and it is not clear what the proper form of the diffusio
coefficient is in the region intermediate between these
limits, hydrodynamic and kinetic. However, the seco
curve is more consistent with the experimental results.

Thus, it was shown that in our experiment that parti
motion is governed by the diffusion equation, and that

FIG. 2. Temperature dependence of particle diffusion coeffic
Dd . Two curves are theoretical predictions@1, Eq. ~7!; 2, Eq. ~8!#.
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value of the diffusion coefficient is close to the Brownia
particle diffusion coefficient, calculated for the kinetic (l fp
@a) region. It should be noted that the size of dust partic
used and plasma parameters obtained in the experimen
scribed in this section differ slightly from those of the e
periment on dust ordering. However, it seems that this d
not affect the validity of our main conclusions concerni
the dynamic properties of dust particles and they can be
plied in our simulations. Thus we will assume that the te
perature characterizing the kinetic energy of dust particle
our case is equal to the neutral gas temperature and us
expression for the friction coefficient appropriate for the
netic region.

III. CHARGING OF DUST GRAINS

For simplicity in our simulations we will proceed with th
assumption that dust particles immersed in a plasma alre
have equilibrium charge. To justify this assumption we sh
that the characteristic time of dust grain charging in our c
ditions is much less than the simulation time step. In o
experiment the dust grain is charged by collecting electr
and ions from plasma and by emitting electrons due to th
mal emission from the hot dust surface. For the ion a
electron flows to the particle surface we can write~assuming
the positive grain charge!

I e
15e

pa2

4
neA8Tg

pme
F11

2Qde2

aTg
G , ~9!

I i
15e

pa2

4
niA8Tg

pmi
expS 2

2Qde2

aTg
D , ~10!

wherene( i ) andme( i ) are the electron~ion! density and mass
respectively. The electron flow from the particle surface c
be given by@15#

I e
25e

pa2

2 S mTg

2p\2D 3/2A8Tg

pmF11
2Qde2

aTg
G

3expS 2
We

Tg
DexpS 2

2Qde2

aTg
D , ~11!

whereWe is the work function, and we assume that the p
ticle surface temperature is equal to the gas temperature.
ticle charging is then determined by the following differe
tial equation:

dQde

dt
5I e

21I i
12I e

1 . ~12!

One can see from Eqs.~9! and ~10! that I e
1/I i

2>Ami /me

@1, so that ion collection may be neglected. The steady s
charge is then determined by equatingI e

25I e
1 , to give Qd

'550, for the conditions obtained in the experime
~Tg51700 K, a50.8mm, ne5731010 cm23, We52.1 eV
@6#!. This charge is very close toQd'500 determined from
the charge balancene5ni1Qdnp . Equation ~12! can be
solved numerically and the characteristic time of charg
can be evaluated. This time turns out to be very small.
example, under the same conditions we obtain that the t

t
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57 7089DYNAMICS OF THE ORDERED STRUCTURE FORMATION . . .
needed to acquire 90% of equilibrium charge is ab
10210 s. The simulation time step is several orders greate
our assumption is justified.

IV. NUMERICAL SIMULATIONS

The numerical simulations have been carried out
means of codeKARAT @16# using the molecular dynamic
method in 2D geometry. It includes solution of the equat
of motion for each dust grain taking into account the int
action between dust grains, friction force, and random fo
arising from asymmetric molecular bombardment~the
Brownian force!:

md

d2rWk

dt2
5(

j
F~r !ur 5urWk2rW j u

rWk2rW j

urWk2rW j u
2mdn fr

drWk

dt
1FW Br

~13!

wheremd is the grain mass,n fr is the friction decrement, and
FBr is the random force providing the Brownian motio
F(r ) is taken in the following form:

F~r !5FD~r !52Qde
]fD

]r
, ~14!

where

fD5
Qde

r
expS 2

r

dD . ~15!

Hered is the Debye length andfD is the Debye potential. It
should be noted that the system under consideration ca
studied with MD without friction and Brownian forces~see,
for example,@17#!. However, theses forces represent a phy
cal process and some results@18# indicate that they may hav
important effects on ordering structure formation.

The computation area is of square form with the s
length L0 . In order to emulate an infinite system we u
periodic boundary conditions, so that the basic simulat
area is surrounded by neighboring copies of itself, and e
particle in the basic computation area interacts not only w
the particles in the basic area but also with the ‘‘mirro
particles. The emergence of the grains leaving the basic c
putation square on its opposite edge is also included. S
periodic boundary conditions give the possibility of avoidi
boundary effects and fix the mean dust density. Initia
charged dust grains are situated in random positions in
the computation area after which the process of s
organization starts. Such consideration corresponds to
real process in experiment where initially neutral and dis
dered dust grains come into the plasma region, acquire e
tric charge very quickly~Sec. III! and start interacting.

The 2D dust density is chosen for the mean intergr
distancel to be equal to the distance calculated from expe
mental 3D dust densitynd : l 5(4pnd/3)21/3. In this case one
can expect the simulation of the processes in 2D geometr
be realistic. In practice one had to limit the real interactio
associated with the screened Coulomb potential~15! on too
small distances. It is clear that initial positions of som
grains may be extremely close together with very high ini
interaction force, which would demand too small a time st
In order to avoid this problem the interaction force was li
t
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ited on distances less thanl 050.3l . Actually it does not
affect the ordering process because computer simula
shows that after several first time steps there are no part
separated by distance less thanl 0 . Thus the following inter-
action law was used in the simulation instead of a realis
one:

F̃~L !5H F~ l 0! if L, l 0

F~L ! if l 0,L.
~16!

Parameters for the simulation~listed in Table I! are cho-
sen according to the conditions of the experiment in wh
the existence of dust ordered structure was observed
Table IN is the number of particles in the simulation andtS
is the simulation time step. The dust mass ismd
5(p/6)rd a3 with rd56 g/cm3 being the density of the
dust matter CeO2. According to results of Sec. II the tem
perature that characterizes dust grain kinetic energy
taken to be equal to that of the gas and the expression fon fr
appropriate for the kinetic region was used:

n fr5
2

3

Pa2

md
A2pM

Tg
. ~17!

One can compare the deceleration time 1/n fr'10ms with
that of the structure formationt f , which is tens of millisec-
onds, to findt fn fr@1. This means that the inertia is esse
tially negligible in the regular motion of the grains caused
interaction forces. Unfortunately it is impossible to exclu
the inertial term from Eq.~13! because the simulation of th
Brownian motion is impossible without it. The time stepts
should be less than 1/n fr to simulate Brownian motion accu
rately; in particular,ts50.03/n fr was taken with 250 000
time steps being executed during the simulation. This is
reason why the 2D approach was utilized with a relativ
small number of grains (N5200). A larger number would
require too much computing time. Nevertheless, this see
to be enough to take into account that the medium with
moderate value ofG was investigated where the correlatio
radius does not exceed severall .

As can be seen from Table I the ion density is sm
compared with the electronic one. It should be noted that
definition of Debye length in plasma with such a large d
density is not clear. This problem requires special analy
which is beyond the scope of this paper. In the work p
sentedd was calculated in a simple way just neglecting i
shielding: d5ATe /(4pe2ne). The coupling parameter
G,GD were calculated through the formulas

G5
Qd

2e2

lTd
, GD5

Qd
2e2exp~2 l /d!

lTd
. ~18!

TABLE I. Parameters used in numerical simulations cor
sponding to the conditions of the experiment.

Tg51700 K P51 Bar Qd5500
ne5731010 cm23 ni5431010 cm23 nd553107 cm23

l 517mm d511mm a50.8mm
md51.6310212 g n fr59.63104 s21 G5150
GD530 N5200 ts50.3ms
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FIG. 3. The time evolution of the correlatio
function in the numerical simulation. The soli
curve corresponds to the simulation, the dash
line to the correlation function obtained in th
experiment.
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Simulation has shown that after some relaxation proc
the system approaches the final stationary stage corresp
ing to the liquidlike state. This agrees with the values of
coupling parametersG,GD . Figure 3 presents the time evo
lution of the pair correlation functionR(r ) calculated from
the grains positions at the moment taken. The last pictur
Fig. 3 was obtained through time averaging ofR, which is
possible because on the final stage of the simulation (40,t
,70 ms) the system approach to the equilibrium state
the pair correlation function does not evolve in time. In t
calculation of the pair correlation function the step alongr
ss
nd-
e

in

d

was taken to be 0.1l , a smaller one would result in too larg
of a chance of calculation error. The grain distributions
the computation area obtained in the simulation are given
Fig. 4.

One can see from Fig. 3 that, first of all, the particles
small distances disappear with the area of zero correla
function at smallr being formed. This process takes pla
very quickly because the electric repulsive force at sm
distance is very strong. Then the sharp nearest-neighbor
develops (t55 ms). Further, this peak grows and simult
neously the high-order peaks develop. The final correlat
u-
e-
the
e

ust
FIG. 4. Dust structures obtained in the n
merical simulation. The image on the left repr
sents the formation stage corresponding to
plasma flight time in the experiment; the imag
on the right represents the final state of the d
system under thermal equilibrium.
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function is characterized by many sharp oscillations. T
definition of the structure formation timet f remains to some
extent uncertain because it depends on the distance r
where the evolution of the correlation function is of intere
The bigger the distance the longer the time required for
correlation function to approach the final form at this d
tance. In practice one may take into account only the d
tance range where the appreciable oscillations of the fi
correlation function take place. In the case at hand one m
take only the first three peaks, thent f can be estimatedt f
'35 ms. Also, it is convenient to introduce the time of t
sharp nearest-neighbor peak emergencet1 . This is in fact the
time required for any type of short order to appear in
system. One can estimate from the simulation thatt1
'5 ms. This time can be also estimated analytically:

t1'
lmdn fr

uF~ l !u
, ~19!

which givest1'25 ms. The inaccuracy of this estimation
related to strong dependence of the interaction force on
tance because of Debye screening. The initial ordering s
is related to the grains diverging on small distancer , l .
Substituting 0.7l instead ofl in Eq. ~19! one would obtain
t156 ms, in good agreement with the simulation.

As was stated in the Introduction the flight time of du
grains in the experiment ist ft57 ms,t f . This means that the
pair correlation function measured in the experiment co
sponds to the forming structure. The flight time is lar
enough for the short order to appear but it is not enough
the correlation function to approach its final form with ma
oscillations. Let us compare the simulation correlation fu
tion with the experimental one~Fig. 3!. Two obvious specific
features of the experimental correlation function can be se
First, it has only one peak. It agrees with the simulat
results, one can see that at timet57 ms the magnitude o
high-order peaks is approximately two times less than
final stage, while the main peak is already close to its fi
form. Thus the absence of high-order peaks of the exp
mental pair correlation function can be caused by the n
stationary character of the structure concerned.

The second specific peculiarity of the experimental cor
lation function is that the peak is extremely wide. Its width
almost five times larger than in the simulation. It should
stressed that such a wide peak is generally unusual for liq
systems. The most plausible reason for this broadening is
e
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local inhomogeneity of the dust structure. It is clear that
the case when the dust density varies along the structure
peak of the correlation function should be broadened beca
of l variation in space. The mechanism of such inhomoge
ity generation remains unclear now and requires spe
analysis that is beyond the scope of this paper. Anyway
obvious that inhomogeneity concerns are not related to
process of structure ordering caused by electric interg
interaction.

V. CONCLUSION

Thus the simulation results presented show that orde
of the dust structure manifested in the experiment@6# can be
explained by the electric interaction of dust grains. It
found that the structure obtained in the experiment is
from equilibrium because the plasma flight time is less th
the time of structure formation. It conforms to the emergen
of the experimental correlation function characterized by
sharp main peak with no high-order ones.

At the same time the comparison of the simulation cor
lation function with the experimental one indicates some d
crepancy, in particular, the peak of the experimental corre
tion function is extremely wide, which does not agree w
the simulation results and in general seems to be unusua
known liquid structures. This peak broadening is likely to
related to the structure inhomogeneity, the generat
mechanism of which requires special investigation.

The simulation of the ordering process presented has
quired the specification of some parameters involved. I
shown through the experimental measurements of the d
sion coefficient that the thermal energy of dust grains is cl
to the gas temperature and the friction force acting on gra
is determined via the expression obtained in the kinetic lim
The analysis of dust charging shows very small charg
time for experimental conditions. In practice one may co
sider that grains acquire charge instantly once they enter
flame region.
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