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Charge-fluctuation-induced heating of dust particles in a plasma

O. S. Vaulina, S. A. Khrapak,* A. P. Nefedov, and O. F. Petrov
High Energy Density Research Center, Russian Academy of Sciences, Izhorskaya 13/19, 127412 Moscow, Russia

~Received 21 July 1998; revised manuscript received 24 May 1999!

Random charge fluctuations are always present in dusty plasmas due to the discrete nature of currents
charging the dust particle. These fluctuations can be a reason for the heating of the dust particle system. Such
unexpected heating leading to the melting of the dust crystals was observed recently in several experiments. In
this paper we show by analytical evaluations and numerical simulation that charge fluctuations provide an
effective source of energy and can heat the dust particles up to several eV, in conditions close to experimental
ones.@S1063-651X~99!12110-X#

PACS number~s!: 52.25.Zb, 52.25.Ub, 52.25.Gj, 52.65.2y
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I. INTRODUCTION

A dust particle immersed in a plasma acquires elec
charge by collecting electrons and ions, and sometimes
emitting electrons@1#. When emission processes are uni
portant the equilibrium charge is negative in order to equ
electron and positive ion fluxes to the particle surface. T
dust particle charge is of the orderZd;aTe /e2 ~wherea is
the particle radius andTe is the electron temperature! and
can be extremely high~for example,Zd;103 for a51 mm
and Te;1 eV!. If the ratio of the energy of the intergrai
interaction to the grain kinetic energy that is measured by
coupling parameterG5Zd

2e2/ lTd ~whereTd is the dust tem-
perature andl;nd

21/3 is the intergrain distance! is suffi-
ciently large, formation of ordered structures of dust partic
can occur, as was predicted by Ikezi@2#. The formation of
Coulomb lattices in plasmas has been recently found i
number of experiments@3–8#, including rf plasma devices
@3–6#, thermal dusty plasma under atmospheric pressure@7#,
and dc glow discharge plasma@8#. These special regular sys
tems have been called plasma crystals or dust crystals.
to the small relaxation times and the easy observability, d
crystals are an effective tool for investigating the propert
of nonideal plasmas, the fundamental properties of crys
and phase transitions.

Recently, during an investigation of the melting transiti
of dust crystals it was observed that the dust particle te
perature associated with their chaotic translational mo
can be unexpectedly high@8–10#. In view of the effective
dissipation of dust particle kinetic energy through frictio
with the neutral gas it was always assumed that the d
particles attain the kinetic energy close to room temperat
However, measurements of the velocity distribution funct
of the dust particles in a rf discharge showed that as
pressure in the discharge decreases or the discharge p
increases the enormous increase of the dust particle kin
energy takes place. For example, in@10# the highest observed
random kinetic energy was approximately 50 eV. This
crease of the dust particles temperature forces the sy
from the solid to a fluid or even gaslike state by reduc
dramatically the coupling parameterG.

*Electronic address: ipdustpl@redline.ru
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The processes leading to the observed high particle t
perature are discussed. In@10# it was assumed that dust pa
ticles forming a crystal in the sheath region of rf dischar
gain energy from the supersonic ion flux directed toward
electrode. This idea was further developed in@11#. It was
shown here that the special bilayer crystal with vertica
aligned particles becomes unstable below a certain thres
of the neutral gas pressure. This instability is induced by
streaming motion in the sheath and leads to the heatin
dust particles. Another possible reason for dust particle h
ing was proposed in@12#. In this paper the heating is attrib
uted to collective effects in the presence of the depende
of the dust particle charge on spatial coordinates.

In this paper we address another possible reason of
ticle heating—random grain charge fluctuations. These fl
tuations are always present in dusty plasmas due to the
crete nature of currents, which charge the particles. Since
surface charge determines the interparticle Coulomb for
and external forces acting on the particles in a plasma~elec-
tric force and ion drag!, its fluctuations lead to particles mo
tion, i.e., they can gain kinetic energy via this process.
analyze the role of this effect we consider the conditio
common for experiments in rf dusty plasma@3–5,9,10#.
Namely, we assume that the dust particles are trapped in
sheath edge region~see Fig. 1!, where there is balance be
tween the gravitational and the electric forces acting on
negatively charged dust particles~thus neglecting ion drag
which is important for sufficiently small particles@13#!. We
first consider particle charging and the properties of rand
charge fluctuations in these conditions~Sec. II!. Then we
discuss the physics of particles heating by random cha
fluctuations and evaluate the magnitude of the effect~Sec.
III !. The numerical simulation method used to model a s
tem of particles with fluctuating charges is described in S
IV. The results of numerical simulations are discussed
Sec. V. Finally, we evaluate numerically the magnitude
heating in Sec. VI.

II. DUST CHARGING AND RANDOM CHARGE
FLUCTUATIONS

In this section we consider an isolated spherical dust p
ticle of radiusa with a fixed position within the sheath. Th
particle is charged by collecting electrons and ions from
5959 © 1999 The American Physical Society
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plasma. Under the conditiona!ld!lmfp , whereld is the
screening length andlmfp is a mean free path for electron
neutral-species or ion–neutral-species collisions, we can
the orbit motion limited theory@14# to describe the charging
currents. In this simple theory the conservation of angu
momentum and energy for collected electrons and ion
used to find the electron and ion collection cross sect
Assuming Maxwellian distribution for electrons and co
ions moving with a velocityn0 toward the electrode in the
sheath region we have for the charging currents

I i5pa2nin0S 12
2Zde2

amin0
2D ~1!

and

I e5A8pa2nenTe expS Zde2

aTe
D , ~2!

where ne( i ) is the electron~ion! number densities andnTe

5ATe /me is the electron thermal speed. We have also
sumed the negative chargeZd and vacuum capacitance of
dust particle in a plasmaZde5fsa, wherefs is the particle
surface potential with respect to the surrounding plas
From Eqs.~1! and ~2! the equilibrium charge can be foun
by equatingI e5I i . Introducing the ratiot5Te /(min0

2/2)
and the dimensionless chargez52(Zde2/aTe) (z.0) we
arrive at

exp~2z!5Ap/8~ni /ne!~n0 /nTe!~11tz!, ~3!

We have treated the charging currents here as if they w
continuous in time. This continuous charging model provid
information about the equilibrium charge@Eq. ~3!#. How-
ever, in reality electrons and ions are absorbed by the par
surface at random times and by random sequences. For
reason particle charge exhibits stochastic fluctuations su

FIG. 1. Sketch of the simulation system showing a single d
particle confined in the sheath above a negatively biased elect
due to the balance between the gravitational and electric for
Ions enter the sheath with Bohm velocitynB5ATe /mi . The electric
field grows from the sheath edgeE(x50)'0 to E5Es at the elec-
trode surface. Ghost particles due to periodic boundary condit
simulate a horizontal particle spacing ofL.
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imposed onto the equilibrium value. Some studies appea
in recent years that addressed various aspects of charge
tuations that arose from the random nature of the charg
process in plasmas@15–18#. In our previous paper@18# we
have obtained the useful characteristic of the random cha
fluctuations—their temporal autocorrelation function~TAF!.
It was shown that independently of the charging mechani
the TAF of random charge fluctuations has the form

^dZd~ t !dZd~ t8!&5^dZd
2&expS 2

ut2t8u
tc

D , ~4!

where dZd5Zd(t)2Z̄d , Z̄d is the average particle charg
and tc is the characteristic time of charge fluctuations. F
the charging mechanism considered here,

1

tc
5b52

]

]Zd
@ I i2I e#Zd5Z̄d

, ~5!

whereb is the natural decay rate of small charge variatio
and

^dZd
2&1/25@~ I i1I e!Zd5Z̄d

/2b#1/25aAuZ̄du ~6!

is the amplitude of random charge fluctuations. With the h
of Eqs.~1! and ~2! we obtain for charging in the sheath

b5pa2nin0

e2

aTe
@11t1tz#, ~7!

a5F 11tz

z~11t1tz!G
1/2

. ~8!

For numerical estimations we have made some simplify
assumptions about the sheath structure. We assume tha
dust particles are trapped near the sheath edge, where
are accelerated by a presheath potential dropDw5Te/2e to
the ion acoustic velocityn05nB5ATe /mi ~Bohm criterion!,
so thatt52. We also assume Ar plasma with paramet
typical to the rf plasma experimentsTe51 eV and ni
5108 cm23. Quasineutrality is assumed to hold up to t
sheath edge, so thatni'ne1uZ̄dund . The latter equation
takes into account the possible effect of electron depletio
the dust cloud if dust particle concentration is sufficien
high. From Eqs.~3! one can see that the dimensionle
chargez ~and consequentlya and b! is a function of the
so-called Havnes parameter

P5
aTe

e2

nd

ne
>695aTend /ne ,

wherea is in mm andTe in eV, which is roughly the ratio of
the charge density of the dust particles to that of the e
trons. WhenP.1 ~this can be expected for some expe
ments on dust ordering! the charge is significantly dimin
ished, while forP!1 the dust charge approaches the va
for an isolated particle@1#. The values ofz, a, and b for
different values ofP are summarized in Table I.
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III. PARTICLE HEATING BY RANDOM CHARGE
FLUCTUATIONS

As it was mentioned in@16#, charge fluctuations lead to
fluctuating intergrain potential that would have an effe
similar to the random motion, additional to the thermal o
Thus, random charge fluctuations in a system of stron
interacting particles can heat the particles above neutral
temperature~in spite of the effective cooling by neutral ga
friction!. In @19# it was assumed that the kinetic energy pr
vided by charge fluctuations is equal to the fluctuation a
plitude of the intergrain interaction energy, so that neglect
screening

Tf;
uZ̄duA^dZd

2&e2

l
, ~9!

whereT;md^nd
2&/2 is a temperature characterizing dust p

ticle kinetic energy~md andnd are the dust particle mass an
velocity, respectively!. Estimation~9! seems to be insuffi-
ciently correct, because it is independent of dynamical pr
erties of random charge fluctuations, and the neutral-
cooling is not considered. We attempted to develop an a
lytical approach to this problem, which removes these unc
tainties. Let the constant test chargeZ̄d be located inside a
stationary system of charged particles with fluctuat
chargesZd j(t)5Z̄d1dZd j(t). The force acting on the tes
charge~neglecting screening! can be written as

f 5Z̄de2(
j

Zd j~ t !

l j
2 5(

j

Z̄d
2e2

l j
2 1(

j

Z̄ddZd j~ t !e2

l j
2 .

~10!

The first sum on the right-hand side of Eq.~10! is a potential
function independent of time and does not result in hea
of the system of dust particles, while the second sum
serve as a source of additional heating. The correspon
equation of motion of a test particle~Langevin equation! is

dnd /dt52hnd1R~ t !, ~11!

whereh is the friction frequency of a neutral gas andR(t)
5( j Z̄ddZd j(t)e

2/mdl j
2 is the random force arising due t

charge fluctuations. The solution of Eq.~11! has a form

nd~ t !5nd~0!e2ht1e2htE
0

t

dt R~ t !eht. ~12!

Assuming that charge fluctuations on different dust partic
are uncorrelated and using Eq.~4! we obtain

TABLE I. The values ofz, a, andb for different values ofP. a
is measured inmm.

P z a b ~s21!

0 3.9 0.46 7.53103a
0.5 3.1 0.50 6.53103a
1 2.8 0.52 6.13103a
5 2.0 0.59 4.93103a
t
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^R~ t !&50

and

^R~ t !R~ t8!&5(
j

Zd
2e4^dZd

2&

md
2l j

4 exp~2but2t8u!

5A exp~2but2t8u!, ~13!

whereA;uZ̄du3e4a2/md
2l 4 according to Eq.~6!. From Eqs.

~12! and ~13! the dust particles temperature associated w
random charge fluctuations can be determined

Tf5
md^nd

2~ t !& t→`

2
5

mdA

2h~h1b!
;

uZ̄du3e4

2mdl 4

1

j
, ~14!

where j5h(h1b)/a2'hb/a2 if b@h. Equation ~14!
seems to be more exact than Eq.~9!. For example, for very
rapid charge fluctuations (b→`) we have from Eq.~14!
Tf50, illustrating the fact that the massive dust grains c
not respond to high frequency fluctuations. If the neutral-g
density is high enough (h→`) we have alsoTf50, because
the kinetic energy transferred to the particles is totally dis
pated by friction with the neutral gas.

In addition to mutual interactions, dust particles are un
the influence of various external forces. For simplicity w
assume that they are trapped in the sheath region by
balance between the gravitationalmdg and electric force
ZdeE ~see Fig. 1!. In a steady statemdg1Z̄deE50. How-
ever, due to random charge fluctuations a random forcf
5eEdZd(t) acts on the particle. This random force caus
the particle to vibrate in the direction of an electric fie
acquiring an energy from the field and losing energy throu
neutral-gas friction. Following the procedure outlined abo
we obtain for this effect

Tf;
mdg2

2uZ̄du

1

j
. ~15!

From Eqs.~15! and~14! one can see that the relative cont
bution of these two mechanisms to the particles heating
determined by @mdg/(Z̄d

2e2/ l 2)#2;md
2g2(a/ l )24z24(Te /

e)24, e.g., the squared ratio of the gravitational force to
force of Coulomb interaction between neighboring particl
For parameters used in Sec. II, the dust particle mate
mass densityr55 g/cm3 anda/ l;1022, it can be obtained
that stochastic grain charge fluctuations in an external e
tric field @Eq. ~15!# provide the basic source of dust partic
heating if their radius exceeds approximately 1mm.

Note that in obtaining Eqs.~14! and ~15! we have ne-
glected the so-called Brownian force arising from asymm
ric molecular bombardment. ThusTf represents the kinetic
energy additional to the thermal one. The real dust part
temperature isTd5Tn1Tf . In the absence of charge fluc
tuations the particles are in equilibrium with the neutral g
andTd5Tn . Here after we assume that the effect of partic
heating by charge fluctuations is important;Tf@Tn thus ne-
glecting Brownian motion. It is necessary to note also t
Eq. ~15! gives the energy for an isolated dust particle. Th
energy is concentrated in the direction of the external elec
field ~charge fluctuations do not change the particle energ
the direction perpendicular to the electric field!. To study the
effect of strong interaction between dust particles we h
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5962 PRE 60VAULINA, KHRAPAK, NEFEDOV, AND PETROV
performed a molecular dynamic~MD! simulation of a sys-
tem of particles with fluctuating charges. Moreover, a M
simulation allows us to study the role of confining potent
~created by the gravity and electric field! on particle dynam-
ics, as well as to test estimations~14! and ~15!.

IV. NUMERICAL SIMULATIONS

The numerical simulations have been carried out in tw
dimensional~2D! geometry with the number of independe
particles ranging from 50 to 300. The computation area w
of square form with the side lengthL equal to about 50
intergrain distances. In order to simulate a system of trap
dust particles we apply a one-dimensional electric field in
direction of thex axis, which is linearly dependent onx:
E(x)5Esx/L ~Es is the electric field at the electrode su
face!. Thus, the dust particles are trapped in a region n
x5x0 whereZ̄deE(x0)5mdg. We impose a periodic bound
ary condition in they direction, which is perpendicular to th
direction of the external electric fieldE ~see Fig. 1!. The
assumed one-dimensional potential corresponds to rea
periments at least in the central part of the experimental
paratus. For each dust particle the two-dimensional equa
of motion is solved taking into account the pairwise intera
tion between dust grains, friction with the neutral gas, el
trostatic force in the external electric field, gravitation
force, and random fluctuations of a charge on dust grain

md

d2rWk

dt2
5(

j
F int~r !ur 5urWk2rW j u

rW k2rW j

urWk2rW j u
2mdh

drWk

dt
1FW ext.

~16!

The force of the intergrain interaction is taken in the fo
F int(r )52eZd(t)]fD /]r , wherefD is the screened Cou
lomb potential with the screening lengthld :

fD5
eZd~ t !

r
expS 2

r

ld
D . ~17!

Note that the interaction force is time-dependent due
charge fluctuations. Potential~17! corresponds to the stati
response of the surrounding plasma and can be use
vpe( i )@b @where vpe( i ) is the electron~ion! plasma fre-
quency#. According to Sec. II this condition is well satisfie
for micron-sized dust particles. The external force is a
time-dependentFext(t,x)5mdg1eZd(t)E(x). The random
fluctuations of a charge on dust particles are assumed t
uncorrelated. Fluctuations of each dust particle chargeZd(t)
are simulated by a random valuedZ with the Gaussian dis
tribution, complying Eqs.~4! and~6!, so that each time ste
charge is adjusted as follows:

Zd,i 115Z̄d1@~Zd,i2Z̄d!1dZz#~12bDt !,

where Zd,i5Zd(t i), t i 115t i1Dt, dZ5DZdA2bDt, and z
5sin(2px1)A2 ln(1/x2) with x1 andx2 being random num-
bers distributed uniformly in@0, 1#. Initially charged dust
grains are situated in random positions inside the comp
tion area after which the process of self-organization sta
Finally, the system of dust particles forms several layers~the
number of layers depends on the parameters of our sys!
l
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parallel to they direction coming to the quasistationary sta
As we have neglected Brownian motion, the temperature
dust particles in a quasistationary state is determined c
pletely by random charge fluctuations. The calculation ti
stepDt should be less thantc to simulate charge fluctuation
accurately. We choseDt5tc/20. As usual,tc is the smallest
time characterizing a system of charged dust particles@tc

!h21, tc!vpd
215(4pndZd

2e2/md)21/2#. This means that
simulations with fluctuating dust charge require much m
computing time than with the fixed one. This is a reason w
the 2D approach was utilized with a relatively small numb
of dust particles.

V. RESULTS OF NUMERICAL SIMULATIONS

We observe the appearance of layers~up to six in our
simulations! in a potential trap created by the gravity an
electric field. The number of layers is related to the para
eters of our system: the number of particles, screening len
ld , and the value ofEs . For a constantEs the increase of a
number of particles orld results in an increase of the effe
of mutual repulsion, and the thickness of particle distributi
in an x direction increases. We observe that the increase
the thickness is realized as almost discrete steps of an
crease of the number of layers at low temperatures. For
ample, an addition of a new particle for critical values ofEs
and ld leads to an increase in the number of layers. T
process of dust particle layers formation described her
similar to the experimental findings@3–6# where;10 layers
were observed, and is also similar to the results of thr
dimensional numerical simulations of a Yukawa system i
one-dimensional external force field@20#.

Two grain sizes,a55 and 25mm, were used to study the
dynamics of dust particles in numerical simulations. T
mass density was chosen to ber55 g/cm3. The friction fre-
quency was assumed to be equal toh;25/a~mm! (s21). This
dependence corresponds to a pressureP;0.2 Torr of a back-
ground gas Ar at room temperature. The equilibrium parti
chargeZ̄d was assumed to beZ̄d;1.73104 for a55 mm and
Z̄d;8.73104 for a525mm. The screening lengthld was
taken equal to 450mm. Variation of the particle kinetic en
ergy was provided by the variation of the parameterj @en-
tering into Eqs.~14! and ~15!#, that is, by variation of the
frequencyb and relative amplitudea of grain-charge fluc-
tuations, ash has to be fixed to solve equation of motio
~16!.

We have found that the particle velocity distribution fun
tion is the anisotropic Maxwellian function, characterized
two temperatures~corresponding to different directions! Td,x
and Td,y . It should be noted thatTd,y is always less than
Td,x . This is because the energy is supplied in our syst
basically in the direction of the external field~x direction!.
However, due to intergrain interaction~particles collisions!
the particle kinetic energy in they direction is not zero~re-
call that the Brownian motion was neglected!. The depen-
dence of the total particle temperatureTd[Td,x1Td,y ob-
tained in the numerical simulation on the parameterj for a
different number of layers and two particle sizes is shown
Fig. 2. In addition, analytical results for an isolated partic
@Eq. ~15!# are plotted. One can see that the total grain te
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perature is close to the analytical value given by Eq.~15!.
Thus, Eq.~15! represents the basic source of heating. T
deviation from the analytical result is maximum for six la
ers ~strongly interacting system!, and is about 25%. The
Coulomb coupling parameterG can be determined from
these simulations. For six layers (l'330mm) G is varied
from 13 (j;53102 s22) to 1.33104 (j;53105 s22) for a
particle with a55 mm, and from 140 (j;53103 s22) to
1.43105 (j;53106 s22) for a particle with a525mm.
This allows us to suppose that relationship~15! can be used
for a first estimation of the dust kinetic energy provided
random charge fluctuations in an external electric field in
case of strongly coupled particles too.

The ratios ofTd,x /Td andTd,y /Td versusTd are shown in
Fig. 3. This figure demonstrates a fraction of the total p
ticle energy transmitted to they direction in different condi-
tions. This transmission is due only to collisions betwe
dust particles because the additional energy, determine
Eq. ~14! is small. It is clear that the strong interaction b
tween particles causes the strong distribution of kinetic
ergy between directions. For example, in a case of six lay
the total energy is distributed almost equally betweenx andy
directions with an increase inTd .

VI. CONCLUSION

We have shown that random charge fluctuations can
fectively heat the dust particles in plasmas. The heatin
attributed to~i! fluctuations of the intergrain potential of in

FIG. 2. Total kinetic energy~obtained from numerical simula
tions! versusj. Symbols areh—one layer,s—three layers, and
n—six layers for particles witha525mm; j—one layer,
d—three layers, andm—six layers for particles witha55 mm.
The solid lines are results of calculations@Eq. ~15!# for these par-
ticles.
e

e

-

n
by

-
s,

f-
is

teraction in a strongly coupled system and~ii ! fluctuations of
external forces acting on the particles. We have consider
situation common for experiments in rf dusty plasma.
these experiments the system of strongly interacting d
particles can be trapped in a cathode sheath region w
gravity is balanced by the external electric field@3–6#. The
analytical results supplemented by numerical simulatio
show that the second reason for heating prevail in these
ditions, if particles are not too small. Numerical evaluatio
of the magnitude of heating for conditions close to expe
mental can be made from Eq.~15! and Table I. We obtain
that Td is varied from approximately 0.1–0.3 eV fora
55 mm, and from 1.7–8.3 eV fora525mm with the in-
crease ofP from 0 to 5~we chooser andh the same as use
in numerical simulations!. These energies are significant
higher than the thermal energy~;0.03 eV at room tempera
ture!. Thus, random charge fluctuations can be import
when considering the reason for dust particle heating,
served experimentally@8–10#. This heating is important be
cause it can lead to the melting of the dust crystals by red
ing the coupling parameterG. The role of the effect
considered increases with the increase of the dust part
size and concentration and with the decrease of the neu
gas pressure.
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FIG. 3. The ratios ofTd,x /Td andTd,y /Td versusTd , showing a
fraction of energy transmitted to they direction due to interparticle
interactions. Symbols are the same as in Fig. 2. Solid lines co
spond toa55 mm, dashed lines correspond toa525mm. Note,
that in a case of six layers~strong interaction! the total energy is
distributed almost equally between directions.
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