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A new approach is proposed for the analytical description of effective grain potentials in dusty
plasmas. The basic idea is to describe absorption of electrons and ions by the macroparticle in terms
of effective point sinks introduced into the equations of plasma dynamics. The proposed approach
makes it possible to find explicit relations for the potential and particle densities distributions near
the grain. It is shown that plasma particle absorption results in the long-range asymptotics of the
effective grain potentials. The dynamical screening of the moving dust particle is considered as well.
The energy of the grain interaction with the induced charge produced by the grain and the force
acting on the moving dust particle are calculated. The possibility of negative friction for the moving

grain is shown.
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I. INTRODUCTION

The problem of nonlinear grain screening still remains
one of the most important issues of dusty plasma theo-
ry. It is of great importance for the description of such
interesting phenomena as dusty crystal formation, ex-
citation of dust acoustic waves, evolution of dust struc-
tures, etc. In spite of the fact that the screened potentials
have been studied for years the problem of macroparti-
cle screening still requires further studies. First of all
this concerns grain screening in low-temperature plasma
for which even the screening length is not determined
in the general case [1]. The problem is that in the case
of grain charging due to the absorption of electrons and
ions from plasma the effective potentials are crucially de-
pendent on the processes in plasma background, in par-
ticular, on the details of plasma regeneration. In view
of the importance of nonlinear effects and self-consistent
description of charging processes the problem of grain
(probe) screening is usually solved numerically [2-9].
Giving many details of the screening numerical results,
however, cannot be used for obtaining approximate an-
alytical relations. At the same time it is very important
to have such analytical approximations for the solution
of the problems mentioned above.

One more important problem is the description of the
moving grain screening. Such a description is necessary
for the solution of many interesting problems of dusty
plasma physics, in particular, for the understanding of
the physical mechanisms of energy exchange between the
grain and surrounding plasma leading to the anomalous
grain heating [10, 11]. As will be shown below the model
of the point sinks can be applied to the solution of this
problem as well.

The purpose of the present paper is to work out an an-
alytical description of the screened potentials of grains
(the case of the moving grain included) with regard to
their charging by plasma currents and to study the effects
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produced by grain charging on the properties of effective
potentials.

We start from the formulation of the basic model
(point-sink model) for the simplest case of the immovable
grain. This model provides the analytical solution of the
problem, if the grain charge and the intensities of plasma
particle fluxes are known (Section II). Then we perform
necessary analysis of the obtained relations and compare
the results with the numerical solutions (Section IIT). In
Section IV we apply the proposed model for treatment
of screening of the moving grain. The results of calcu-
lations of the grain-plasma interaction energy and the
electric force acting on the moving grain are presented
in Section V.

II. POINT-SINK-MODEL. BASIC SET OF
EQUATIONS FOR IMMOVABLE GRAIN

Let us consider single grain embedded into infinite
weakly-ionized plasma. We assume that the grain ab-
sorbs all the encountered electrons and ions. In the sta-
tionary case the grain charge is maintained by electron
and ion fluxes which are equal to each other. In the case
under consideration plasma dynamics can be described
by the continuity equations which have the following
form:

divI,(r) = Iy — Bne(r)n;(r), (1)
where
L, (r) = —espions(r)VO(r) — D,Vn,(r), (2)

Lo is the plasma particle mobility, D, is the diffusion
coefficient, subscript o (0 = e, i) labels plasma particle
species, Iy is the intensity of ionization sources, if present,
(3 is the coefficient of the electron-ion recombination, the
rest of notation is traditional.

The electric potential ®(r) satisfies the Poisson equa-
tion
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Ad(r) = 747TZ€UTLG(7’). (3)

Egs. (1)—(3) should be supplemented by the following
boundary conditions

9(r) q
na(r)’T:a = 07 or |r:a — _Ea
ng(r)’rﬁoo = No, (I:.(T)'T_’(>O = 07 (4)

where ¢ is the stationary grain charge which is deter-
mined by the equation

eiFi + eere|r:a = 07 (5)

a is the grain radius, n, is the unperturbed density of
particles of o species. The later quantities are determined
by the conditions of plasma regeneration. They are de-
scribed by the relation

Ne =Ny = 10/6 = Ny, (6)
if external sources of ionization are present, or they are
assumed to be given, if the sources of plasma regenera-
tion are located at a large distance from the grain.

In view of the nonlinearity of the basic set of equations
it is usually solved numerically (see, for example, Refs.
[2, 3, 5-9]). However, it is quite difficult to obtain ana-
lytical relations for the screened potentials and plasma
particle distribution on the basis of the numerical so-
lutions. Therefore, it would be highly desirable to have
approximate analytical expressions for such quantities,
at least for their asymptotic behavior. This problem can
be solved taking into account that in many cases non-
linearity produces considerable effects at small distances
from the grain surface, only. Such a conclusion follows
from the analysis of the nonlinear numerical solutions
for equilibrium screening (no particle fluxes through the
grain surface [12]) and for the screening of grains charged
by plasma currents in the collisionless plasmas [4]. More-
over, in the case of grains of small sizes the nonlinearity
does not lead to a considerable deviation from the lin-
ear solution even in the vicinity of the grain, but on the
other hand, the plasma particle fluxes toward the grain
contribute to the changes of the potential asymptotics
[4]. Probably, it could be explained by the fact that in
the case of grain absorbing plasma particles the electron
and ion densities near the grain are small and thus the
influence of nonlinearity is not well pronounced. The pos-
sibility of using linearized equation for the analytic de-
scription of the asymptotic behavior of the effective grain
potentials in weakly-ionized plasma was also confirmed
by the estimates presented in Refs. [13, 14].

With regard to these arguments we propose to describe
screened potentials on the basis of the linearized version
of the point-sink model. In terms of such a model it is
assumed that the effects associated with plasma particle
absorption by the finite-size grain can be approximated
in a satisfactory fashion by the effective point sinks, i.e.
instead of Eq. (1) and the boundary conditions (4), (5)
we propose to use the equation

divI,(r) = Iy — Bne(r)n;(r) — S,4(r), (7)

where S, is the intensity of the point sink

S, — — 7{ds r,. (8)

The linearized version of Eqgs. (2) and (7) is as follows

oo _ Pno N
T AD + Adn, = D, (0ne + dn;) + D, i(r) (9
AD = —47 (e.0ne + €;0m;) — 4mqd(r), (10)

where dn,(r) is the density perturbation. We also take
into account that in the absence of the grain the plasma
density is given by Eq. (6) and the sink intensities for
electrons and ions are equal to each other, i.e.

Se=8;=8S. (11)

III. SCREENED POTENTIAL OF IMMOVABLE
GRAIN AND CHARGE DENSITY
DISTRIBUTION

The solution of Eqs. (9), (10) can be easily obtained
in the k-representation

L ofa a2 ) g
s = Al k (SerkDiq) qk3

— Sik%, — Sk%] , (12)

1
6nek =~

eA

— k(8. = khea) + akf
— 5,k%, — Sk%] : (13)

where
e =le.| =ei;
A=k + & (kD + k%) + 2k;;

k= K3k + kgikpe: kg = k2 + k3

Bno ~ eS
ki, =—— So = —
% Dy’ D,
4men,
k2D = k2De + kQDz k2Do’ = W;an . (14)

The potential ®y is given by

B q(k*+ k%) — k3 S
TR R (K + K2 + 2k

Dy

where
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~ eSS (1 1
S:—(———). (16)
k% \D; D,
In its turn Eq. (15) can be rewritten as
47TQ1 47TQ2
PHy, = — 17
A a7)
where
Org = q (k%2 - k%) + k%g
PTTTUR-R
(18)
1
ki, = 3 (k,%ﬂ:?g + (k%+k§)28k§) .
In the coordinate representation
e*le e*kz’r’
P(r) = — 19
)= - @ (19)

i. e. the effective potential is given by the superposition of
two screened potentials with different screening lengths.
Notice that these screening lengths were obtained for the
first time in Ref. [13]. At large distances the potential is
determined by the term with a larger screening length.
This result is in agreement with the numerical simulation
[5-8].
The induced charge density is

- e—kl’l‘ - e—kz’l‘

p(r) = 1 — Q2 : (20)

r

=

Here

Qg — 2qky — k%,zk/’%(q + ,§’)

1,2 — 2 2
kl - k2

(21)

If the plasma sources are located at a large distance
from the grain and recombination processes could be ne-
glected (8 =0)

o (r) = (q+ S‘) 6_:DT - § (22)
and
o) =k (4 +5) = 23)

As is seen, in the case under consideration the effec-
tive potential has the Coulomb-like asymptotics, but the
induced charge is determined by the screened part. The
quantity S can be treated as an effective charge which
generates the Coulomb part of the potential. It cannot
be found within the present theoretical treatment. There-
fore, in what follows we take this quantity from the nu-
merical solution (see Fig. 1), which is taken from the
numerical data obtained in Ref. [6], assuming that S is
proportional to real grain charge, i.e. S = —aq.
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Fig. 1. Dependence of dimensionless effective unscreened
charge @/q on dimensionless grain radius kpa.
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Fig. 2. Relative charge distribution corresponding to

Eq.(25), at various values of kpa (0.05, 0.1, 0.5, 2, 6.25).
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Fig. 3. Relative charge distribution at kpa = 0.05; bold
line presents the data from [6], thin line corresponds to Eq.
(25).
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Q(r)/q

(r/a)

Fig. 4. Relative charge distribution at kpa = 0.158 and
various values of i9 = Ia®/D; (1) 1.15-1072, (2) 2.5-107%,
(3) 5-107%, (4)10™*, dashed line corresponds to the case of
absence of bulk ionization and recombination.
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Fig. 5. Relative charge distribution at kpa = 0.158 and
io = 5-107%, bold line presents the data from [6], thin line
corresponds to Eq. (26).

To compare the obtained results with the numerical
simulation [6] it is convenient to use the following quan-
tity

™

Q) =q+ / dr'p (i)

0

(24)

which is the total charge distributed in the sphere of the
radius 7. Substitution of Eq. (23) into Eq. (24) gives

Q(r) =aq+q(1 - a)e‘km (1+kpr). (25)

The dependences of the quantity Q(r) on the dimension-
less distances r/a for different grain sizes are presented
in Fig. 2. They are in good agreement with those ob-
tained in Ref. [6]. The accuracy of the analytical esti-
mates is seen from Fig. 3 in which the charge distribu-
tions Q(r) calculated analytically (thin curve) and nu-
merically (bold curve) are presented. As is seen, in the

case under consideration (8 = 0, Iy = 0) at large dis-
tances Q(r) approaches some constant values which are
nothing but the dimensionless effective charge a.

The situation is considerably changed, if the ionization
sources are present. In this case

Q(r) =q+ k_% [1 — ek (1+ kzlrﬂ
- % [1—e " (1 + kar)] . (26)

Dependences of this quantity on the dimensionless dis-
tance for the different values of ionization intensity are
presented in Fig. 4. In this case the analytical estimates
are also in good agreement with the exact solution of the
nonlinear equations (see Fig. 5).

IV. SCREENING OF MOVING GRAIN

In the case of the moving grains the basic set of equa-
tions can be written as

Ong(r,t .
% — leFO-(I', t) = IO

—Bne(r,t)n;(r,t) — Syd(r — vt), (27)

AD(r,t) = =47 Y eong(r,t) — dmgd(r — vt), (28

where v is the velocity of the grain. We assume that
in the course of motion this velocity is not considerably
changed and thus, ¢ and S, can be treated as constants
and Se = Sz =S.
The linearization of Egs. (27), (28) with respect to per-
turbations produced by the presence of the grain gives
EsTo

0dns(r,t)
5t - D, T AD(r,t) — Dy;Adny(r,t)

= —0ng (6ni(r, t) + dne(r, t)) — S6(r — vt), (29)

Ad(r,t) = —47 (eeéne(r7 t) + e;dn;(r, t))
— 4mwqd(r — vt). (30)

The solution of these equations in k, w-representation
has the form

_ Amq, 4

) + j k%’%t@ (31)
k= T2 T eDkw) | ™\ D. T D,

g (R, K3D.) — K (4 + S — 5.0) }

where
Sy = ﬁ%é(w —kv), (32)
D,
qw = 2mqé(w — kv), (33)
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w? w w
= k/,2 ) k/,2 k2 ) _
D,D, De( Di R+ R D;

+ k' + K (kz?J +kZ) + 2(k§~ekr%i + k’%k%)

Dl w) = - (Kbe + k2 + K3, ) (34)

For the sake of simplicity in what follows we disregard the ionization and recombination processes (5 — 0). In this
case Eqgs. (32), (34) reduce to

8126 (w — kv) k%, k3 99 ~ 8m2g6(w — kv)
Py = —5—"—7"—-41 L4 =2 —k7k S —_— 35
k kQDo(k, w) {’qu< De + Di D(q + ) + k2 ( )
Here,
w? k2. k2 1 1
Dok = — 9 2Di “De _ 4 21 4 2
o(k,w) D.D. W(De + Di) iwk <D6+Dz>+k + k%K%, (36)

and S is given by Eq. (16).

The second term in Eq. (35) is the potential of the point particle with the charge ¢ in the absence of the surrounding
plasma, while the first term is the induced potential.

The inverse Fourier-transformation of Eq. (35) gives

kv ( S — k2k%(q+ S
Br.t) = R ey . i Q( ) plg+5) (37
’ o2 | %2° a 2 (kV) kb | kD ; 1 iy [
k4 k2k, — B —zkv(—k+4) —ikvi? (4 + )

In the case of nonabsorbing macroparticle (S = 0) Eq. (37) reduces to the potential of point particle moving in
weakly-ionized plasma

_ q ik(r—vt) 1

®(r,t) = — | dk — 38

(8 =5 / ¢ k2e(k, kv)’ (38)
where

ik%_D,
ek,w)=1 — Do 7 39
w) =1+ Z WERTETI (39)
V. ENERGY OF GRAIN-PLASMA INTERACTION AND DYNAMICAL FRICTION FORCE
The energy of macroparticle interaction with the induced charge is
4 [k ikvq( 4+ 4pe) - k;Qk%,(CHS*)
U(v )fq hm @md( t) = 2 | = L . (40)
m R4 k2R3 — B kv( Moo 4 b )fikvk?(DijLﬁ)
After integration over angular variables one has
2%p [ d t+d 1 t+d 1
47D / — il [wlﬁL —z(1— a)} mA = |:i[1,g’6 ta z(1 — a)} In 22 } , (41
T x0%(pg — p1)d t+1 u1+1 t+1 po + 1
0
where
2
i[zQ(l +d)+ g%f} + \/4a:2d(1 +a?) — [zQ(l +d)+ %ﬂ
Hr2 = “2xid ’
(42)
v o, D T S
“TDikp Do TT YTy
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Atv=0

U(0) = —¢*kp(1 — a). (43)

A typical behavior of the reduced interaction energy

U(v) - U(0)

v = ¢*kp

on the dimensionless velocity ¥ is shown on Fig. 6. As
is seen the interaction energy is considerably dependent
on the sink intensities S. Plasma particle absorption by

growth (curves 2-4 on Fig. 6). Notice that in the case of
no fluxes through the grain surface (S = 0) the interac-
tion energy can be described by the quadratic velocity
dependence (curves 1, 5). However, this is not the case
for absorbing grains.

Notice that the possibility of the interaction energy de-
crease with the velocity growth indicates the possibility
of particle acceleration in the course of its motion and,
thus, it could be a reason of the grain heating. In fact,
the force acting on the grain due to the existence of the
induced potential is described by the relations

grain results in the existence of the velocity domain in . 0(r, )
which the interaction energy decreases with the velocity F(v)=—q rli{{,lt or (44)
|
: kv (45 + 552 ) — B2H3, (g + 9)
Fv) = -4 [ &y N o (45)
2n8 R g, — G ey (Bbe 4 BB} — kv (A + )
or after the integration over the angular variables
C 919 F
zqu/ dx t+d . _t+d pr—1
Fv) = — 240 — + {z 0 —ml—a}ln—
( ) T 1]2(,LL1 _ /’L2)d t+ 1(/’[/1 IU/Q) /’[’1 lu’l t+ 1 ( ) MQ +1
0
. _t+ d Mo — 1
f —x(1— } 1 , 46
pa izt (1 - ) T (46)

where p 2 is given by Eq. (42).
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Fig. 6. Dependencies of the reduced energy U(9) at
T. = T;, D; = 0.01D. for different values of a; 1 — a = 0,
2-a=0053-a=01,4—a=0.2

The dependencies of the reduced force F()/q?k%, on @
are presented on Fig. 7. The curves shown on this figure
confirm our assumption about the possibility to observe
negative friction, i.e. it can be possible that the friction
force is directed along the particle velocity.

It is useful to compare the calculated values of the neg-
ative friction force with the friction force generated by
the grain collisions with neutral atoms. Estimates made
for isothermal plasma used in the typical experiments
show that the negative friction can exist.
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Fig. 7. Dependencies of the dimensionless dynamical fric-
tion force F(9)/¢*k% on ¥ at T. = T, D; = 0.001D, for
different values of a; 1 —a =0,2 —a = 0.03, 3 —a = 04,
5—a=0.5.
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VI. CONCLUSIONS

The model of a point-like sink is proposed to describe
the electric grain potential with regard to plasma parti-
cle absorption by grain. This makes it possible to obtain
analytical solution of the problem of grain screening and
to find an explicitly asymptotic behavior of the poten-
tial. With the appropriate choice of the parameters of
the model (grain charge ¢ and sink intensity S) the pro-
posed approximation recovers numerical solutions of the
consistent nonlinear problems.

The proposed model turns out to be efficient for the
description of the screening of the moving grains. Ob-
tained analytical solutions for the grain potentials is used
to calculate the grain-plasma interaction energy and dy-
namical friction force. The calculations show a possibility
of the existence of negative friction.
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EKPAHYBAHHS MAKPOYACTUHKU ¥V CJIABOMOHI3OBAHIN IIJIA3MI

A. T. Baropogsiiit, A. B. ®@iminmos?, A. ®@. Ians?, A. H. Crapocrin?, A. I. Momor®
Inemumym meopemuunoi gizuxu im. M. M. Bozomobosa, Kuis, Yxpaina
2 Tpoiywkuti incmumym inonsauiinus ma mepmoadeprus docaioscens, Tpoiyek, Pocis

3 Kuiscorutli nayionasvrud ynieepcumem imens Tapaca Hlesvwenxa, Kuis, Yxpaina

3anporoHOBaHO HOBHH IiJXiMd, SIKHil JO3BOJIE ONMCATH AHAJITHYIHO e(EKTUBHI ITOTEHISIM OPOIINHOK Y

mra3mi. [lpumyckaersest, Mo BpaxyBaHHS MOTJIMHAHHS €JIEKTPOHIB Ta HOHIB MOPOIIMHKOIO MOYKe 3IiCHIOBATHUCS

3a JOMOMOro0 e(PeKTUBHUX TOYKOBUX CTOKIB y DIBHSHHSX, SIKi OMMCYIOTHb AWHAMIKY Ira3mu. Takwmit miaxin mae

3MOr'y oJep2KaTu SIBH1 BUpa3u JJid edJeKTI/IBHOFO HOTeHHiHﬂy Ta pOSl’IOILiJIy 3apdaay. HOKaBaHO, 10 IIOIVIMHAHHSA

IJIa3MOBUX 9aCTHUHOK ITOPOHIMHKOIO IIPUBOJAUTL /10 IIOABU ﬂaﬂeKOCH}KHOI ACHUMIITOTUKHN e(beKTI/IBHOI‘O HOTeHHiHHy.

PosrisinyTo Takok nuHamidHe eKpaHyBaHHS HMOPOIINHKH, IO PYXA€ThCs. PO3paxoBaHO €HEPriio B3ae€MOil mopo-

IIHKYW 3 1HyKOBAaHUM HEIO 3apsOM Ta CHJIY, SKa Ji€ Ha MOPOIIUHKY, IO pyxaeTbcs. [lokazano MokIuBiCTDH

BiJI'€MHOIO TepTs.
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