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Charge-fluctuation-induced heating of dust particles in a plasma
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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 numbgs): 52.25.Zb, 52.25.Ub, 52.25.Gj, 52.65¢

I. INTRODUCTION The processes leading to the observed high particle tem-
A dust particle immersed in a plasma acquires electri _erature are discussed._[lhO] It was assum_ed that dl-JSt par
. ; . icles forming a crystal in the sheath region of rf discharge

charge by collecting electrons and ions, and sometimes by,in energy from the supersonic ion flux directed toward the
emitting electrong1]. When emission processes are Unim-gjacirode. This idea was further developed[1i]. It was
portant the equilibrium charge is negative in order to equatghown here that the special bilayer crystal with vertically
electron and positive ion fluxes to the particle surface. Theyjigned particles becomes unstable below a certain threshold
dust particle charge is of the ord&g~aT./e* (whereais  of the neutral gas pressure. This instability is induced by ion
the particle radius and is the electron temperatyr@and  streaming motion in the sheath and leads to the heating of
can be extremely higlifor example,Z4~10° for a=1um  dust particles. Another possible reason for dust particle heat-
and Te~1 eV). If the ratio of the energy of the intergrain ing was proposed if12]. In this paper the heating is attrib-
interaction to the grain kinetic energy that is measured by thated to collective effects in the presence of the dependence
coupling parameteF =Z%e?/IT4 (whereTy is the dust tem-  of the dust particle charge on spatial coordinates.
perature and~ng1’3 is the intergrain distangeis suffi- In this paper we address another possible reason of par-
ciently large, formation of ordered structures of dust particledicle heating—random grain charge fluctuations. These fluc-
can occur, as was predicted by I1ké2i. The formation of tuations are always present in dusty plasmas due to the dis-
Coulomb lattices in plasmas has been recently found in &rete nature of currents, which charge the particles. Since the
number of experimentg3—8], including rf plasma devices surface charge determines the interparticle Coulomb forces
[3—6], thermal dusty plasma under atmospheric presglire and external forces acting on the particles in a plagehec-
and dc glow discharge plasm@]. These special regular sys- tric force and ion dray its fluctuations lead to particles mo-
tems have been called plasma crystals or dust crystals. DU, i.e., they can gain kinetic energy via this process. To
to the small relaxation times and the easy observability, duginalyze the role of this effect we consider the conditions
crystals are an effective tool for investigating the propertiesommon for experiments in rf dusty plasnjd-5,9,1q.
of nonideal plasmas, the fundamental properties of crystaldyamely, we assume that the dust particles are trapped in the
and phase transitions. sheath edge regiotsee Fig. 1, where there is balance be-

Recently, during an investigation of the melting transitiontween the gravitational and the electric forces acting on the
of dust crystals it was observed that the dust particle temnegatively charged dust particléhus neglecting ion drag,
perature associated with their chaotic translational motionwvhich is important for sufficiently small particl¢g3]). We
can be unexpectedly higl8—10. In view of the effective first consider particle charging and the properties of random
dissipation of dust particle kinetic energy through friction charge fluctuations in these conditiofSec. 1). Then we
with the neutral gas it was always assumed that the dugliscuss the physics of particles heating by random charge
particles attain the kinetic energy close to room temperaturdluctuations and evaluate the magnitude of the eff&eic.
However, measurements of the velocity distribution functionl!l). The numerical simulation method used to model a sys-
of the dust particles in a rf discharge showed that as théem of particles with fluctuating charges is described in Sec.
pressure in the discharge decreases or the discharge pov\}yp The results of numerical simulations are discussed in
increases the enormous increase of the dust particle kinetgec. V. Finally, we evaluate numerically the magnitude of
energy takes place. For example[10] the highest observed heating in Sec. VI.
random kinetic energy was approximately 50 eV. This in-
crease of the dust particles temperature forces the system
from the solid to a fluid or even gaslike state by reducing
dramatically the coupling parametEr

Il. DUST CHARGING AND RANDOM CHARGE
FLUCTUATIONS

In this section we consider an isolated spherical dust par-
ticle of radiusa with a fixed position within the sheath. The
*Electronic address: ipdustpl@redline.ru particle is charged by collecting electrons and ions from the
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Ion flux toward imposed onto the equilibrium value. Some studies appeared
the electrode in recent years that addressed various aspects of charge fluc-
vo =T,/ m tuations that arose from the random nature of the charging
process in plasmad5-18. In our previous papefrl8] we
l l l l L l [ l l have obtained the useful characteristic of the random charge
_________________________ : Y fluctuations—their temporal autocorrelation functi@mF).
Fa I : It was shown that independently of the charging mechanism,
L i : the TAF of random charge fluctuations has the form
® &——= 5 g
ghost ” gl ghost It—t'|
: d : ; : , -
particles partictes | (8Z4(t)8Z4(t )>=<525>exp( - . @
. Cc
-------------------- x clectrode where 8Zy=Z4(t)—Z4, Z4 is the average particle charge
and 7. is the characteristic time of charge fluctuations. For
L the charging mechanism considered here,
FIG. 1. Sketch of the simulation system showing a single dust 1 _
particle confined in the sheath above a negatively biased electrode —=B== &_Zd[l i—lelz~z, 6)
C

due to the balance between the gravitational and electric forces.
lons enter the sheath with Bohm velocity= \/T./m;. The electric
field grows from the sheath edg€x=0)~0 to E=E, at the elec-
trode surface. Ghost particles due to periodic boundary conditiongmd
simulate a horizontal particle spacing lof

where 8 is the natural decay rate of small charge variations

(SZ)Y?=[(li+1e)z,~z /281" *=aN|Zd  (6)
plasma. Under the conditiod<\q<\p, Wherelg is the
screening length anll,¢, is a mean free path for electron— s the amplitude of random charge fluctuations. With the help
neutral-species or ion—neutral-species collisions, we can ussf Egs.(1) and(2) we obtain for charging in the sheath
the orbit motion limited theory14] to describe the charging
currents. In this simple theory the conservation of angular e?
momentum and energy for collected electrons and ions is B=7Ta2nivoa—.|.[l+ T+ 72], (7)
used to find the electron and ion collection cross section. e

Assuming Maxwellian distribution for electrons and cold 12

ions moving with a velocityr, toward the electrode in the o= 1+7z ®)
sheath region we have for the charging currents z(1+ 7+ 72)
| = maln vl 1— 2Z46° (1) For num_erical estimations we have made some simplifying
' o amv; assumptions about the sheath structure. We assume that the
dust particles are trapped near the sheath edge, where ions
and are accelerated by a presheath potential dxgp=T./2e to

the ion acoustic velocityg=vg= \T./m; (Bohm criterion),

, ) so that7=2. We also assume Ar plasma with parameters
typical to the rf plasma experiment$.=1eV and n;
=10 cm 3. Quasineutrality is assumed to hold up to the

where ng;y is the electron(ion) number densities andr sheath edge, so thati~n6+|zd|nd. The latter equation

=\Te/m is the electron thermal speed. We have also asgyes into account the possible effect of electron depletion in
sumed the negative char@g and vacuum capacitance of a ye qust cloud if dust particle concentration is sufficiently

dust particle in a plasmaqe= ¢<a, wheregs is the particle  pigh  From Egs.(3) one can see that the dimensionless

surface potential with respect to the surrounding plasmachargez (and consequently and @) is a function of the
From Egs.(1) and(2) the equilibrium charge can be found ¢, ~31led Havnes parameter

Zde2
aTe

lo= \/877a2nevTeexy{

by equatingl.=1;. Introducing the ratior=Tg/(m v%/Z)
and the dimensionless charge: — (Z4e?/aT,) (z>0) we aT.n
arrive at P= e—ze n—z695aTend/ne,

e

exp(—2)=\mB(n Ine) (vo/ v (1+72), ()
whereais in um andT, in eV, which is roughly the ratio of

We have treated the charging currents here as if they werdie charge density of the dust particles to that of the elec-
continuous in time. This continuous charging model providedrons. WhenP>1 (this can be expected for some experi-
information about the equilibrium chard&q. (3)]. How-  ments on dust orderinghe charge is significantly dimin-
ever, in reality electrons and ions are absorbed by the particlished, while forP<1 the dust charge approaches the value
surface at random times and by random sequences. For tHigr an isolated particl¢1]. The values ofz, «, and g for
reason particle charge exhibits stochastic fluctuations supedifferent values o are summarized in Table I.
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TABLE I. The values ofz, a, and g for different values of. a (R(1))=0
is measured inum.
and
—1
i : - pe ) Z3e'(673)
0 3.9 0.46 7.%10°% (RIOR(L"))= > i exp(— Blt—t'|)
0.5 3.1 0.50 6.510% : <
1 2.8 0.52 6.x1C% =Aexp—gt-t']), (13
5 2.0 0.59 4.%10% — _
where A~|Z4|%e*@?/m3l* according to Eq(6). From Egs.

(12) and (13) the dust particles temperature associated with
. PARTICLE HEATING BY RANDOM CHARGE random charge fluctuations can be determined
FLUCTUATIONS (720} maA Z.% 1
As it was mentioned if16], charge fluctuations lead to a Ti= 2 T 29(p+B) 2mgl® € (14)
fluctuating intergrain potential that would have an effect
similar to the random motion, additional to the thermal onewhere &= y(n+ B)/a*~npla® if B>7. Equation (14)
Thus, random charge fluctuations in a system of stronglp€ems to be more exact than E@). For example, for very
interacting particles can heat the particles above neutral gdgpid charge fluctuations—«) we have from Eq.(14)
temperaturein spite of the effective cooling by neutral gas T+=0, illustrating the fact that the massive dust grains can-
friction). In [19] it was assumed that the kinetic energy pro_not rgsponq to high frequency fluctuations. If the neutral-gas
vided by charge fluctuations is equal to the fluctuation amdensity is high enoughs{— <) we have alsd’y=0, because
plitude of the intergrain interaction energy, so that neglectin he kinetic energy transferred to the particles is totally dissi-

screening ated by friction with the neutral gas.
In addition to mutual interactions, dust particles are under

(9) assume that they are trapped in the sheath region by the

balance between the gravitationalyg and electric force

I?IWeZ the influence of various external forces. For simplicity we
d d
[ B

o . Z4eE (see Fig. 1 In a steady statenyg+Z4eE=0. How-
whereT~mq(vg)/2 is a temperature characterizing dust par-ever, due to random charge fluctuations a random fdrce
ticle kinetic energy(my and vy are the dust particle mass and =eEsz,(t) acts on the particle. This random force causes
velocity, respectively Estimation(9) seems to be insuffi- the particle to vibrate in the direction of an electric field
ciently correct, because it is independent of dynamical propacquiring an energy from the field and losing energy through
erties of random charge fluctuations, and the neutral-gaseutral-gas friction. Following the procedure outlined above
cooling is not considered. We attempted to develop an anawe obtain for this effect
lytical approach to this problem, which removes these uncer-

tainties. Let the constant test char@g be located inside a ~ ly
stationary system of charged particles with fluctuating 2|Z4 €

chargesZy(t) =Zq+ 6Z4j(t). The force acting on the test
charge(neglecting screeningcan be written as

myg® 1

(15

From Egs.(15) and(14) one can see that the relative contri-

bution of these two mechanisms to the particles heating is
_ S22 S sy a2 determined by [myg/(Z2e?/12)12~mdg?(a/l) ~*z~4(T./
f=2462>, Zdlz(t) => Zdze +> Zdézdzl(t)e e) "4, e.g., the squared ratio of the gravitational force to the
i ¥ T ] I force of Coulomb interaction between neighboring particles.
(10 For parameters used in Sec. I, the dust particle material
_ _ _ _ _ mass density=>5 g/cn? anda/l~10 2, it can be obtained

The first sum on the right-hand side of B40) is a potential  ha¢ stochastic grain charge fluctuations in an external elec-

function independent of time and does not result in heatingyic field [Eq. (15)] provide the basic source of dust particle
of the system of dust particles, while the second sum CaReating if their radius exceeds approximately.

serve as a source of additional_heating. '_rhe corr_esponding Note that in obtaining Eqs(14) and (15) we have ne-
equation of motion of a test particleangevin equationis  gjected the so-called Brownian force arising from asymmet-
ric molecular bombardment. Thug represents the kinetic
energy additional to the thermal one. The real dust particle
temperature isT4=T,+T;. In the absence of charge fluc-
il ) 5 o tuations the particles are in equilibrium with the neutral gas
=2jZ46Z4j(t)e”/mgl] is the random force arising due to anqT,=T,. Here after we assume that the effect of particle

dvg/dt=— pvy+R(1), (11

where # is the friction frequency of a neutral gas aRdt)

charge fluctuations. The solution of Ed.1) has a form heating by charge fluctuations is importafits>T,, thus ne-
. glecting Brownian motion. It is necessary to note also that
vg(t)=r4(0)e" "+e" mf dt R(t)e™. (12) Eq. (15)_ gives the energy for an isc_JIated dust patrticle. Thig
0 energy is concentrated in the direction of the external electric

field (charge fluctuations do not change the particle energy in
Assuming that charge fluctuations on different dust particleshe direction perpendicular to the electric fiel@io study the
are uncorrelated and using Edg) we obtain effect of strong interaction between dust particles we have
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performed a molecular dynami®ID) simulation of a sys- parallel to they direction coming to the quasistationary state.

tem of particles with fluctuating charges. Moreover, a MD As we have neglected Brownian motion, the temperature of
simulation allows us to study the role of confining potentialdust particles in a quasistationary state is determined com-
(created by the gravity and electric figldn particle dynam- pletely by random charge fluctuations. The calculation time

ics, as well as to test estimatiofis4) and(15). stepAt should be less than, to simulate charge fluctuations
accurately. We chosét= 7./20. As usual;r. is the smallest
IV. NUMERICAL SIMULATIONS time characterizing a system of charged dust partiftes

S _ _ _ <97l Te<wyq=(4mngZie*/mg) 2. This means that
_ The numerical simulations have been carried out in tWojmy|ations with fluctuating dust charge require much more
dimensional2D) geometry with the number of independent ¢ompyting time than with the fixed one. This is a reason why

particles ranging from 50 to 300. The computation area Waghe 2D approach was utilized with a relatively small number
of square form with the side length equal to about 50 5 qust particles.

intergrain distances. In order to simulate a system of trapped

dust particles we apply a one-dimensional electric field in the

direction of thex_axis, Which_is _Iinearly dependent an V. RESULTS OF NUMERICAL SIMULATIONS
E(X)=E/L (Eg is the electric field at the electrode sur-

face. Thus, the dust particles are trapped in a region near We observe the appearance of layéup to six in our
X=X, WhereZ e E(x,) = myg. We impose a periodic bound- simulationg in a potential trap created by the gravity and
ary condition in they direction, which is perpendicular to the electric field. The number of layers is related to the param-
direction of the external electric fielf (see Fig. 1L The  eters of our system: the number of particles, screening length
assumed one-dimensional potential corresponds to real ed. and the value oEs. For a constank the increase of a
periments at least in the central part of the experimental apaumber of particles ok results in an increase of the effect
paratus. For each dust particle the two-dimensional equatioﬂf mutual repulsion, and the thickness of particle distribution
of motion is solved taking into account the pairwise interac-in anx direction increases. We observe that the increase of
tion between dust grains, friction with the neutral gas, electhe thickness is realized as almost discrete steps of an in-
trostatic force in the external electric field, gravitational Crease of the number of layers at low temperatures. For ex-

force, and random fluctuations of a charge on dust grains: ample, an addition of a new particle for critical valueskaf
and Ay leads to an increase in the number of layers. The

T dr, . process of dust particle layers formation described here is
k—r‘j\m— Ma7 47 *Fext- similar to the expenmgntal f|nd_|ng[§—6] where~10 layers

(1e) Were o_bserved, an.d is also s.|m|Iar to the results of th_ree—

dimensional numerical simulations of a Yukawa system in a

The force of the intergrain interaction is taken in the formone-dimensional external force figld0].

d?f,
mdF:; Fint(r)|r:\F

Fin(r)=—eZy(t)dp/dr, where ¢p is the screened Cou- Two grain sizesa=5 and 25um, were used to study the
lomb potential with the screening lengaly : dynamics of dust particles in numerical simulations. The
mass density was chosen to pe 5 g/cn?. The friction fre-
eZy(t) r quency was assumed to be equabte 25/, (s7Y). This
DT, EXF{ - )\_d) : 17 dependence corresponds to a pres§urd.2 Torr of a back-

ground gas Ar at room temperature. The equilibrium particle
Note that the interaction force is time-dependent due tahargeZy was assumed to &~ 1.7x 10 fora=5 um and
charge fluctuations. Potenti@l7) corresponds to the static 7,~8.7x 10" for a=25um. The screening lengthy was
response of the surrounding plasma and can be used fiken equal to 45@m. Variation of the particle kinetic en-
wpe(i)> B [Where gy is the electron(ion) plasma fre-  ergy was provided by the variation of the parametéen-
guency. According to Sec. Il this condition is well satisfied tering into Eqs.(14) and (15)], that is, by variation of the
for micron-sized dust particles. The external force is alsfrequencyB and relative amplituder of grain-charge fluc-
time-dependent,(t,x) =myg+eZy(t)E(x). The random tuations, asy has to be fixed to solve equation of motion
fluctuations of a charge on dust particles are assumed to hee).
uncorrelated. Fluctuations of each dust particle charge) We have found that the particle velocity distribution func-
are simulated by a random valéZ with the Gaussian dis- tion is the anisotropic Maxwellian function, characterized by
tribution, complying Egs(4) and(6), so that each time step two temperaturegorresponding to different direction$

charge is adjusted as follows: and Ty, . It should be noted thafy, is always less than
o o Ty x. This is because the energy is supplied in our system
Zgiv1=2Z4+[(Zgi—Zg)+ 6ZL](1— BAY), basically in the direction of the external fie{d direction.

However, due to intergrain interactidparticles collisions
whereZy;=Z4(t;), ti1=ti+At, SZ=AZ4y2BAt, and{ the particle kinetic energy in the direction is not zerdre-
=sin(2mx,) V2 In(1/x,) with x; and y, being random num- call that the Brownian motion was neglecte@he depen-
bers distributed uniformly irfO, 1]. Initially charged dust dence of the total particle temperatufg=Ty,+ Ty, Ob-
grains are situated in random positions inside the computaained in the numerical simulation on the parametdor a
tion area after which the process of self-organization startdifferent number of layers and two particle sizes is shown in
Finally, the system of dust particles forms several layhve  Fig. 2. In addition, analytical results for an isolated particle
number of layers depends on the parameters of our systerfEq. (15)] are plotted. One can see that the total grain tem-
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FIG. 3. The ratios offy x/Tq and Ty, /T4 versusTy, showing a
fraction of energy transmitted to thedirection due to interparticle
interactions. Symbols are the same as in Fig. 2. Solid lines corre-
spond toa=5 um, dashed lines correspond #6=25um. Note,
that in a case of six layerstrong interactionthe total energy is
distributed almost equally between directions.

FIG. 2. Total kinetic energyobtained from numerical simula-
tions) versus¢. Symbols aredJ—one layer,O—three layers, and
A—six layers for particles witha=25um; B—one layer,
®—three layers, andh—six layers for particles witre=5 pm.
The solid lines are results of calculatiofgq. (15)] for these par-
ticles.

teraction in a strongly coupled system &iidl fluctuations of
perature is close to the analytical value given by Bd).  external forces acting on the particles. We have considered a
Thus, Eq.(15) represents the basic source of heating. Thesituation common for experiments in rf dusty plasma. In
deviation from the analytical result is maximum for six lay- these experiments the system of strongly interacting dust
ers (strongly interacting systemand is about 25%. The particles can be trapped in a cathode sheath region where
Coulomb coupling parameteF can be determined from gravity is balanced by the external electric fi¢&-6]. The

these simulations. For six |ayer$a(330[um) T is varied analytical results Supplemented by numerical simulations
from 13 ((~5x107s7?) to 1.3 10 (é~5x10°s7?) for a  show that the second reason for heating prevail in these con-

particle witha=5 um, and from 140 {¢~5x103s 72 to  ditions, if particles are not too small. Numerical evaluations
1.4 10° (6~5x10°s7?) for a particle with a=25um. of the magnitude of heating for conditions close to experi-
This allows us to suppose that relationstis) can be used Mental can be made from E(L5) and Table I. We obtain
for a first estimation of the dust kinetic energy provided bythat Ty is varied from approximately 0.1-0.3 eV far
random charge fluctuations in an external electric field in the=5 #m, and from 1.7-8.3 eV foa=25um with the in-
case of strongly coupled particles too. crease 01_3 from 0to E_)(We choose and7_7the same as used
The ratios ofTy ,/Tq andTy,, /T4 versusT 4 are shown in in numerical simulations These energies are significantly
Fig. 3. This figure demonstrates a fraction of the total parligher than the thermal energy-0.03 eV at room tempera-
ticle energy transmitted to thedirection in different condi-  turé). Thus, random charge fluctuations can be important
tions. This transmission is due only to collisions betweenhen considering the reason for dust particle heating, ob-
dust particles because the additional energy, determined Bgrved experimentallg—10. This heating is important be-
Eq. (14) is small. It is clear that the strong interaction be- Cause it can lead to the melting of the dust crystals by reduc-
tween particles causes the strong distribution of kinetic ening the coupling parametel’. The role of the effect
ergy between directions. For example, in a case of six layergonsidered increases with the increase of the dust particles
the total energy is distributed almost equally betweamdy  Size and concentration and with the decrease of the neutral-
directions with an increase ify. gas pressure.
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