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Introduction. Traditional approaches to the calculation of the equilibrium charge on a
single dust grain use the condition that electron and ion currents toward the grain equal
to each other [1,2]. To describe charge fluctuations on the grains we apply the discrete
population balance (DPB) method used earlier for Fokker-Plank description of particle
charging in ionized gases [3]. The proposed method takes adequately into account the
discrete charges of plasma particles (ions and electrons) and enables us to obtain a
probability of finding some definite charge on a dust grain. We are interested in finding
exact solutions for the stationary charge distribution on a grain and the asymptotes
of the distributions in the limiting cases of the parameter n = €?/aT, (e < 0 is the
elementary electron charge, a is the radius of the dust grain, and 7, is the temperature
of electron plasma component in energy units).

Basic equations. The main idea of the DPB method is as follows. Suppose that P,
is the probability of finding a charge ne (state n) on the dust grain. Then the rate of
the departure from a state n is proportional to the product of P, and the total flux
e(n) 4+ 1;(n) entering the grain. On the other hand, the rate of the income to the state
n is proportional to the sum of P, j1¢.(n — 1) (the income from the state n — 1) and
P,11¢i(n + 1) (the income from the state n + 1). It follows that the infinite system of
the balance equations can be written in the following form

a
dt

providing the normality condition Y~ P, = 1 for any time ¢. The expressions for the

Pn = _Pn[¢e(n) + @/h(n)] + Pn—1¢e(n - 1) + Pn+1¢i(n + 1>a —00 <N <0, (1)

fluxes of electrons and ions entering the dust grain can be taken from the well-known

orbit-limited motion (OLM) approach [1-3], namely

87TT€>1/2{ exp(—nn), n>=0
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sei\"? [ 1+nn/7, n>0
) { exp (nqn/7), n <0
where 7 = T;/T..
The solutions of the time-dependent system (1) complemented by a normalized initial
distribution give us the time evolution of the charge to the steady-state distribution which

is a solution of time independent balance equations

P.[be(n) +i(n)] = P,_e(n — 1)+ P, ¢(n+1), —oo0 <n < oo. (4)
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Similar equations have been used in [3] for obtaining the Fokker-Plank equation at n < 1.

Solutions. Note that the solutions of Eq.(4) are the solutions of more simple equation

¢e(n B 1)

P,=P, 2N T << . 5
Y i(n) )
If we use Eq.(5) as a recursion, the probability P, can be expressed through the proba-
bility Py of finding the dust grain uncharged. With help of (2) and (3) we can get

P, —n(n—1) P, / nn/T
vIEE (n>1), L VT/ne (n<-1). (6)

Pn,lz T+nn P, _1—77(71—1)7

Since the parameter © = m;/m, (the ratio between the mass of ion and electron) is very
high, it is evident from (6) that the probabilities P, of finding a positive charge ne on
the grain is negligible small with respect to P,-( of finding a negatively charged grain.
Thus, the stationary charge distribution can be finally written in the simple analytical

form
-1

, (7)

n

P, = Py(tp)"? exp [-nn(n — 1)/2) [H (T +nn)
k=1

where the probability Fy is determined by the normality condition » ;" P, = 1.

Simple estimations show that for the near-Earth space plasma (T, = T; ~ 200°K) the
parameter 1 = e2/aT, may vary from 0.001 up to 10 in the range of a =[10xm,10nm].
For this reason it would be interesting to find the asymptotes of the charge distribution
in two cases n < 1 and n > 1.

Case nn < 1. In this case it is convenient to start with well-known transcendent equation

VTiexp(—nNg) = 7 + nNo, (8)

determined the particle charge ) = Npe from the condition ¥.(n) = 1;(n), see (2) and
(3). Since the solution of Eq.(8) with respect to Ny, generally, is not an integer, we put
No = N + §, where N is the integer part of Ny. Using (2), (3) and (5) we can express
the probabilities Py+y (k > 1) in terms of Py

e—n(k—d—-1)

(s+d—1)
Pyik = Py mero—)

Ui
Pn_g=Pn_sy1|1—
) N N +1|: S

:| efr](s+5), (9)

for k > 1 and 1 < s < N, respectively. Assuming n < 1 and using (9) as a recursion we

can finally get the distribution

1 — Ny — A)?
P, = exp |— (n 0 )
oV 2T 202

], 0<n < oo, (10)

which does not contain parameter §. Here we used the following notations

N, Ny —1
02:n—1w7 A — T+ 1o . (11)
T+ nNg+ 1 2(t+nNg+ 1)
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Thus, in the region n < 1 the steady-state charge distribution is Gaussian one, but the
peak position of the distribution is slightly deviated from early known distribution [3]

1

o\ 2T

(TL — N0)2

P, —
202

exp [— ], 0<n<o0o. (12)

With help of (10) we can find the following expression for important dusty plasma

parameter
Z =ep 0.t =nN = nzzo nP, = n(No + A) = const + nA, (13)

where ;4 = eN /a is the surface potential of the grain. Thus, Z is a linear function of
while the traditional approach predicts in this case the independence Z of .

Case n > 1. In this case we can leave only the dominant probabilities

Po=(r+n)(t+n+yma)", Pi=yralr+n+yn) ", (14)

in (7), setting P,~; equal to zero. As a result, we obtain the following equality

Z=epd ' =N =n)y  nPy=nP=nyTu(r+n+ 10", (15)

revealing the non-linear dependence between Z and 7.
Numerical calculations. The results of calculations carried out at arbitrary n show
that solutions (7) are almost indistinguishable from the normalized solutions obtained

directly from Egs. (2)-(4). The figures below demonstrate good correspondents of ap-

oot o Figure 1.
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proximated curves to the exact solutions obtained numerically from (7).



31st EPS 2004; O.K.Cheremnykh et al. : Charge Properties of Fine-Dispersed Dust Grains in Space Plasma 40f4

Conclusions. We have found that for the region n < 1 the steady-state charge distri-
bution is Gaussian one, but the peak position is a little deviated from the mean particle
charge obtained from the OLM theory on the basis of equilibrium charge alone. The
floating potential of the grain in this region is linear function of inverse grain radius
while the OLM theory predicts the independence of this potential from the grain radius.

In the case n > 1 the grain charge distribution couldn’t be written in Gaussian-like
form and the floating potential of the grain is non-linear function of the grain radius and
other plasma parameters.

The results of the theory are in good agreement with numerical calculations.

Figure 2. The variation of Z with
n.  The marks “4” correspond
to exact solution, solid line —
predicted linear curve (13), dashed
line — predicted curve (15), dotted

line — early obtained solution [1-3].
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