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Effects of the volume processes of plasma ionization and recom-
bination are usually disregarding for the simplification of analyt-
ical models of charging and shielding of dust grains in complex
plasmas. However, these effects can be important in many cases,
and they should be taken into account in self-consistent theories
of dust grain charging and shielding in bulk structures. In this
paper, we generalize our theoretical model for highly collisional
plasma (D’yachkov L.G. et al., Phys. Plasmas 14, 042102 (2007))
with regard for the volume ionization and recombination.

1. Introduction

The problem of plasma shielding and charging of macro-
scopic (with respect to the sizes of electrons and ions)
objects such as dust grains is one of the most important
ones in complex plasmas [1-3]. There are many plasma
processes which influence the shielding and charging, in-
cluding the effects of absorption and emitting of plasma
particles by a grain, of plasma particle collisions, and vol-
ume processes of plasma ionization and recombination.
These effects are important for the interaction of dust
grains in dust clouds, clusters, and crystals [4] and for
related phenomena such as phase transitions in complex
plasma structures [5, 6]. It was recently shown [7] that
the dust shielding by plasma is changed qualitatively if
the ion absorption by a grain is taken into account: in-
stead of a Debye-like potential at large distances, the r—2
tail appears in the potential in the case of collisionless
plasmas. Here, we consider the case of highly collisional
plasma where the electron and ion mean free paths are
smaller than other characteristic lengths of the problem,
except possibly the grain radius. A similar case with-
out accounting the volume ionization and recombination
processes was considered in [8]. Now, we take these pro-
cesses into account.

2. Theoretical Model

The stationary distributions of the electric field as well
as the electron and ion concentrations around a dust
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particle, whose surface absorbs and emits charged com-
ponents of plasma, are considered. The analytic solution
of this problem with regard for the volume processes of
plasma ionization and recombination was obtained. The
continuity equation for plasma ions (electrons) is given
by

on;
522+ Vi = Si = Sr, (1)
where j;(.) is the ion (electron) flux density, S; and S,
are the ionization and recombination rates, respectively.
If the ion ¢; and electron ¢, mean free paths are small
with respect to other characteristic lengths of the prob-
lem such as the grain radius a¢ and the plasma screening
length A, the drift-diffusion (continuum) approximation
is applicable. We thus obtain

Jite) = FNi(e)i(e) VP — Di(e) V(e (2)

where ¢ is the electrostatic potential, p;) and Dj()
are, respectively, the mobility and diffusion coefficients
related by the Einstein’s formula pi;(¢)Ti(e) = €Dj(e). For
the spherically symmetric problem, we have in the sta-
tionary state [9]

I

dni(@) " eNi(e) dﬁ
47TDi(e)T2

dr T;(e) dr

=0, (3)

where I,y = 47rr2j,'(e) is the total ion (electron) flux
from the grain. In the stationary state, the ion and
electron fluxes are equal (I; = I, = I) and determined
by

a
= 4mreS(r), (4)

where S = S; — S,. Equations (3) and (4) together with
the Poisson’s equation

1d ([ ,dp o
2 <r dr) = —4dme(n; — ne) (5)

form a set of four equations for four unknown functions
ng, Ne, I, and .
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We assume that the volume ionization and recombi-
nation processes are insignificant within the region of
radius ~ A, where the charge separation is large. Out-
side of this region, the charge separation is small, and
n; = ne = n. Let ng be the equilibrium plasma concen-
tration in the absence of dust grains. When considering
S as a function of n, we restrict ourselves to the linear
approximation in the expansion of S in powers of (ng—n)

g no—n’ -1 as (6)

T dn o

I

The inequality 7 > 0 represents the condition of plasma
stability. Close to the dust grain, gradients of the poten-
tial ¢ as well as the ion n; and electron n. densities are
large enough, and the volume ionization and recombina-
tion processes can be neglected. To estimate the radius
of this region, we apply the operator 4 472 to Egs. (3):

r2 dr

1 d [ 5dne e 1d(, dep S(r)

I (- Rl IR - ¢ N ]

r2 dr <T dr Tiey 2 dr ") gy D¢y
(7)

Taking into account that ng is the natural scale for n;(),
one can estimate the first term on the left-hand side of
Eq. (7) as ng/r? and the right-hand side of Eq. (7)
as ng/Dj)7. It follows from the comparison of these
estimates that the volume ionization and recombination
processes can be neglected when r < /D, (we take into
account that D; < D.). Thus, the condition of insignif-
icance of the ionization and recombination processes in
the region where the charge separation is significant can
be written as the inequality A < v/D;7. We also suggest
that A < L, where L = (3/4mng)/? is the Wigner-Seitz
radius, and ny is the dust grain number density.

The outward boundary conditions at » = L require
the equality to zero of the spatial derivatives of all val-
ues, as well as the absence of a charge flow (I(L) = 0).
The inner boundary conditions should be specified at the
boundary of the collisionless layer (r = a + £;(., where
£;(¢y are the ion and electron mean free paths) in the form
of a relation between the concentrations and the fluxes
of plasma particles, which follow from the consideration
of the motion of particles inside this layer in the electric
field. The electric field in the collisionless layer is con-
sidered equal to e2Z;/r, where Z; is the particle charge,
which itself is determined from solution of Egs. (3)—(5).
It is assumed that charged particles recombine at the
dust particle surface. The simple analytical solution of
the aforesaid problem is possible when the inequalities
a < Ly < L are fulfilled. The implementation of this
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inequality allows dividing the integration interval into
three regions:

(D) 7~ adtlie <A,

(I0) r~ A,

(I A< r< L.

Such a division allows us to simplify the problem in
each region; the general solution appears by matching
the corresponding partial solutions at the boundaries be-
tween them.

The dust particle charge obtained from the general
solution of the problem is given by

62Zd De
=In—
CLTe DZ

+InG. (8)

In two limit cases, we have

_ T; 1 —exp(-ri/a)

G = i Zeplorija) -,
T.1—exp(—refa)’ <&
_ L1 ey >
= 1+ T‘i/a’ i(e) a.

Here, the values of 7.) depend on Zg (rye =
€*Zq/Ty(e)), thus (8) is in fact the equation for the deter-
mination of Zy, which is easy solved by simple iterations.

The plasma density in region (III), i.e., in all space
with the exception of thin screening layers adjacent to
particle surfaces, is given by

- { 1 coshz — msinhx]l
n=ng|l

+ 47 DBR x coshx — sinhx )

Var L= ve)rele /(atte) L
— 2 Te/Q Te a Ce) __ 1
v [ " a? ¢ e A7 Dore’

(10)

where . is a coefficient depending on the parameter
£./a and characterizing the influence of the electron ab-
sorption on the plasma density at the outward bound-
ary of the collisionless region (0 < 7. < 1/2), x = L/R,
R=+/Dr,and D = (T; + T.)/(T;/D; + T./D.).

The flux of electrons and ions Iy = I(a) at the dust
particle surface is given by

7 _ no 14 1 coshz — zsinh z 71__2
T 4rDBR xcoshx —sinhz| 3

(11)
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The minus sign corresponds to the fact that the flux
is directed to the particle surface. The value of I
determines a role of the surface absorption of charged
plasma particles in their ionization/recombination ba-
lance.

For z being not too small (not too large number den-
sity of dust grains ng = 3/4r23R3), the second term in
the brackets in Eq. (9) can de neglected; this results in
n = ng. This term becomes of the order of 1 for small x,
when the approximations x coshx — sinhz = x3/3 and
coshx — xsinhx = 1 are valid. In this case, we have

Nox
1+«

Mo «
B1l+a’

~

n s IOZ

ng = (12)

where

4w 3
o =
3T

0.

The physical meaning of the parameter a becomes clear
if we rewrite it in the following form:

ArL3n /n
“T 73 ?/E'

Thus, « is equal to the ratio of the ionization rate in the
Wigner—Seitz cell to the recombination rate on the grain
surface at the maximum value of the flux Iy = —ng /5.
So, the parameter « characterizes the relation between
the volume and surface recombinations: for @ < 1, the
plasma density is determined by the balance of the vol-
ume ionization and the surface recombination, while, at
a > 1, the surface recombination does not affect the
plasma density. In the above-considered case of not so
small x, the surface recombination does not play any
role.

3. Conclusions

We have derived a theory of dust grain charging and
shielding in highly collisional plasma in the case of
the electron and ion mean free paths and the grain
radius smaller than the plasma screening length with
an arbitrary relation between the mean free paths and
the grain radius. The effects of the volume processes
of plasma ionization and recombination are also consi-
dered.
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ITPOLECU 3APAJKN TA EKPAHYBAHHSA ITNMJIOBUX
YACTHMHOK V¥ 3BITKHEHUX ITJTASMAX

C.A. Bpowin, JI.I. Jdauxos, A.I. Xpanax, C.B. Baadumupos
PeszowMme

EdexTn 06’emuux mporeciB ionizamil i pekoMmbinarii B mia3mi 3a-
3BUYAil HE PO3IVIAJAIOTHCH JJIsl CIIPOIIEHHSI aHAJITUYHUX MO/IeJIei
3apsiIKA Ta eKPAHYBaHHS ITHUJIOBUX YACTUHOK B KOMILJIEKCHI ILIa~
3mi. Ase, i epbeKTH MOXKYTb OYTH BaXKJIUBUMHU B 6ararbox BUITAI-
Kax i Ix moTpibHO BpaxoByBaTH B CAaMOY3TO?KEHIX TEOPIfAX 3apsii-
KM Ta eKpaHyBaHHs IMJIOBHUX YaCTHHOK B 0O’€MHUX CTPYKTypax.
YV nmaniit poboTi y3araJbHEHO HAIly TEOPETHIHY MOZEb CHIBHO 3i-
tkuenol wiazmu (JI.T. Ipsukos u ap., Phys. Plasmas 14, 042102
(2007)), BpaxoBytoun ioHizamio i pekoMmbiHanio B 06’eMi.
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