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The linear dielectric response formalism has been used to calculate
the total force acting on a small absorbing spherical grain
immersed in a highly collisional, weakly ionized plasma subject to
a weak external electric field. Taking both the ion and electron
absorptions on a grain into account, it is shown that the total
force, which is the resultant of the electric, ion and electron drag
forces, is always directed along the direction of the electric force.
The “effective” charge of a grain, which can be defined as the ratio
of the total force to the strength of the electric field, is comparable
to the magnitude of the actual grain’s charge.

1. Introduction

The “complex” or “dusty” plasma is a mixture of
electrons, ions, micron-size charged particles, and a
neutral gas. Often a large-scale electric field is present
in complex plasmas. The direct effect of the electric
field is to exert the electric force on highly charged
dust particles. On the other hand, the indirect effect
is to produce the ion and electron drag forces on grains
which are nothing but the momentum transfer rates from
drifting ions and electrons to grains. The competition
between these different types of forces is responsible
for different types of static and dynamic properties
of the grain component, it affects wave phenomena,
etc. [1]. Often the ion drag force dominates over the
electron drag force because of a large ion-to-electron
mass ratio. However, this situation can be changed,
when the electrons drift much faster than the ions

because of their much higher mobility. It was shown
in [2] that, in the collisionless regime, the electron drag
force can indeed dominate over the electric and ion drag
forces provided the electron-to-ion temperature ratio is
not too high.

In this work, we analyze the electric force, ion and
electron drag forces in a highly collisional plasma subject
to a weak electric field taking the plasma absorption
on the grain surface into account. The importance of
the plasma absorption on a grain has been discussed
recently [3,4]. We use the linear response formalism
to derive the electric potential distribution around a
grain. From this, the resulting electric field at the grain
position and the corresponding total force acting on
the grain are obtained. In doing so, we show that the
total force, which is the sum of electric, ion drag and
electron drag forces, is proportional to the electric field
and always acts in the direction of the electric force. The
proportionality constant represents the effective grain
charge such as F = Q.gE. It is further found that
Qe ~ Q, where @ is the actual charge of the particle,
implying that the ion and electron drag forces are of
minor importance as compared to the electric force in
the considered highly collisional regime.

2. Formulation

In our model, we consider a small spherical negatively
charged grain which is placed in the highly collisional,

IThe results of the work were reported at the 2nd International Conference “Dusty Plasmas in Applications” (August 26-30, 2007,

Odesa, Ukraine).

ISSN 2071-0194. Ukr. J. Phys. 2008. V. 53, N 11

1049



M. CHAUDHURI, S.A. KHRAPAK, G.E. MORFILL

Normalized potential

10
Normalized distance

Fig. 1. Potential distribution behind a non-absorbing spherical
grain for three different normalized ion mean free paths, £&. Other
plasma parameters are z = 1, 7 = 2, a/Ap = 0.01, Mp = 0.03,

where z is the normalized grain charge and a is the grain radius

weakly ionized plasma with a constant external electric
field Eqg. The grain is stationary and absorbs plasma
on its surface. The ions drift in the direction of the
electric field, whereas the electrons drift in the opposite
direction. The electric field is sufficiently weak so that
both the electron and ion drifts are subthermal: Mz, =
|ua|/vr, < 1, where vy, = \/Ta/mq is the thermal
velocity and M7, is the thermal Mach number of the
corresponding species. Here, a = i(e) for ions (electrons).
There are no plasma sources or sinks except at the
grain surface which is fully absorbing. In the highly
collisional regime, both the ion and electron components
are suitably described by the hydrodynamic equations.
The corresponding continuity and momentum equations
are

V(navae) = —Jad(r), (1)

(VvaV)Ve = gul(e/mq)E — (Vna/na)v%a — VaVa, (2)

where n, and v, are, respectively, the density and
velocity of the corresponding species, J;) denotes the
ion (electron) fluxes that the grain collects from the
plasma, and E is the electric field. In Eq. (2), ¢; = +1
and g = —1. The above system of equations is closed
with the Poisson equation

A¢ = —4me(n; — ne) — 47 QH(r), (3)

where (Q is the particle charge.

3. Results, Discussion, and Conclusion

The self-consistent electrostatic potential around an
absorbing point-like grain is calculated using the
standard linear dielectric response technique. Assuming
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Fig. 2. Potential distribution behind an absorbing spherical grain
for three different normalized ion mean free paths, £. Other plasma

parameters are the same as those in Fig. 1

the plasma perturbation to be proportional to o
exp(ikr), we get [3]

47Q exp(ikr)dk+
(2m)? X1

dme exp(ikr)dk
" (2m)3 a;e/ Xo @

where

X1=k2 14+ Z

a=t,e

op(r) =

2
Wpa
(%) ]

. X192
Xoo =W | 7 kun — iva) |~

Here, wpo = \/4mnqe?/mg is the plasma frequency
of the corresponding species and Q2 = k%%a

ku, (ku, —iv, ). The first term in Eq. (4) represents the
potential of a non-absorbing point-like grain [5], while
the second term represents the sum of the contributions
to the potential due to ion and electron absorptions
respectively [3]. Figures 1 and 2 show the potential
distribution behind non-absorbing and absorbing grains,
respectively. For a non-absorbing grain, there always
appears a positive space charge region behind the
grain, which corresponds to the ion focusing (the so-
called “wake effect”). Absorption affects qualitatively the
distribution of the electric potential. The magnitude
of the effect is determined by three dimensionless
parameters: the electron-to-ion temperature ratio (1),
ion drift velocity normalized to the ion thermal velocity
(Mr), and the ratio of the ion mean-free path to
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the plasma screening length (£). Depending on these
parameters, the potential downstream from an absorbing
grain is either negative for all distances or can take
positive values at intermediate distances [4].

From Eq. (4), we get the polarization part of the
total force experienced by a test grain using the relation
Fp = —QV¢P |r:0' This yields

e’} 1
Fp :w_l/k3dk/udux
0 —1

Q°Im {x; (. k) } + Qe Y Tm {x.'(w,k)}|,  (5)

a=1i,e

where p = cosf and 6 is the angle between k and E.
In our model, we have considered the hydrodynamic
approach both for ions and electrons, the applicability of
which requires k¢, < 1. Using the flux balance condition
J; = J. for a floating grain and small ion and electron
drift velocities, kf, > Mr, , and integrating, we get

Fp = (1/6)(Q%/kp) > (dakba/la) Mr,+

+(1/6)(Qe/kp) Z (JaMz, /lovr,) X
x[(2 = kpa/kD) + (Lvr, /levr,)® (kpa/kD)?]- (6)

The first term in the above equation represents
the sum of ion and electron drag forces acting on a
non-absorbing grain. The expression for the ion drag
force coincides with the expression derived earlier in [5]
with the use of a more general kinetic approach in the
considered limit of highly collisional ions (¢; < Ap).
The result shows that the ion drag force increases with
the ion collisionality. The physical reason is the ion
focusing effect: behind a negatively charged grain, ions
form a positive space charge region due to the focusing.
As the collisionality increases, the focusing point shifts
toward the grain, and the amplitude of the potential
increases, which makes the ion drag force larger (see
Fig. 1). The ion and electron drag forces experienced by a
non-absorbing grain are directed along the drift velocity
of the corresponding species, i.e. they act in the opposite
directions. The ratio of their absolute magnitudes is
(T./T;)?. This implies that, in one-temperature plasmas
(T, = T;), they exactly cancel each other. In highly non-
thermal plasma (T, > T;), the ion drag force (directed
opposite to the electric force) dominates. The ratio of
the ion drag force to the electric force is (1/6)3 where
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B = z7(a/Ap) is the so-called scattering parameter [6,7].
Here, z = |Q|e/aT, is the dimensionless grain charge,
7 = T./T; is the electron-to-ion temperature ratio, and
a is the grain radius.

The second sum in Eq. (6) is the contribution to
the drag forces due to ion and electron absorptions.
Under most typical plasma conditions f./¢; ~ 10 —
100, v, /vr, ~ 102 — 103, and T, /T; ~ 1 — 100, we can
approximate the absorption parts of the ion and electron
drag forces as

(F)abs = (1/6)(Qe/kp) (JiMr, /o, ) (1 + kb / kD),
and

(Fe)ans = (1/6)(Qe/kp)(JeMr, [tilevr,) (kpe/kp)?,

whose ratio is |F;/F.|aps ~ (T./T;)?. Tt is clear that the
effect of ion absorption reduces the absolute magnitude
of the total ion drag force for negatively charged grains,
whereas the effect of electron absorption increases the
total electron drag force. We note that, by neglecting
the electron absorption (J. = 0) and the electron drift
(ue = 0), we get the expression for the ion drag force
obtained earlier in [3].

In the continuum regime (¢, < a) and for
infinitesimally small grains (a < Ap), we use the simple
analytical asymptotic expressions for the charging
fluxes, J. = J; =~ 4dmaztnel;vr, where ng is the
unperturbed plasma density [8]. The total drag force can
be then written as

Fp = —(1/6)Q%*kd_ Mr,(L;kp) " (kpi/kp)*—
—(1/6)Qk}, M, (Lckp) ™ (1 + kd,/k}) =

= (1/6)(QEo)(8/7), (7)

i.e., both the ion and electron drag forces are directed in
the same direction (opposite to the electric field). This
is associated with the fact that the ion absorption on a
grain changes the direction of the ion drag force in highly
collisional plasmas [3], whilst the electron absorption
increases the magnitude of the electron drag force. The
absolute ratio of the total ion and electron drag forces is
|Fi/F.| = (T./T,).

In our model, it is not possible to self-consistently
estimate the forces associated with the “drift
momentum” transfer from ions and electrons on the
absorption by a grain. A rough estimate of these
forces is ~ Jom(eyui(ey for the ions (electrons). These
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contributions are smaller than the corresponding drag
forces by a factor of ~ (7/8)(¢;/Ap)? for ions and
~ (72/B8)(vr, Jvr.)(£iJAp) (L /AD) for electrons. Thus,
in highly collisional plasma, it is reasonable to neglect
the above-mentioned effect. The grain effective charge,
Qe = F/Ey, in the considered parameter regime can
be written as

Qet/Q =1+ (1/6)(B/7). (8)

The application of the linear theory requires 8 < 1 [5],
while 7 is usually larger than unity. Thus, we have
Qe = Q. This implies that both the ion and electron
drag forces acting on an absorbing grain are small as
compared with the electric force in the considered case
of the highly collisional plasma.

This work was supported by DLR under Grant
50WP0203.
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BAXKJIMBICTDB ITOIVIMHAHHS TIJTASMOBUX YACTMHOK
171 PO3PAXYHKY PE3VJILTYIOYOI CUJINU, 1110 AI€
HA ITOPOHLIVMHKY V¥ IIJIASMI 3 HACTUMU
SBITKHEHHAMM Y 30BHIIIHBOMY

EJIEKTPUYHOMY IIOJII

M. Yayoxapi, C.O. Xpanax, I'.€. Mopgin
PezowMme

3acTocoBaHo dopMaJIi3M JIHIKHOrO AIeIEKTPUIHOrO BIATYKY JJIst
PO3pPaxyHKy Pe3yJbTYIO4YOl CUJIY, IO JIi€ HA HEBEJUKY IOIVIMHA-
04y cdeprudHy MOPOIIMHKY B CJIabKO ioHi3oBaHiil miasmi 3 4a-
CTUMHM 3ITKHEHHSIMU, SIKa 3HAXOIUTHCH y CJIAOKOMY 30BHIIIHBOMY
€JIEKTPUYIHOMY TOJIi. 3 ypaxyBaHHSM MHOIVIMHAHHSI €JIEKTPOHIB Ta
i0HIB ITOPOIIMHKOIO IIOKA3aHO, 110 PE3YJIbTYI0Ya €JIEKTPUIHOI CUIIH
i CHJI raJIbMyBaHHS €JIEKTPOHAMY Ta I0HAMU 3aBXK /1M Ma€ HAIIPSIMOK
esieKTpraHOI cuiin. “EdekTuBHuit” 3apsij MOPOIIMHKY, SIKAA MOXK-
Ha BU3HAYUTH K BiJIHOIIEHHS PE3yJIbTYIOYO0] CUJIU JO HAIIPY?KEHHST
€JIEKTPUYHOTO IT0JIsI, € IOPIBHAHUM 38 BEJIMYMHOIO 3 11 (paKTHIHUM
3apsIOM.
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