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Scattering of electromagnetic waves in dusty plasmas with variable charges
on dust particles
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The scattering of electromagnetic radiation in multicomponent unmagnetized plasmas with dust
particulates is considered. It is demonstrated that the eHect of capture of electrons and ious by the
dust particles can aHect the scattering of the electromagnetic waves. In particular, dependence of
the scattering cross section on new parameters characterizing the charging process is found. The
expressions for static longitudinal dielectric permittivity taking into account perturbations of the
capture process are 6rst obtained.

PACS number(s): 52.25.Dg, 52.35.Ra, 52.35.Fp, 52.75.Di

Study of dusty plasmas is important for a number of
applications in laboratory plasmas and modern plasma
technologies (e.g. , plasma etching), as well as in space
plasmas and a plasma of the earth's environment [1—12].
The dust particles (grains) are highly charged as a rule,
and are of size a much less than the Debye length rD, .
The grains are charged by plasma currents, photoemis-
sion, secondary emission, etc. Previously, mostly plasmas
with constant (on characteristic time scales of considered
processes) charges on dust particles have been consid-
ered. However, recently [8—12] effects of variable charges
on dust particles have been investigated. In this case,
the collective waves pertubate the process of dust charg-
ing which in turn effects the dielectric properties of dusty
plasmas.

Scattering of electromagnetic waves in plasmas [13—15]
is a powerful diagnostic method which has been success-
fully used in laboratory and active geophysical experi-
ments (see, e.g., Refs. [16—24]). For dusty plasmas, this
technique is useful for many applications, e.g. , in esti-
mation of pollution in the earth's atmosphere. If heavy
dust particles are embedded, they obviously contribute
to the scattering process. In consideration of a dust par-
ticle, the usual Thomson scattering is small and mostly
efFective is the so-called transition scattering [25] which is
connected with scattering by screening cloud surrounding
the massive charged particle. Recently, scattering of lon-
gitudinal [2,3] and electromagnetic [4,5] waves in dusty
plasmas has been investigated for the cases of linear and
nonlinear screening of the dust grains. However, effects
of dust charging have not been considered in Refs. [2—5].

Here, on the basis of a recent kinetic theory [10,11] of
dusty unmagnetized plasmas, the process of scattering of
electromagnetic waves is considered taking into account
effects of variable charges on dust particles. The model

o' = ~ dk(1+cos 0)cm T
16m ~o

xb(~o —/~t, + k'e~),

where 0. is the cross-section of the Thomson scattering,

8' e4
CT 3m, c' (2)

c is the light speed, 0 is the angle between incident
and scattered waves, subscript 0 corresponds to the in-
cident wave with frequency ua ——(u2, + ke2c2)i~2, m,
and —e are the electron mass and charge, respectively,
uz, ——(4wn, e /m, ) is the electron plasma frequency,
and —Z&~e is the "effective charge" of the dust particle.
In the linear approximation, the effective charge is given
by

ze~=z (3)

where —Zge is the equhbri»~ charge of the dust particle,
and

+ Gg —1(t-) ( )

considers spherical immobile dust grains with the same
radius a, which are linearly screened by plasma parti-
cles. We demonstrate that the scattering cross-section
is now dependent on auxiliary parameters characterizing
the dust plasma component.

To find the (transition) scattering of electromagnetic
waves on a dust particle, we use the procedure elaborated
in Refs. [4,5]. In particular, the scattering cross-section
is given by
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is the complete static dielectric permittivity (i.e., e&
corresponds to the dielectric function of a plasma com-
ponent) taking into account perturbations of the charging
process. Thus, to 6nd the scattering cross-section for the
problem considered, it is necessary to obtain expressions
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for the dielectric functions.
The current on a dust particle is given by [26]

I(q) = ) dve o vf,
Vg

where the subscript o. = e, i describes electrons or ions,
v—:lvl is the particle speed, f is the distribution func-
tion of the corresponding particle velocities, e is the
electron (ion) charge (e, = —e and e; = e), q is the charge
of the dust particle, and 0 = 0 (q, v) is the charging
cross section,

id'& ——— dvcr, vf, = 2V 2+a vz'Enge
n

+—vg P (12)

To obtain this equation, we used (8). Note that expres-
sion (11) takes place for any P and for n, g n, C. ompar-
ison of this rate with the ion-ion collision frequency [1Q]
demonstrates that this process can be the most impor-
tant dissipative process for dusty plasmas. Purthermore,
the &equency v,'& characterizing the rate of capture of
electrons by dust particles in the equilibrium state can
be introduced by

I( var (i —,r' v. ) if

l 0 f 2Cca Q
GtTLa %7~

m is the electron or ion mass. The phase volume Q~

of integration in v space is defined by step function 0„
see (6). The last inequality in (6) gives restriction on
particle charging speeds only for electrons (we remind
that the dust particles are negatively charged, i.e., q & 0).
Therefore, only sufficiently fast electrons can charge the
dust particles.

For equilibrium distribution functions, we have

where we have assumed Maxwellian distribution of elec-
trons. The rate (12) determines specific damping of
Langmuir and electromagnetic waves due to charging ef-
fects in dusty plasmas.

In kinetic description of the charging processes (see
for details Ref. [11]), the distribution function of dust
particles can be defined as

f& = f~(q, r, t),

where the charge q is the additional independent variable.
In the case of spherical grains with the same radius a and
the same equilibri88m charge —Zge, we have

I'~(—Zge) = Q. (7) f~ = nlrb(q+ Zge).

For the first moments we then find

(14)

Equation (7) defines the charge of the dust particle in
the state of equilibri»~. If the equilibrium distributions
are thermal, then the equilibri~~m charge is given by

( Zqe'8 ~~ (T; Zqe'l"exx
I

—
I

= " —'+
vg. ( aT ) vz;. (T, aT

and

ng —— pdq = const

1
qf~dq,

Ag
(16)

where or~ = (4nn;e /m, )
i' is the ion plasma frequency,

vz ——(T /m )ii'2 is the thermal velocity, and T is the
corresponding temperature.

Furthermore, it is convenient to introduce the dimen-
sionless variables (see [10])

Zge

T.

where T,~;) is the electron (ion) temperature. Also, we
introduce the following dimensionless parameter [6,7]

Bfg B
~ +

B
I(q)fa=o.

Bq
(17)

The kinetics of electrons and ions are described by the
usual distribution functions f The corre. sponding ki-
netic equations for the electrons or ions taking into ac-
count charging collisions is given by

where Q is the averaged charge of a dusty particle. The
corresponding kinetic equation is given by (we suppose
that the dust particles have infinite masses and, conse-
quently, v& = 0)

nd aT
A~ e

(10)
Bf Bf e Bfd-v. + E = —f rr vfrf dq (18).
Bt Br m

where np is the dust density. Note that the value of P
can vary largely depending on the plasma parameters.

The charging dissipative process is described by the
charging frequency v&~ which for Maxwellian particle dis-
tributions is given by

BI(q) 1 (1+~+ z) . (»)
Bq g2~ vr'

q= —Zpe

fa = fg'+ ~f~ (19)

l~f~l && If&I l~f I && If I
and iinearise kinetic equa-

In the equlibrium state, we have the isotropic equilibrium
electron (ion) distribution f'i; the term with magnetic
Beld in the expression for the Lorentz force has been ne-
glected in the left hand side of (18).

We introduce (small) perturbations of the above dis-
tribution functions
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and

) e~o' 0~v f~eq I 2 seq

~ —k . v + iv'~ (v)

nd
Gk cap - eq

(d + xvd

+iv

where

o'q = — o (q) fq~dq = (r (—Zge)
ndBbfq B i9

Bt Bq
+ —[I"(q)bf ]+—[bI(q)f,"]= O,

Bq
(2o)

and

tions (17) and (18) with respect to these perturbations.
Furthermore, we suppose that external sources compen-
sate the electron and ion capture by the dust in the zero
approximation. Here we note that, in principle, the ion-
ization process can either be perturbed by bf, '(e.g. , if the
ionization is due to electron impact) or can affect dust
(e.g. , if the ionization is by radiation). For simplicity, we
exclude such possibilities in the present investigation.

Thus we obtain for the dust particle distribution func-
tion

where

I(q) = I'q(q) + bI(q),

6I(q) =) f dve v vdf
a

I'q(q)f~~dq = 0,

For the electron (ion) distributions we have

Mf Bbf e Bf' I

Bt Br m Bv

v'~~(v)b—f —bv g(v) f'~, (22)

where v g(v) is the rate of electron (ion) capture which
depends on v [such that v'q& ——f dvv' &(vq) f'q/n ], and

v e(v) = f v vfe dq, 6v e(v) = f v vdfedq (qq).

Note that the equilibrium rate (12) is connected with
(23) by

Bo (q)
Bq

(3o)

= vedQv + $ f dve 6f
a

Therefore, for the longitudinal dielectric permittivity we
find

4' e2 1
&ku = 1 + — cLv

k2 m (d —k.v + iv'q~(v)

„(v) 1+r,.& i Bf: i
(u+iv~" 1+G), )' ( Bv ) '

Note that u' is also the step function on v, which should
be taken into account by the same phase-space volume
Vd of integration over v as in integration of expressions
containing the charging cross section (6).

To calculate the longitudinal dielectric permittivity, we
use a Poisson equation in which the Fourier component
of the linear charge density perturbation is given by

&e
(24)

where k = ]k!, and

Therefore, we finally find that Fourier component of
the linear perturbation of averaged charge on dust parti-
cles is (df —k v + Iv g(v)

~

~ ~ (33)

1 1 I ' dQ~. = ., G
—

& (q)f~(d+zvd 1+Gk~ Ad
(25)

and that of the linear perturbation of the electron (ion)
distribution function is given by

In the case of Maxwellian particle distributions and
static [(u « max(kvT. , vq, v'~q)] longitudinal perturba-
tions, we have the following expressions:

%7Lda, e Vz; 1
k,w=p

ie /m Bf'q
(d —k. v+ iv'q(v) Bv

(d + i v~~ 1 + GI, ur —k . v + iv'~~(v)

x I„'.) q „"Zq. (26)
aIld

xe (34)

I(1)( ) d n n
(u —k . v + Iv'~ (v)

(e Bf
(m Bv )

(27)

In Eqs. (25) and (26), the following notations have been
used:

7 + Z KTLda, XC
Gk, =o= —— dx21+T+z k p z+z

1 2z + e1+ - — dx
1 + T AT p x

k rx
!

x arctan!
(Irn~a& ~x+ z) (35)
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Thus, in the considered static approximation we have

1
k, =p ——1+

k2rD2

4xnga 1+

=1+
De

1
k r

+v 7 +z 1+Ik, —p

7 1+7 +z1+Gk, —p

~+z1+P hr ( 1+r+z ) (36)

~k ~=p= 1+ +(e) 1 4mnga r + z 1+ I'k,
k2r k2 1+&+z1+Gk~—p

( 7-+z=1+„!1+P Fk!.
kzrDz. g 1+~+z (38)

Thus, for the effective charge (3) we finally find

k2r~
—1

ZP = S~! 1+ —+ rDe
1+PFj, (7. + z)/(1+ 7 + z) )

(39)

We have found that the efFective cross-section of scatter-
ing of electromagnetic waves on a dust particle depends
not only on the scattering parameter 1/kr~, but also on
parameters characterizing charging process, in particular
P.

To conclude, we have studied the scattering of incident
electromagnetic on a dust particle taking into account
the charging efFects. The recent kinetic theory [10,11]
which allows us to consider self-consistently the process

where r~; = reap ~v is the ion Debye length and the form
factor I"j, is defined by

kpCap=p1+I' p
(37)1+%,, =o

We see that the charging process leads to the appearance
of an additional real part in the static longitudinal di-
electric permittivity. In particular, this additional term
depends on parameter P No. te also that factor before
the function Ej, in the right hand side of (36) is exactly
equal to v,'&q/v&q, see (12).

For the electron part of the longitudinal dielectric per-
mittivity, which is present in Eq. (3), we can easily obtain
from (32)

of charging and its perturbations due to collective oscil-
lations has been used to calculate the scattering cross-
section. It is found that the eEect of capture of plasma
electrons by dust particles leads to the dependence of
the effective cross-section on parameters characterizing
the charging process. Also, the expression for static di-
electric permittivity in dusty plasmas taking into account
the capture process is presented.

The considered situation corresponds to the case of
small surface grain potential po. ]ego]/T. « 1, when we
take into account only linear terms in the Poisson equa-
tion. In the case of high surface potential, ]ep o)/T, ) 1,
another approach is needed (if the charging process does
not pertubate by plasma fields, the problem has been
investigated in Ref. [4]). We also note that the elastic
scattering effect can be important [3]. The latter is sim-
ilar to nonlinear I andau damping: the dust grains play
the role of the second wave, and plasma electrons interact
with the low-phase-velocity beat wave from the incident
wave and zero —frequency wave due to plasma inhomo-
geneities around the grains. This efFect has been investi-
gated in Ref. [3], and its contribution to high-frequency
(~ ~„,) longitudinal dielectric permittivity is propor-
tional to Z&zn&z/n2 = z2Pz. This indicates that (at least
for P » 1) the above effect could be significant for scat-
tering of electromagnetic waves. However, even for the
simplest case of constant charges on dust particles, no
corresponding investigation has been done yet.

The obtained results should be useful for diagnostics
in various multicomponent dusty plasmas such as those
technological devices, earth's ionosphere, etc. Finally,
we note that the developed kinetic theory can be used
to study non-static scattering efFects in dusty plasmas
with variable charges on dust particles (i e , wh. en. fre-
quency of scattered wave is not equal to that of incident
wave, u„g uo). In the latter case, the effective scat-
tering charge depends on br@ = u„—ufo, and we have
the same expression (3) where the corresponding dielec-
tric permittivities are functions on bur also. Expressions
for the low-frequency dielectric permittivities in the case
kvT, )) bu )) kuT, have been found in Ref. [10].
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