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An investigation of charging a spherical particle in partially ion-
ized nonisothermal plasma is carried out on the basis of the numer-
ical solution of the BGK (Bhatnagar—Gross—Krook) model kinetic
equation. Stationary values of the particle charge and the electron
and ion currents are calculated for various collisional regimes. It
is verified that, for the strongly collisional regime, the effective
potential has a Coulomb form at large distance from the particle
surface. A new BGK-type model for binary gas mixtures is pro-
posed. It is shown that this model satisfies all the basic properties
of Boltzmann collision integrals including the correct exchange co-
efficients. A high-order implicit numerical method for solving the
kinetic equations is developed. The method is conservative with
respect to the collision integrals for arbitrary values of the Knud-
sen number.

1. Introduction

Studying the grain charging and screening in a plasma
background is an important problem in dusty plasma
physics. The process of grain charging is governed by
ion and electron currents. For typical plasma parame-
ters that are recorded in experiments on dusty plasmas,
the collisions between charged particles can be neglected.
Consequently, the ion and electron fluxes to the grain
surface are influenced mainly by electron-neutral and
ion-neutral collisions. The frequency of these collisions
depends on the density of neutrals. The grain charging
in a weakly collisional background is considered in many
works, e.g., [1,2]. The opposite limit of a strongly col-
lisional background is investigated in [3] on the basis of
a drift-diffusion approach. In addition, the ion velocity
distribution and the ion current on a particle in plasma
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are calculated in [4, 5] on the basis of the BGK model
kinetic equation for ions.

The aim of this work is to study the charging and the
screening of a spherical grain in all collisional regimes,
including the transient one. In this regime, the electron-
neutral and ion-neutral mean free paths are comparable
with the Debye length. The charging process is inves-
tigated on the basis of kinetic equations for ions and
electrons in the sphericaly symmetric case. Boltzmann
collision integrals in these equations are replaced with
BGK-type model collision integrals that satisfy all ba-
sic properties: conservation laws, correct equilibrium
state, entropy inequality, and correct exchange coeffi-
cients. The last property is crucial for particles with
different masses (e.g., electron-neutral systems). The
kinetic equations are solved numerically by means of a
high-resolution implicit conservative scheme that is de-
scribed below in detail. For simplicity, He is considered
as the example of a plasma background. In all com-
putations, the plasma background temperature equals
To = 0.1 eV, plasma background density equals n? =
n? = 10'% cm™3, electron-neutral collision cross section
equals 0., = 5 x 10716 cm?, ion-neutral collision cross-
section equals o, = 27.9 x 10716 ¢cm? (charge exchange
cross section), and grain radius equals rop = 1072 cm.
The density of background neutrals varies in the range
nd =101 + 108 cm=3.

2. Basic Equations
As mentioned above, we consider only two types of

plasma particles: ions and electrons. Moreover, let us
consider, for simplicity, only singly ionized ions. In view
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of a low density of charged particles, we can neglect col-
lisions between them and assume that electron-neutral
and ion-neutral collisions do not change a state of neu-
trals. Hence, let us consider the kinetic equations for
ions and electrons with regard for the spherical symme-
try. In this case, the distribution functions for ions f;
and electrons f. depend on time ¢ > 0, radius r > 0,
radial velocity —oo < &, < 0o, and absolute value of an-

§2+ &5 > 0, where &, and & are

components of the angular velocity. The kinetic equa-
tions have form

dfe

gular velocity £ =
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where J.,, and J;, are electron-neutral and ion-neutral
collision integrals, respectively. The equation for the
self-consistent electric field E reads as
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where n. and n; are the electron and ion densities, re-
spectively. The grain charge emerges due to a difference
between the electron and ion mobilities. The equation
for the grain charge can be written as follows:

4Qy
dt

2
= —drrie (nju; — neue)T:TD , (4)
where @), is the grain charge, and u., u; are electron
and ion velocities, respectively. The electron and ion
macroscopic parameters (density, velocity, temperature,

etc.) at each value of radius r are calculated as the
moments of the distribution functions f. and f;:
na =2 [ [ fa des (5)
—oo 0
27-(- oo o0
U = ni &rfa §dE,dE, (6)
afoo 0
2 oo o0
— m _ 2
=g [ a6 - ua)? £ g, 7)
—oo 0

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 2

where a = e,i, and T, is the temperature of charged
particles.

The problem for Egs. (1)—(4) is considered in the
domain 79 < r < R, t > 0. It is assumed here that
the point 7 = 0 coincides with the grain center, and a
value of R is large enough to suppose that plasma at this
boundary is undisturbed. At the left boundary (on the
grain surface) r = 7o, the following boundary condition
is used:

fo=0,f=0, & >0, E=Q,/(4meord). (8)

It should be noted that the distribution functions for
falling particles at this boundary, i.e., for & < 0, are
obtained from the solution of Egs. (1)—(2) in accordance
with the classical problem statement for the Boltzmann
equation. Thus, the ion and electron fluxes on the grain
surface, i.e., at the point r = rg, in Eq. (4) are calculated
with the use of Egs. (5) and (6).

At the right boundary r = R, the undisturbed back-
ground distribution functions are maintained:

3/2 2 2
o_,o0f Me me (&7 +&°)
fe =T (27T]€T0> exp <_ 2]{3T0 ) ) (9)

3/2 2 2
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where £, < 0. Here again, the distribution functions for
& > 0 are obtained by solving Eqs. (1)—(2).

For the initial moment ¢ = 0, we assume that the rela-
tions f; = f2, fe = f2, and Q, = 0 hold. In the present
work, we are mainly interested in the steady-state solu-
tion of Egs. (1)—(4). In that case, the final steady-state
value of the grain charge is obtained as the steady-state
solution of Eq. (4), the final radial distributions of ion
and electron macroscopic parameters are obtained from
the steady-state solution of Eqgs. (1)-(2) and (5)—(7),
and the final radial distribution of the electric field is
obtained from (3).

(10)

3. Model Collision Integrals

Further, let us consider the BGK-type model collision
integrals J.,, and J;,. For brevity, only electron-neutral
systems are considered. Thus, the electron-neutral
model collision integral reads as

L”)(Mf—fe),

— 1_
Jon = e (e Je) e S,

(11)
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where w, = vin,, Wen is the reduced electron-neutral
mass, n, is the density of neutrals, and the coefficient
vy characterizes the electron-neutral collision frequency.
The functions M} and M? are as follows:

3/2 2 2
Mel =n, ( m@A ) exp (W) , (12)
’ 2kT, 2kT,

3/2 2 2
™ en en

where ce,, = §T — Uen, Ce = gr — Ue,

Mele + Mp U,

Uen = me + My, ;
. T, + 1T,
T., = %,

3kT€ = 3kT. + me(ue — uen)Q,

and wu,, is the velocity of neutrals. It can be shown that if
the neutral-electron collision integral J,,. is also written
in the form (11), then the model collision integrals Je,
and J,. satisfy all basic properties (conservation laws,
entropy inequality, correct equilibrium state) of Boltz-
mann collision integrals. In addition, the proposed form
of model integrals provides a correct expression for its
first moments, i.e., the correct exchange coefficients are
achieved.

4. Numerical Method

The equations (1)-(4) are solved numerically in dimen-
sionless form. The following dimensionless variables are
used for electrons: 7 = r/ro, t = tro/ve, fe = ne/nl,
Te = Te/T07 & = g’r/ve7 § = 5/’06, Ue = ue/Uea
fe = fev3/n?, where v, = /2kTy/m.. For ions, we
use the dimensionless variables 7 = /7, t = tro/vi,
g =ng/nd, Ty = T; /Ty, & = & Jvi, £ = &/vi, G = i/ vs,
fi = fiv3/n?, where v; = \/2kTy/m;. The dimension-
less electric field is E = E (erg/2kT,), and the dimen-
sionless grain charge is Q, = Q,/(4nr3n%). The fi-
nal dimensionless form of the basic equations is omit-
ted for brevity, but it should be noted that, in the final
form, these equations contain three basic dimensionless
parameters: rp — non-dimensional Debye length, K., —
electron-neutral Knudsen number, and K;,, —ion-neutral

Knudsen number that have the form

1 2]{1T0€0
rp = —
D= e2n?
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Ken = UeTen/r0>

Kin = UiTm/To-

The electron-neutral collision frequency is defined as
.8 = n8\/2E5/me 0epn, and the ion-neutral collision
frequency is defined as Ti:Ll =n0(4/3)\/8kTo /T 1hin Tin,
where i, is the ion-neutral reduced mass.

In order to digitize the kinetic equations (1), (2) and
Eq. (3) we introduce a conventional finite-volume mesh
in the physical and velocity spaces. At that, the mesh
in the velocity space is uniform, and the radial mesh is
nonuniform with clustering at the grain surface. For the
time digitization of Egs. (1) and (2), the implicit fac-
tored scheme [6] is used. Spatial derivatives are approx-
imated by means of the 5-th order finite-volume WENO
scheme [7]. Ton and electron macroscopic parameters are
calculated from Egs. (5)-(7) by means of the second-
order central point quadrature rule. In order to make
the method conservative with respect to the collision in-
tegrals for arbitrary values of the Knudsen numbers, the
correction procedure proposed in [8,9] is used. Equation
(4) for the grain charge is solved by the one-step explicit
Euler method, and the electric field is obtained from the
integral form of Eq. (3) (by means of the Ostrogradskii—
Gauss theorem):

E(r) = 4%20, (14)
where o < r < R, and
Qr)=Qy + 471'/6 (n; —me) r2dr (15)
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is the total charge within a sphere with radius r. The
integral in (15) is calculated by means of the composed
trapezoidal method. In all computations, we took R =
50rp, where R is given in dimensionless form.

5. Numerical Results

Let us consider the results obtained from the numerical
solution of Egs. (1)—(4). In all computations, the dimen-
sionless Debye length equals rp = 0.33, and the approx-
imate equality K., ~ K, holds. Figure 1 illustrates the
final steady-state relative charge distributions Q(r)/Qg
for various Knudsen numbers. Here, Q(r) is calculated
with the help of Eq. (15), and @, is the steady-state
solution of Eq. (4). The density, velocity, and temper-
ature radial distributions for various Knudsen numbers
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Fig. 1. Relative charge distribution for various Knudsen numbers
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Fig. 2. Density distribution for various Knudsen numbers
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Fig. 3. Velocity distribution for various Knudsen numbers

in the final steady-state regime are shown on Figs. 2-4,
respectively. It should be noted that all values presented
in these figures are obtained for dimensionless variables.
Thus, we refer the reader to the beginning of Section 4
for more details.

One can see from Fig. 2 that there exists a sheath
near the grain surface that ranges up to 10rp. For
the strongly collisional regime where K., < 10rp, we
observe the Coulomb-type asymptotic behavior of the
screened field with some effective charge (see Fig. 1,
K., = 0.17). This result correlates with that of [3].
In the opposite limit of a collisionless sheath where
Ko > 10rp, we observe a finite screening length (see
Fig. 1, K., = 17). This result is also in agreement with
analogous calculations [1, 2]. For the transient regime
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Fig. 4. Temperature distribution for various Knudsen numbers

where the sheath is weakly collisional, we also observe
the Coulomb-type asymptotic behavior of the screened
field (see Fig. 1, K., = 1.7). But, in this case, the value
of effective charge is smaller than that for the strongly
collisional regime.

Finally, Fig. 5 demonstrates the grain charging kinet-
ics for various Knudsen numbers. Here, the grain charge
Qg is measured in 47rrin’e, and the time ¢, is measured
in ro/ve (see Section 4). The dotted line in this figure
represents a stationary value of the grain charge. One
can see from Fig. 5 that the stationary value of the grain
charge decreases with decrease in the Knudsen number.
In addition, one can observe a nonmonotonic behaviour

of the charging curve. As shown in Fig. 5, the grain
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Fig. 5. Grain charging kinetics for various Knudsen numbers. Dot-
ted line shows the stationary value of the grain charge

charging is a two-stage process. The first stage is rela-
tively short. Its duration is approximately 10rq/v., and
this stage corresponds to the establishment of the elec-
tron flow. The second stage is longer than the first one.
It corresponds to the establishment of the ion flow, and
its duration increases with decrease in the Knudsen num-
ber. Hence, the total duration of the establishment of
the steady-state regime depends mainly on the duration
of the second stage of the charging process.

6. Conclusions

In the present work, the grain charging kinetics is inves-
tigated numerically on the basis of model kinetic equa-
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tions for ions and electrons. A new BGK-type model for
binary gas mixtures is proposed. It is shown that this
model satisfies all the basic properties of Boltzmann col-
lision integrals including correct exchange coefficients.
A high-order conservative implicit numerical method for
solving the kinetic equations is developed.
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YUCEJIBHE JOCJIII>KEHHA KIHETUKNW SAPANI?KAHHSA
YACTMHKN HA OCHOBI KIHETUYHOI'O PIBHAHHS
BATHATAPA-TPOCCA-KPYKA

L.JI. Cemenos, A.I. Bazopooniti, I.B. Kpusuyn
PeszmowMme

IIpoBeneno pociijizkeHHs1 3apsi/iKaHHsI CHEPUIHOI YACTUHKU B
YaCTKOBO 10HI30BaHili Hei30TepMidHii IJ1a3Mi Ha OCHOBI YHCE/Ib-
HOT'O PO3B’SI3KYy MOZEJIBHOIO KiHETHYHOrO piBHsSIHHS BarHarapa—
I'pocca—Kpyka. Busnadyeno cramnionapHsi 3Ha4eHHs 3apsijja YaCTHH-
KM, €JIEKTPOHHOI'O Ta IOHHOTO CTPYMIiB Il Pi3HUX PEKUMIB 3i-
TKHeHb. [loKa3aHO, 10 B KOHTHUHYAJILHOMY DEXHUMi epEeKTUBHUMA
OTEHIliaJl Ma€ KYJIOHIBCbKHUI BUIJISAJ Ha BEJUKUX BiJICTaHSX Bif
9aCTHHKHU. 3anponoHoBaHo HOBY mozens BI'K tumy nis 6imapmol
cymimi razis. IlokazaHno, 1o jaHa MOJeNb 3aJ0BOJIbHSIE OCHOBHI
BJIACTUBOCTI iHTerpaJiB 3iTkKHeHb BojbIiMaHa, BKIIOYAIOYN KOpe-
KTHI DiBHsSIHH# IIepeHOCy. PO3p0o6/IeHO HEsIBHY CXeMy BHUCOKOIO I1O-
PAIKY TOYHOCTI JJist pO3B’sI3Ky KiHETUYHOrO piBHsIHHA. [TokasaHo,
110 METOJ| € KIHETUYHO KOHCEPBATUBHUM IIPU JIOBIIbHUX 3HAYEH-
HiAX uncia KHynceHa.
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