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Dynamical properties of random charge fluctuations in a dusty plasma
with different charging mechanisms
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A dust particle in a plasma acquires electric charge by collecting electrons and ions, and sometimes by
emitting electrons. The charging currents consist of discrete charges, causing the charge to fluctuate around an
equilibrium value. We developed a model yielding a general expression for the charge fluctuations’ temporal
autocorrelation function. Both the magnitude and characteristic time of fluctuations can be obtained, knowing
the specific form of charging currents. Numerical results are presented for different charging mechanisms,
including charging by thermionic and photoelectric emission. It is shown that for all charging mechanisms the
amplitude of fluctuations varies a@sZ= a\{|Z|), where(Z) is the equilibrium dust grain charge in units of
electron chargeg4S1063-651X99)09004-2

PACS numbdss): 52.25~b, 52.30--q, 64.70-p

[. INTRODUCTION the magnitude and characteristic time of charge fluctuations,
which must be determined.

A dust particle immersed in a plasma acquires electric Some studies appeared in recent years that addressed vari-
charge by collecting electrons and ions from plasma, an®us aspects of charge fluctuations that arise from the random
sometimes by emitting electrons. The most important emishature of the charging process in plasmas. Morfill, Grun, and
sion processes are thermionic emission, secondary electrg@hnsor{4] assumed that the number of charges residing on
emission, and photoelectric emissif]. When an equilib- @ d_ust grain varies randomly according to Poisson statistics,
rium charge has been attained by the dust grains, a dus8/VN9
plasma often can be regarded simply as a multispecie plasma —_—
with a constant grain charge. This treatment is useful in some AZ=\(|z]). (2)

cases. In general, however, an important distinctive featur&oree and co-workeril,5] developed a numerical simula

of a dusty plasma is grain-charge fluctuation. Consequentl I ieldi . ies for th in ch . | .
the dust electric charge becomes a time-dependent quantﬁon yielding a time series for the grain charge in a plasma in
e absence of emission processes. The main result of their

and must be treated as a new dynamical variable. work is that the rms level of fluctuations is

The charge on a grain can fluctuate for two reasons. One
cause is the turbulence or other spatial and temporal varia- AZ=05 ’_<|Z|> )
tions in the surrounding plasma propertiesectron and ion

temperatures and densities, current,)etCollective effects  for 3 wide range of plasma and grain parameters, provided
due to charge-fluctuation dynamics in a dusty plasma werghat(|Z|)>1. Matsoukas and co-workef8,7] presented an
investigated in Refd.2,3]. Another cause of charge fluctua- analytical model of stochastic charge fluctuations of dust
tions is the discrete nature of the charge carriers. Electrongarticles surrounded by a stationary undisturbed plasma.
and ions are absorbed at or emitted by the grain surface atis model can be used to quantify the static properties of
random times. For this reason, the charge fluctuates, even @harge fluctuations, e.g., charge distribution and the ampli-
a steady-state uniform plasma. The latter fluctuations, supetude of fluctuations. Results were obtained for both Max-
imposed onto the equilibrium charge, are random, unlike thevellian and non-Maxwellian electrons as well as for charg-
coherent fluctuations caused for the first reason. ing by an ion wind[7], but emission processes were also
The behavior of dust particles with fluctuating chargesexcluded.
could be significantly different from what would be observed In this paper a model which involves the discrete nature
on the basis of the equilibrium charge alone. For examplegf the charge carriers is developed to study random charge
fluctuations can alter the dust motion even in a plasma withiluctuations, particularly their dynamical behavior. We de-
constant electromagnetic fields, because both the electroelop a general expression for the charge fluctuations’ tem-
static force and the Lorentz force will fluctuate as the charggporal autocorrelation functioTAF) providing both the
fluctuates. In so-called dust crystals, charge fluctuations leathagnitude and characteristic time of fluctuatigtitee TAF,
to a fluctuating intergrain potential that would have an effectfor example, can be very useful in numerical modeling of
similar to the random motion, in addition to the thermal one.dusty plasma with fluctuating particle chayg8ome analyti-
For this reason, crystal formation might be inhibited to acal results for different charging conditiofiscluding emis-
certain degree by charge fluctuations. Including the emissiomion processesre presented. Results of our model are com-
processes can lead to charge fluctuations between positiymred with numerical simulatiorj], and with a theoretical
and negative values. This would tend to promote grairmodel[7] in the situation when emission processes are un-
growth by coagulation. The role of these effects depends ommportant.
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Il. MODEL DESCRIPTION This semiphenomenological treatment is valid because a
great difference in time scales. Note that Eg).is equivalent

We conS|d_er a p_artlcle with an Instantaneous .chig.e to the Langevin equation of motion of a free Brownian par-
Two assumptions will be used further for simplicity: the first ", " . L ; .
ticle in one dimension if we trea8Z as a particle velocity

is that all negative charges are carried by electrons; the sec- -
: oL Y . : andF(t) as a random force arising from the atom or molecu-
ond is that all positive ion&f they exis) are singly charged.

Under these assumptions the charge dynamics equation I%r bombardme_n(Broyvman force. The S.'m'la”ty of _th_ese
given by two processes is obvious. The stochastic térft) satisfies

dz (F0)=0, (FOF(t))= = 8(t-t") 7
il OR Rt 3) ' to -

Here 1t, characterizes the frequency of plasma particles
(electrons and ionsabsorption and emission ¢3~=1"
+17=217). The solution of Eq(5) can be written in the
form

where=|" is the sum of all currents charging a dust particle
positively (a collection of ions from the plasma and electron
emission currenjs and |~ is the current charging a dust
particle negatively (a collection of electrons from the
plasma. The steady-statéequilibrium) charge(Z) is deter- ¢
mined by equating the right hand side of E8) to zero, so SZ(t)= 5z(o)exr(—,8t)+exq—ﬁt)J F(9)exp(B6)d6.
that opposing currents are balanced. Due to charge fluctua- 0

tions, the charge of a dust grain will be a time-dependent 8
variable. Considering small fluctuations from the equilibrium
charge, we introduceZ(t)=(Z)+Z(t), where |(Z)]
>|6Z(t)|, and rewrite Eq(3) in the form(retaining terms up
to first ordey

Here 6Z(0) is the initial deviation of a grain charge from

equilibrium. Assuming thattZ(0)=0, so that initially the

charge is unperturbed, using EF) we found the temporal

autocorrelation function of grain charge fluctuations:

déz | al
= { 6Z=—BdZ, (4)

dt |9z
S

1
@ (62(0)52(t"))= 5z exA—Blt—t']). 9
where the termBsZ (B8>0) acts as a restoring force that
tends to bring the charge to the equilibrium value determine
by the conditionl =0. The charging current was treated here
as if it was continuous in time. This continuous charging
model provides information about the equilibrium charge

guation(9) is the main result of this section. One can see
rom Eq.(9) that the correlation time of random charge fluc-
tuations is 1B8. The rms levelamplitude of fluctuations can
easily be found by substituting=t" in Eq. (9), giving

and decay rate of small deviations of a grain charge from its AZ= 22 = (2t-B)" 12 10
equilibrium. We will now extend the continuous charging (0Z°)=(2tB) ™% (10
model to include the effect of discrete charges. Note that Eq(9) is obtained with no specific reference to the

Let us consider the collection or emission of a single dis-analytical form of the charging currents, and is applicable to
crete chargeelectron or iof. The sequences in which elec- any charging process provided that the negative charges are
trons and ions arrive at the grain surface, or electrons argarried by electrons and all positive ions are singly charged.

emitted by the surface, are random. The time intervals bethe only restriction of the model described is that fluctua-
tween the successive acts of absorption or emission are alggns are small compared to the equilibrium charge.

random variables. That is why the grain charge can fluctuate.
To describe this process, we rewrite the charge dynamics
equation(4), introducing a term. This term is responsible for
the fluctuations in both directions around the equilibrium In this section some results are obtained using the model
charge, outlined in Sec. Il. To do this, the simplest models of particle
charging are considered, including particle charging by ther-
dﬁ%—ﬁ&Z:F(t) (5) mionic and photoelectric emission. It is shown that for all
dt ’ charging mechanisms the amplitude of fluctuations can be
_ _ _ represented in the formZ=«+/(|Z|). Thus the scaling is
whereF(t) is the stochastic term given by the same as in counting statistics where the uncertainty of a
chargeZ is ZY2. However, the coefficient as well as char-
F(t)=>, S(t—t))(+1);, (6)  acteristic fluctuation frequengg can be predicted using our
] model if charging currents are specified.

Ill. RESULTS

corresponding to the absorption of plasma ion or electron or
to the emission of an electron at random montentThe +

sign corresponds to the positive change in the grain charge We consider a spherical particle of radasimmersed in
(emission of an electron or absorption of an)icaind the— a steady-state uniform plasma with a shielding lengtiihe

sign corresponds to the absorption of an electron from themission processes are not included, and the particle is
plasma. In Eq(5) the charging process is decomposed into acharged only by collecting electrons and ions from the
rapidly varying termF(t) and a slowly varying ternBé&Z. plasma. Under the conditioA<\ <\, Where g, is a

A. Charging by collection of ions and electrons from plasma



PRE 59 DYNAMICAL PROPERTIES OF RANDOM CHARGE . . . 6019

TABLE |. The values ofy, «, and B8 (see text for different

plasma conditionsNi; andT; /T,) 30
M; (amu Ti/Te y a B(s™H Br
1 0.05 1.698 0.61 1410 20 )
1 1 2.501 0.56 4810 L
40 0.05 2989 050 2810 P
40 1 3952 046  8%1C° AP
. .« . Sr - T
mean free path for electron-neutral or ion-neutral collisions, . Tl
we can use the “orbital-motion-limited’(OML) theory|[8] 01 5 3
to describe the currents collected by the grain. This simple 4 5
theory is based on the conservation of angular momentum W, (eV)

and the conservation of energy for collected electrons and
ions, and the absence of an absorption radiaplacing the
particle radius for ions. The latter condition does not hol
only in a_ reIatlvgly .den.f,e pIasn[S]._ In this papgr We. W'.” and the dash-dotted line tg,=5x 107). The plasma temperature is
not consider this situation. Assuming Maxwellian distribu-

. . . assumed to be 2000 K.

tions both for electrons and ions and the vacuum capacitance

of a dust particle in a plasma, for electron and ion currents .
we have P P and all the values of are close to 0.5. At the same time, the

characteristic fluctuation frequengyis strongly affected by

FIG. 1. Dependence of;, on the work functionW, for a par-
d ticle charged by thermionic emissidthe solid line corresponds to
n,=10, the dashed line tm,=10, the dotted line ton,=1C°,

,_ [ 8Te 172 Ze? change in plasma parameters.
|~ =l.=man, Wme) ex;{a—_l_e , (11
B. Charging by thermionic emission
. , [ 8Ti\Y¥4 . zé Thermionic emission plays an important role in a thermal
|7 =lj=ma’n m, 1- aT,)’ (12 dusty plasma, used recently to study the formation of ordered

structures of dust particlé9]. We consider the simplest sys-
tem, consisting of positively charged dust particles and emit-
ted electrongthere are no ions in this systenCharge neu-
trality requires that

where neiy, Mgy, and Tg;y are the electroniion) con-
centration, mass, and temperature, respectivelys the
electron charge, and is assumed to be negative. If the
dust particle concentration is sufficiently low so timatsn; Ne=(Z)n,. (15)
for the equilibrium charge we can writf5] (Z) © P

— ) ' 2 i ici L. .
_f ﬁ’(T' /Te,rr;, /m_e)(aTe/e ) where|y>0 IS a coefﬂuenth' In the case of a thermal dusty plasma, which is characterized
(of the order of unity depending on plasma parameters. Thisy,, e equivalence of electron, gas, and particle tempera-

coefficient can be determined numerically]. Using Eqs.  yres electron flow from the particle surface can be given by

(11) and(12), one can find [10]
dl 8T, |2 e? 32 12 2
B==7z =mane - aT. |t =22 Dele) | BT M
d Z:<Z> 7Tme a e te 27Th2 7Tme aTe
me Te| Y2 } W, Ze?
X || —=—=] +exp— 13 X L
[( m T, K= 13 P~ .~ o7 (16
and whereW, is the work function. The expressions for the elec-
tron collection currentobtained using OML theopyis
1+vy6 12
B ar | VIEIZedlZh 09 e [T, 7€
| ~=a’n, —. (17)
TMe aTe

where§=T,/T;. The same expression for the amplitude of

fluctuations(for @) was obtained in Ref$6,7]. In Ref.[5]it ~ The equilibrium average charge is maintained by the balance
was found through computer simulations that this coefficienbetween electron recombination current and emission cur-
is 0.5 for a wide range of plasma and grain parameters. Inent. This charge can be writtgsimilarly to the previous
Table | the values ok are listed as determined from E44) cas¢ in the form (Z)=y,(aT./€?), where 1y,

for plasma parameters used in simulati¢h$ In addition, = y,(W,,n,) is a parameter which can be determined nu-
the values of B for 1-mcm-diameter particle,n.=5  merically. The value of this parameter as a functiorvaf
x10fcm 2 and T.=4 eV, are listed. It can be seen from for different particle concentrations is shown in Fig[the
Table | thate depends only weakly on plasma parametersgas temperature is assumed toThe=0.17 eV (2000 K)]. It
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FIG. 2. Dependence g8, on the work functionW, for a par-
ticle charged by thermionic emissidthe solid line corresponds to
n,=10%, the dashed line tm,=10", the dotted line ton,=1C°,
and the dash-dotted line tg,=5X 107). The plasma temperature is
assumed to be 2000 K, and the particle radiug=sl mcm.

can be seen that the dependencey@fon W, is practically
linear for not very high dust concentrations.

Using Egs.(4), (16), and (17) for the fluctuation fre-
guency we obtain the following expression:

8Te 1/2
_m) (1+ 7). (18
e

w

— 2
Bte_ ma np

For the amplitude of fluctuations we obtain, similarly to Eq.
(14), AZ= a¢{Z), where

ae=(1+ye) Y2 (19

The dependences @, and a; on the work functionV,
are shown in Figs. 2 and 8ve have usech=1 mcm to
determineB;., andT,=0.17 eV). Note that the characteris-

tic fluctuation frequency can be very high compared to the
situation when the particle is charged only by ion and elec

tron absorption(see Table )l For a higher work function
We, a4 tends to unity asye<<1.

We will use conditions of the experiment in R¢®] for
numerical evaluations, e.g., particle radas 0.4 mcm, n,
=5x10"cm 3 T,=0.15eV, andW,=2.1eV. The charge

1.0

te

05F

W, (eV)

FIG. 3. Dependence af,, on the work functionW, for a par-
ticle charged by thermionic emissidthe solid line corresponds to
n,= 10, the dashed line tm,=10", the dotted line ton,=1C°,
and the dash-dotted line tg,=5X 107). The plasma temperature is
assumed to be 2000 K.
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FIG. 4. Dependence of the equilibrium particle cha{gg on
parametelYJfor different dust concentratior{¢he solid line corre-
sponds tonp=102, the dashed line tnp=103, the dotted line to
n,=10%, and the dash-dotted line kg =10°). The parameters used
area=1mcm andT~T,.=1eV.

determined from the current balanfel] is (Z)=550, in
good agreement with the charge-determined experimentally
from plasma quasineutrality conditid®]. So, we havey,.
=13.2(see also Fig. )1 Bie=1.2x10°s ™%, and a,,=0.28.

C. Charging by UV irradiation

Charging by ultraviolet induced photoemission is a com-
mon process for a space plasma, and conditions for forming
a Coulomb lattice of such charged dust grains in a laboratory
have recently been extensively investigafé@,13. Photo-
emission current from the grain is given fi3]

Zez)
aTye !

whereJ is the UV photon flux,Y is the yield of the photo-

| pe= waZYJexp( - (20)

electrons, and . is their average energy. The electron col-
lection current is given by Eq17). Taking into account the
guasineutrality conditiorf15), from the current balance we
obtain ype= vpe(Np,a,YJ,Te, Tpe). For fluctuation charac-
teristics we have, finally

Te |\ Y Te
1+ 27pe+ T 7pe(1+ Vpe)
Me Tpe
(21)

8

2

=qqan
ﬂpe P\ar

and

1+ Ype
1+ 27pe+ (Te/Tpe) 7pe(1+ ')’pe)

If the neutral gas pressure in a system of particles charged by
UV irradiation is not too high, electrons recombine on the
grains faster than they can collide with neutrals and lose
energy to heating the gd42]. If this condition is satisfied
we can assume thate~T,e. In so doing, Eq.(22) is re-
duced toape=[(1+ ype)/(1+37pet vae) V2

For numerical illustration we assume a particle wéh
=1mcm and electron temperaturg,~Ty.=1€V. The
equilibrium charggZ) as a function of parametéfJ (char-
acterizing the source of UV and dust particle material

ape

12
} . (22
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FIG. 5. Fluctuation frequenci,. as a function ofyJ for dif- FIG. 6. Dependence of the fluctuation amplituglg, on YJ for
ferent particle concentrations. All parameters and notation followgitferent particle concentrations. All parameters and notation follow
Fig. 4. Fig. 4.

shown in Fig. 4 for different values of particle concentra-, . . . .
tions. We see that an increase in the dust density leads to'S independent of the charging mechanism. The amplitude

decrease in the particle charge due to an increase in the eld?Z”) and characteristic time; of fluctuations can be found

tron collection, while the photoemission current remainsknowing the specific form of the charging currents and the
constant. Figures 5 and 6 show the dependence of the cha#usty plasma parameters. The basic assumptions used are the
acteristic fluctuation frequencyBfe) and fluctuation ampli- following: fluctuatl_ons are small compa}red to the equilibrium
tude (xpe) On parametery For high values of the dust charge, the negative charges are carried by electrons, and all
density (ype—0, according to Fig. % ap.— 1. Dust densi- positive ions(if they exish are singly charged. In addition,

ties used in the calculations of this section are smaller than iwe have considered isolated dust particles, so that charge
Sec. Il B, because the optical depth of the system should b#uctuations on different particles are uncorrelated. We sug-

small to provide uniform charging. gest that this assumption is valid when the following condi-
tion is satisfiedZe?nY¥/min{T,,T;}<1. This means that the
IV. SUMMARY effective length of the interaction between charged dust par-

. . . ticles and plasma electrorf®ns) is much less than the in-
Stochastic charge fluctuations may have important cons erparticle distance.

quences on dust particle dynamics in a plasma. To evaluate Within the above restrictions, the theory presented here

the magnitude of the effect introduced by these fluctuations

a knowledge of their characteristics is necessary. In this pa(;an be used to predict charge fluctuations in any system for

per a model is developed which provides the most usequVhiCh the charging currents are known. The quantitative re-

characteristic of random grain charge fluctuations—the temSUltS aré presented as an example of charging by a collection
poral autocorrelation function. The difference between the?f ions and electrons from the plasrtia the framework of
model presented here and the model developed in[BEfs the OML theory, by thermionic and photoelectric emission.
that the latter is more convenient to obtain information onlt is shown that for all charging mechanisms the amplitude of
static properties of charge fluctuations—their statistical disthe fluctuations can be written in the forfZ = a\(|Z|).
tribution. On the other hand, the theory presented here pro-
vides information both on the amplitude and the characteris-
tic time of fluctuations. ACKNOWLEDGMENTS
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