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The basic points of the consistent kinetic theory of dusty plasmas is discussed. The equations for microscopic phase
densities of plasma particles and grains are formulated. Using such equations it is possible to derive the kinetic
equations, taking into account both elastic and inelastic particle collisions. Obtained equations are used for kinetic

description of effective grain-grain potentials.
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1. INTRODUCTION

The interpretation of recent dusty plasma experiments
requires more and more sophisticated description of dusty
plasmas in terms of microscopic models.

Only this approach makes it possible to formulate the
basic points of the rigorous kinetic theory with due regard
of grain charging and particle collisions (both elastic and
inelastic). Though kinetic descriptions of dusty plasmas
have been given in many papers, no such theory has been
formulated as yet. Many theoretical studies in this field
have been performed wusing phenomenological
generalization of the results known from the kinetic
theory of ordinary plasmas. Such treatment provides a
possibility to describe the charge and momentum transfer
from plasma particles to grains due to inelastic collisions,
however, the influence of collective plasma effects (for
example, dynamical particle screening) on charging
processes are disregarded.

Consistent treatment of these and other effects could
be performed in terms of the kinetic theory formulated on
the basis of the microscopic description of contact
collisions and plasma particle absorption by grains [1, 2].

In some cases, for the sake of simplicity, it is
reasonable to describe the collective behavior of grain
subsystem using the effective grain-grain interaction
potentials. Obviously, such potentials should be
calculated taking into account plasma particle absorption
by the grain, as well as the effects of nonlinear screening.
Usually such potentials are calculated on the basis of
numerical solution of the appropriate boundary-value
problems, or by means of numerical simulations.
However, the description of some interesting phenomena
observed in dusty plasma experiments, such as dusty
crystal formation, dust acoustic wave propagation,
generation of nonlinear dust structure in a plasma requires
analytical relations for effective potentials. Such relations
can be obtained on the basis of kinetic equations with the
effective point sinks [3] which follow from the rigorous
equations discussed above.

The purpose of the present paper is to apply the
microscopic model of a dusty plasma in order to
formulate the basic principles of the kinetic theory and to
find explicit relations for the effective grain potentials
with regard to plasma particle collisions and the influence
of external force fields, if present.

In Sec.2 we reproduce rigorous equations for the
microscopic phase densities (Klimontovich equations)
with regard for the electron and ion absorption by grains
and contact grain-grain collisions. Then we formulate the
appropriate kinetic equations (Sec. 3). Application of
these equations to the calculation of the effective grain
potentials is given in Sec.4. Some analysis of the
stationary screening is presented in Sec. 5.

2. MICROSCOPIC EQUATIONS FOR DUSTY
PLASMAS WITH REGARD FOR ELECTRON
AND ION ABSORPTION BY GRAINS

In the case of a dusty plasma consisting of electrons,
ions, and monodispersed grains under the assumption that
each grain absorbs all encountered electrons and ions the
microscopic phase density of plasma particles is given by

Fa(x,t)=§:|:m(x,t):
. ' (1)
25 (X =X, 1)), —t), (X =rv),

where t, is the time of i th plasma particle collision with

any grain (i.e., the time of ith particle absorption by a
grain), @(X) is the Heaviside step function, the subscript

a labels the plasma particle species.
Combining the derivatives of F,(X,t) over t, r, and

v, F,(X,t) can be shown to satisfy the equation (see
Ref. [2])
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Here e, =r/r, E,, (r,1) is the microscopic electric field,
and F,(X,t) is the grain phase density
NG
FOD=2 T o)
i=l n
x Ot —t) o[t -ty |
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i -th grain with any other particle, X }”)(t) is the grain
trajectory before the (n+1) th and after the n th collision,

a is the grain radius.

Eq. (3) describes the microscopic state of the grain
subsystem which is determined by the microscopic value
of the grain charge q along with the grain coordinate and

velocity with regard for the sharp changes of the grain
charge and velocity.
As it was shown in Ref. [2] the equation for F,(X,t)

has the form
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69 =69(9,9)=0'-q.

Notice that the integration over X' and X' in
Egs. (2),(4) is performed within the domain
e, . (v-v)<0,or e, .(v-v'—95v,) <0, respectively.
Egs. (2), (4) generalize traditional microscopic equation
for the case of electron and ion absorption by grains and
contact collisions between the grains. In the case of
neutral grains Eq. (4) reduces to that derived by
Bogolyubov [4].

3. KINETIC EQUATIONS FOR DUSTY
PLASMAS

Averaging Egs. (2), (4) and their combinations it is
possible to generalize the Bogolyubov-Born-Green-
Kirkwood-Yvon hierarchy to the case of dusty plasma [2].
For example, the first equation of such hierarchy for
plasma particles has the following form
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f . (X, X';t) is the binary distribution function (at

a'=e,i f_(X,x:t)y=f_.(X,X;t)o(q-e,)).

The hierarchy thus obtained makes it possible to
introduce the kinetic equations. In particular, in the
approximation of the dominant influence of contact
collisions the asymptotics of the binary distribution

functions can be written as
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where 9. is given by
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Using these relations for estimates of the main
contributions to binary collision terms we can write the
kinetic equations as
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where |, and | are the Coulomb collision terms which

can be calculated in terms of the correlation functions of
particle density fluctuations (similarly to the case of
ordinary plasmas), o,,(q,v) is the charging cross-

section. In the case of collisionless plasma with no
external fields
2e q
2
Gag(qsv):ﬂ.aag 1_—0; 5
m,v°a,
a,, =2, a= e i, a,, =2a.

Applications of Egs. (9), (10) to the calculation of
stationary grain distributions are given in [2].

4. EFFECTIVE POTENTIAL OF CHARGED
GRAINS (GENERAL RELATIONS)

Now let us apply the obtained equation to the
calculations of the effective grain potentials. In the case of
single immovable grain

f,(r',v',q") = 6(r)o(v)o(q' - q) Eq. (9) reduces to
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xf,(X,t)=1,-vo,,(q,V)f,(X,1)(r),
where F, (X,t) is the external force field, if present. In

what follows, for the sake of simplicity, instead of the
collision term calculated in terms of correlation functions
of microscopic fluctuations we shall use the simple
version of the model collision integral (simple Bhatnagar—
Gross—Krook model) proposed in Ref. [5], namely

I, :—va{fa(X,t)—(Da(v)jdvfa(x,t)}. (12)
®,(v) is the
distribution function generated in course of plasma
particle collisions.

In view of the fact that plasma particle absorption
considerably suppress the influence of nonlinearity we
can suggest that the presence of sinks causes small
perturbation of the effective electric field and thus to use
the linearized version of Eq. (12).
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Here v, is the collision frequency,
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The potential @(r,t) is governed by the Poisson equation
AD(r,t) = —-47zq(t)o(r) — 47[2 e,n, Idv& f, (X,t). (14)
The solution of Eq. (13) can be written as
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with the initial condition
W, (X, X;0) = 5(X = X"). (17)

Substituting Eq. (15) into the Poisson equation (14)
one obtains

(Dk(u = 247qu -
k“e(k, )
4r
Kek,0) S
where £(kw) is the dielectric response function

(18)
en,, jdv_[dv W (v,v)S (v,

aw

72

H— 1 x
m, “ GV} (11

(v, vk x

akw

e(kw)=1- Iz 4ﬂi <Moo Id Idv'

y af%(v);
ov' (19)

(v,v') = _[dRe "“‘jdre'ww (X, X",7),

akw

R=r-r"
In the stationary case q(t)=(, and Eq. (18) reduces
to
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5. INFLUENCE OF PLASMA PROPERTIES
ON THE EFFECTIVE GRAIN POTENTIALS

Let us consider in more details the influence of plasma
properties on the specific features of the effective
potential of grain which charge is maintained by plasma
currents. We start from the case of isotropic plasma with
no external field. In this case

(V.v) = io(v-v)
Wk o-kv+iv,
iv,®, (v)
(o-kv+iv, ) (@o-kv' +iv,)

><|:1 —-iv, IdV

That leads to the following stationary grain potential
—kpr
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this relation is
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In the collisionless limit (v, — 0)

especially simplified
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g(X) =e ¥ Ei(X) - e*Ei(-X),
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At kyrJ 1 Eq. (23) gives the well-known result
o(r)0 - 2Q
kor’
In  strongly  collisional  limit (v, 0 ks,
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that is in agreement with the results obtained on the basis
of the description in the drift-diffusion approximation [6,
7]. Deriving (27) we put ®_(v) = f,_(v).

If collisions are present, but v, [ ks,
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Thus, we can conclude that plasma particle collisions
generate the Coulomb-like behaviour of the effective
potentials at large distances (r > 4 ).

If the external magnetic field B, = e,B, is present the
transition probability is
aka) (V V,) = w akw(v V') +

I BV (V¥ )P, (V)] V0, (Vi (3, v) (30)
I-v IdVIdeakw(vv)Q (v")

where
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is the Fourier representation of the

W (V> V) =
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ako
transition probability for the collisionless plasma in
external magnetic field. With regard to the symmetry
properties of the charging cross-sections and unperturbed

velocity distributions the quantity

akm (V ) -[dVW k(u(V v ) (32’)
in terms of which @, and e(kw) are presented, can be

written as
k2 K v, i
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where Q, =e B, /m,c, J (X) is the Bessel function.

Substituting Eq. (33) into Eq. (20) one obtains
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This relation descrlbes the grain potentials in collisional
magnetoactive plasma provided that the cross-section
o,(q,v) is known.

In the case of collisionless plasma Eq. (36) is simplified to
_ 4nq Arx? “
SOk +ky Kk

xZeana Z jva ( jVO‘ (@, V)5 (k,v, +nQ, ). (35)

In the case of strongly magnetized plasma (B, — «) we

can put
m 1/2 m \/2
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The stationary value of g in this case satisfies the

» m 1/2 mV2
n | dv, |v & exp| ——% |x
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Thus, in the case of strongly magnetized collisionless
plasma the effective potential is generated by the charged
string which appears due to one-dimensional charging
currents. Eq. (33) also shows that in the case
|zd s,/v,, R, >s,/]Q,| the relation of the type of

equation

Eq. (28) exists, but the effective charge S is dependent
on the angle between r and B, .

6. SUMMARY AND CONCLUSIONS

Microscopic equations with regard to electron and ion
absorption by grains are formulated and the kinetic
equations for dusty plasma is presented.

Kinetic description of the effective grain potentials on
the basis of the derived equation with regard to plasma
particle collisions in terms of BGK-collision integral
makes it possible to recover the results known from the
numerical solutions of the drift-diffusion and collisionless
kinetic equations.
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With the appropriate choice of the grain charge, the
obtained relations reproduce with good accuracy the
numerical solutions of the nonlinear boundary-value
problems.

Obtained general relations can be effectively used for
the description of the effective grain potentials in the
presence of external magnetic field.
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KUHETUYECKASI TEOPUS NBLJIEBOM IJIA3MBI U 3®®EKTUBHOE B3AUMOJIEMICTBUE
IBIVIMHOK

A.T. 3azopoonuit, A.B. @ununnos, A.@. Ilans, A.H. Cmapocmun, A.U. Momom

OOcCyXIaroTcsi OCHOBHBIE TIOJIOKEHHUS IOCIIEAO0BATENbHON KHHETHYECKOW TEOpHM MbUIeBOl Iuta3Mmbl. [IpuBeneHb
ypaBHEHHs JJIsi MHKPOCKONMYECKHX (Da30BBIX IUIOTHOCTEW JUIs IIa3MEHHBIX YacTHIl M NBUIMHOK. [lokazaHo, dro,
WCIIONIB3YsS TaKWe YpaBHEHUWs, MOXXHO C(OpMyIHMpoBaTh KHHETHYECKHE YpaBHEHHs JUIS NBUICBOH IIIa3MBI,
YUMTBHIBAIOLIUE YIPYTHE€ U HEYNPYIHME CTOJKHOBEHUS YacCTHUL] U IIOIVIOLIEHUE 3JICKTPOHOB U HMOHOB IIBUIMHKAMU.
BrinosHeHb! KHHETHYECKHE pacdeThl 3(Q(HEKTUBHBIX MOTEHIIMATIOB B3aMMO/ICHCTBHS TBUTMHOK B TUIa3Me.

KIHETUYHA TEOPIS 3AIIOPOILIEHOI IIJIABMHU TA E@EKTUBHA B3AEMO/IISI TIOPOIIMHOK
A.T. 3azopoouiit, A.B. @ininnos, A.®. Ilanv, A.H. Cmapocmin, A.1. Momom

OOroBOPIOIOTHCSI OCHOBHI IMOJI0KEHHS ITOCIIIOBHOT KIHETHYHOI Teopii 3anopomenoi rua3mu. HaBeneHo piBHSAHHS 11s
MIKpPOCKOIIYHHUX (ha30BUX TYCTHH JUIs IUIa3MOBHX YAacTHHOK 1 mopomwuHOK. [TokazaHo, 1110, BUKOPHCTOBYIOUYM TakKi
PIBHSIHHS, MOXKHa C(OpMYJIIOBAaTH KIHETUYHI PIBHSHHS MJIsl 3allOPOLICHOI IUIa3MH 3 YpaxyBaHHSIM IPYXKHHUX 1
HENPY)KHUX 3ITKHEHb YaCTMHOK Ta IOIJIMHAHHS €JEKTPOHIB Ta i0HIB MOPOIMIMHKaMH. PO3IIISIHYTO KIHETHYHHMH OIHC
e()eKTUBHMX MOTEHIIIaNIiB B3a€EMO/Ii1 MOPOIINHOK Y IIa3Mi.
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