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The electrostatic shielding of a charged absorbing object (dust
grain) in a flowing collisionless plasma is investigated by using
the linearized kinetic equation for plasma ions with a point-sink
term accounting for the ion absorption on the object. The effect
of absorption on the attractive part of the dust grain potential
distribution in plasma is investigated. For subthermal ion flows,
the attractive part of the grain potential in the direction perpen-
dicular to the ion flow can be significantly reduced or completely
destroyed, depending on the absorption rate (proportional to the
surface area of a grain). For superthermal ion flows, however, the
effect of absorption on the grain attraction in the direction per-
pendicular to the ion flow is shown to be exponentially weak. It is
thus argued that, in the limit of superthermal ion flow, the effect
of absorption on the grain potential distribution in plasma can be
safely ignored for typical grain sizes relevant to complex plasmas.

The problem of screening of a test (non-absorbing)
charged particle in unmagnetized anisotropic plasmas
is known since the late 1960s, starting with the works
of Montgomery et al. [1] and Cooper [2]. Cooper’s so-
lution of the screening problem, obtained for weakly
anisotropic collisionless plasmas, implies that two like-
charged test particles aligned perpendicularly to the
anisotropy axis will attract each other electrostatically,
if they are at a large enough distance from each other.
This attraction can play a vital role in the forma-
tion of dust crystals in complex plasmas [3]. How-
ever, the absorption of ions by a particle affects the
screening and might change, or even eliminate com-
pletely, the attractive part of the screening poten-
tial.

In this work, we investigate how the absorption of
plasma ions by a dust particle (probe) affects the screen-
ing and, in particular, how it affects the possibility of
the attraction between like-charged absorbing particles
in anisotropic plasmas. We consider a small spheri-
cal absorbing body (grain) of charge @, either mov-
ing in isotropic homogeneous collisionless plasma with
velocity u, or immersed in a homogeneous collisionless
plasma with a uniform flow u. The stationary kinetic
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equation for ions in the reference frame of the grain
is

of e of
v L Lo 5L = oo, (1)

where f = f(r,v) is the ion distribution function, ¢(r)
is the self-consistent potential of the grain in plasma.
The right-hand side (rhs) of (1) represents the point-
sink approximation of ion collection by the grain [4—
7], in which §(r) is the Dirac delta-function, and o(v)
is the ion collection cross-section of the body, which
we assume to be isotropic, o(v) = o(v) [the criterion
of validity of this approximation can be expressed as
Vo /Aa < 1, where A, is the characteristic length scale,
at which the anisotropy in the shielding of the grain
by plasma becomes significant]. In collisionless plasma,
o(v) is given by the Orbital Motion Limited (OML) the-
ory [3], o(v) = oomL(v) = ma? (1 — 2e¢;/m;v?), where
¢ is the surface potential of the grain, and a is the grain
radius.

Plasma electrons are assumed to be Boltzmann-
distributed, n. = ngexp(e¢/T.), where ng is the un-
perturbed plasma density, and T, is the electron tem-
perature in energy units. The electron flux absorbed
by the grain is assumed to compensate the absorbed
ion flux, so that the grain charge )y remains con-
stant. The set is coupled by the Poisson’s equation:
—V2¢ = dme(n; — ne) + 47Q46(r), where n; = [ fdv
is the ion number density, and Q40(r) approximates the
charge density of the grain, which is located at r = 0.
This delta-function approximation is justified for grains
small compared to the length scale of plasma screening.

In the absence of the grain, the plasma is assumed
homogeneous and quasineutral, with no electric field
(¢o = 0), and the ion distribution function fo(v). The
grain perturbs the plasma, inducing an electric field
—V¢,(r) in the plasma and perturbing the distribution
functions of ions, f(r,v) = fo(v) + fp(r,v). Assuming
this perturbation to be small, | f,| < fo, we solve the lin-
earized equations and obtain the self-consistent potential
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Fig. 1. Total grain potential ¢, + ¢abs (normalized to Qq4/Ap), in case of subthermal flow, for different grain sizes: panel (a): kpa =0
(no absorption), panel (b): kpa = 1072, panel (c¢): kpa = 2.5- 1072, panel (d): kpa = 10~!. The grain is located at p = z = 0, the
ion flow u is directed from left to right. The ¢ = 0 contour is shown with a thick black solid line on panels (a)—(c¢) [on panel (d), the

potential does not change sign anywhere]. All potentials are plotted for u/vp; = 0.2, 7 = 50, z = 3, ng = 10% cm™3

of the grain in plasma in the form:

_ Qa [exp(ik-r)

ie exp(ik - r)

t55 k‘2D(k) 5nabs(k)dk = ¢Qd (I‘) + d)abs(r)a (2)

272
where ¢g,(r) is the potential of the test (non-absorbing)
charge Qg4, and ¢15(r) is the additional term due to the
absorption of ions on the grain, in which onaps(k) =
Jvo()fo(v)/(k-v—i0)dv. The dielectric function
D(k) in (2) is given by

2 2 .
DO =14 Fhe _ /k O/

k2 nok? k-v—i0

where w,; = \/4mwe?ng/m; is the ion plasma frequency,
and kp. = )\Bi is the inverse electron Debye length,
ADe = Ure/wpe. Approximating fo(v) with a shifted
Maxwellian in the reference frame of the grain, the di-
electric function D(k) becomes:

D(k) =
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where vp; is the thermal velocity of plasma ions, and
W(¢) = exp(—(?)erfc(—i¢) is the plasma dispersion
function of a real argument.

Below, we consider solutions for ¢,(r) of Eq. (2) in
the limits of subthermal (u/vr; < 1) and superthermal
(u/vr; > 1) ion flows.

A. Subthermal ion flows, u K vr;

This limit is relevant to a situation where a grain is
suspended in a weakly anisotropic collisionless plasma
with a subthermal flow (e.g., a grain in collisionless
presheath), or to a grain slowly moving in an isotropic
collisionless plasma. The spatial structure of the corre-
sponding total grain potential ¢ = ¢g, + Paps in this
limit, for different grain sizes (i.e., different ion absorp-
tion cross-sections), is shown in Fig. 1.

At small distances from the grain (kpr < 1), the
potential near the grain is dominated by the isotropic
Debye potential, and the role of absorption on the near-
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Fig. 2. Potential (normalized to Q4/Ap) in the direction perpendicular to the ion flow, in case of subthermal flow. The thick dashed
line shows the potential of a non-absorbing (test) charge, consisting of the Debye and r~3 components shown with the thin solid and
dashed lines, respectively. The thin dash-dotted line shows the =2 term due to the absorption of ions by the grain, and the thick solid
line shows the total potential ¢, + @ans of the absorbing charged grain. The potentials are plotted for uw/vp; = 0.3, a/Ap =2 x 1073

(panel a), and a/Ap = 1072 (panel b)

W)

COTU NN, )

)

M

) )

3

(«

J(«

ﬁ

) =
)
DY

)
D))

@WWWmm

@@W»m»

Q)
(«
@

(@
«

«

(@@
@W@™)™»

(@
(
(«

-10

-0.05

-15

-20
-10 0 10 20 30

-5
-10
-15

-20
-10 10 20

z/h

Fig. 3. Plots of ¢g,(p, z) and ¢aps(p, z) (normalized by Q4/a) for superthermal ion flows. The grain is located at p = z = 0, the flow
velocity u is directed from left to right. The contours represent the equipotential surfaces (note that here the potential between the
contours does not change linearly). The thick contour shows the zero potential surface

grain potential is minor. At large distances from the
grain (kpr > 1), the absorption-induced potential ¢,ps
dominates, i.e., the far field of the grain in plasma is
defined by the absorption of plasma ions on the grain.
[This result, obtained here for collisionless plasmas, qual-
itatively agrees with the findings of Chaudhuri et al. [8]
for the dominant role of absorption in the far-field of
grains immersed in strongly collisional drifting plasmas.]
As seen from Figs. 1 and 2, the absorption of ions by the
grain in case of subthermal ion flows changes the struc-
ture of the grain potential in a qualitative way: for small
grains, it reduces, and for larger grains, it destroys com-
pletely the attractive part of the grain potential. One
should thus account for the effect of ion absorption on
the grain in plasmas with a subthermal ion flow, if one is
interested in the effects associated with the asymptotic
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behavior of the grain potential in the direction perpen-
dicular to the flow, e.g., the interaction of grains and
phase transitions in dust crystals and clusters in the
plane orthogonal to the ion flow.

B. Superthermal ion flows, vr; K u < vg

The limit vp; < u < vy (where vy, = (Tp/m;)'/? is the
ion sound velocity) can be relevant, e.g., to dust grains
suspended against gravity in a collisionless sheath re-
gion of the discharge, or to satellites in the upper iono-
sphere. In this limit, we can approximate fo(v) =
lim,., o no®p (v —u) = ngd(v —u). Neglecting the
electron response (i.e., assuming that electrons are much
hotter than ions, so that electrons do not contribute
significantly to the screening [9]), we obtain D(k) and
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OMabs (k) in this limit:

D(k) =1 —1/(kj — i0)*?,

Onaps(k) = (no/kj)oomr(u),

where k|| is the wavenumber along the direction of u,
and A = u/wy; = (u/vpi)Ap;. Substituting D(k) and
Onans(k) into (2), we obtain the expressions for ¢q,
and ¢aps in case of superthermal flow (not shown here),
whose plots are shown in Fig. 3.

As seen from Fig. 3, the ion absorption on the grain
for superthermal ion flows leads to a qualitative change
in the far-field structure of the grain potential ¢ =
©0Q, + dabs: instead of the quadrupole-like potential, it
becomes the dipole-like potential. However, for typi-
cal grain sizes [10], the characteristic distance at which
this change occurs is large compared to the characteris-
tic spatial scale of the grain field. Therefore, in case of
superthermal flows, the effect of absorption can be safely
ignored for typical grain sizes of complex plasmas [10].
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EKPAHYBAHHS{ ITOTVIMHAIOYNX YACTNHOK
Y IIJTA3MI 3 IIOTOKOM

10.0. Tuweuyvrut, C.B. Baadumupos
PeszowMme

Enexrpocraruune expaHyBaHHS 3apsI2KEHOTO IIOTVIMHAIOYOIO
06’ekTa (IMI0BOT YaCTUHKM) y 6e33ITKHEHil m1a3mi 3 OTOKOM 10-
CJII?KEHO Ha OCHOBI JIiHEapM30BaHOI'O KiHETUYHOI'O DiBHAHHSA JJIA
iOHIB mJIa3MU 3 BpaxXyBaHHSM IX HOIVIMHAHHS TOYKOBUM O0’€KTOM.
JlociizKeHO BIUIMB MOTJIMHAHHS 10HIB HA MPUTATYBaJIbHY YacCTH-
HYy PO3IOZiIy IOTEHI[iaJIy MHUIOBOI YacTUHKY B mias3mi. Jlas mgore-
IUIOBUX IOHHUX IOTOKIB IPUTArYBaJIbHA YACTHUHA IIOTEHIAJIy da-
CTHHKY B HaIpsMi MEPIEHIUKY/ISIPHOMY IIOTOKY I0HIB MOXKe 6yTu
CyTTEBO HOCIabseHa ab0 MOBHICTIO 3HUKHYTH, 3AJI€?KHO BiJl IIBUI-
KOCTi noryimHaHHs (IponopuiifiHol mrony nosepxui yacrunku). s
HaJTEIJIOBUX I0HHUX IOTOKIB IIOKA3aHO, 110 BILIUB IOIIMHAHHS Ha
NIPUTATYBAJIbHY YaCTHHY IIOTEHIialy YaCTUHKH B HAIIPAMKY Iep-
MIEHIUKYJISIPHOMY IIOTOKY 10HIB €KCIIOHEHI[IaJIbHO MaJIuil. 3pobJie-
HO BHCHOBOK IIPO T€, IO Y BHIIAJKY HaJTEIJIOBOIO IIOTOKY iOHIB
IUTa3MH BiTHOCHO YaCTUHKHY BILIMBOM IIOIVIMHAHHS Ha PO3IOLJ IO-
TeHIialy YaCTUHKU Yy IIJIa3Mi MOXKHa 3HEXTYBAaTH JJIA PO3MipiB da-
CTHHOK, III0 XapaKTePHi JJIsl KOMIJIEKCHUX I1JIa3M.
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