
Propagation of waves in dusty plasmas with variable charges 
on dust particles 

Sergey V. Vladimirov+ 
Research Centre for Theoretical Astrophysics, The Universiv of Sydney, New South Wales 2006, Australia 

(Received 29 November 1993; accepted 20 April 1994) 

The propagation of eIectromagnetic and Langmuir waves in multicomponent unmagnetized plasmas 
with dust particles is investigated. The effect of capture of plasma electrons and ions by the dust 
particles is taken into account. The recent theory proposed by Tsytovich and Havnes [Comments 
Plasma Phys. Controlled Fusion 15, 267 (1993)] to describe the kinetics of the capture process, as 
well as its perturbations, is further developed. The new wave damping due to this effect is 
calculated. 

I. !NTRODUCTiON 

The physical processes in dusty plasmas1-‘5 are studied 
intensively because of their importance for a number of ap- 
plications in space plasmas, the Earth’s environment, as well 
as in laboratory and several technologies (e.g., HF plasma 
etching). The dust particles (grains) are highly charged as a 
rule, and are of size a much less than the Debye length rDe. 
The grains are normally charged by plasma currents, photo- 
emission, secondary emission, etc. Previously, mostly plas- 
mas with constant (on characteristic time scales of consid- 
ered processes) charges on dust particles have been 
considered (see, e.g., Refs. 2-8). However, recently,‘~‘0-‘2 
effects of variable charges on dust particles have been inves- 
tigated. In this case, the collective waves pertubate the pro- 
cess of dust charging, which, in turn, effects the dielectric 
properties of dusty plasmas. This influence is especially 
strong for low-frequency waves (i.e., waves with frequencies 
much less than the so-called charging frequency).‘,‘07” The 
influence of the charging process (and its perturbation) on 
the propagation of high-frequency electrostatic waves was 
briefly discussed in Ref. 1 (but has not been considered in 
detail). The propagation of electromagnetic waves in such 
plasmas has not been studied yet. 

Here, we develop a kinetic theory of dusty unmagnetized 
plasmas with variable charges on dust particles. The exact 
expressions for the longitudinal and transversal dielectric 
functions are derived. We demonstrate that because of vari- 
able charge of the dust particles, the high-frequency electro- 
static and electromagnetic waves have additional damping. 
The corresponding rates are calculated. 

II. CHARGING CURRENT AND CHARGING 
FREQUENCY 

We consider spherical dust grains (with the same radius 
a) embedded in an unmagnetized plasma. The current on a 
dust particle can be described by’.y”3 

Qq)=C 1 dv ea@sfa, L1 

a’Permanent address: Department of Theory, General Physics Institute, 
Vavilova 38, Moscow 117942, Russia. 

where the subscript a=e,i describes electrons or ions, u=]v] 
is the particle speed, f, is the distribution function of the 
corresponding particle velocities, e, is the electron (ion) 
charge, 4 is the charge of the dust particle, and o~=oJ~,u) 
is the charging cross section, 

~7~=m*(l--~~j, if $<l, 

%q aa=O, if 2 31’ 
am,v ’ 

m, is the electron or ion mass. Note that the phase volume of 
integration in v space is defined by step function gC ; see (2). 
The last inequality in (2) gives restrictions on particle charg- 
ing speeds only for electrons (ee= - e, we are reminded that 
the dust particles are negatively charged, i.e., q<O). There- 
fore, only sufficiently fast electrons can charge the dust par- 
ticles. 

For equilibrium distribution functions fz, we have 

P(q) = 2 J dv ea’T,zJjy (3) 
a 

and 

1”q( -Zde)=O, (4) 
where q = - Z,e is the equilibrium charge of a dust particle. 
Equation (4) defines the charge of the dust particle in the 
state of equilibrium. 

Furthermore, it is convenient to introduce the dimension- 
less variables (see Ref. l), 

Ti Zde2 
~~---, 

T, 
fez------ 

aT, ’ (5) 

where T,(i) is the electron (ion) temperature. Also, we intro- 
duce the following dimensionless parameter:14,t5 

nd aTe P=--7, 
n, 

where rid(e)) is the dust (electron) density. Note that the val- 
ues of Zd and P can vary largely depending on the plasma 
parameters. 

The charging dissipative process is described by the 
charging frequency uiq, which for Maxwellian particle dis- 
tributions is given by 
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vp2!!$ 1 Wait 
=-&-- (l+T+z). (7) 

9= -Zde 

Here, 0~i=(47~~ie*/mJ*” is the ion plasma frequency (for 
simplicity, we assume ei=e) and vn=(Ti/mi)t’* is the ion 
thermal speed. Comparison of this rate with the ion-ion col- 
lision frequency’ demonstrates that this process can be the 
most important dissipative process for dusty plasmas. Fur- 
thermore, the frequency v,~ eq characterizing the rate of capture 
of electrons by dust particles in the equilibrium state can be 
introduced by 

nd #qd=- 
n.5 I 

dv u-,vf,=2~a2v@&-z 

where we have assumed Maxwellian distribution of elec- 
trons, and u re= (T,lm,) ‘I* is the electron thermal velocity. 
Note that this rate exceeds the rate of Coulomb collisions 
between the electrons and the negatively charged dust par- 
ticles if zG1, which is usually fulfilled in plasmas where 
most of the negative charge resides on the dust particles, i.e., 
where PPl and n,Gni. The rate (8) determines specific 
damping of Langmuir and electromagnetic waves due to 
charging effects in dusty plasmas. 

III. KINETIC THEORY OF DUSTY PLASMAS WITH 
VARIABLE CHARGES ON DUST PARTICLES 

We introduce (see Ref. 1) the distribution function of 
dust particles, 

fd=fd(q,f,th (9) 

where the charge q is the additional independent variable. 
For the first moments, we then have 

nd = 
I 

fd dq = const (10) 

and 

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, consequently, 
ud=o) 

2 +; I(q)fd=o. (12) 

The averaged current on a dust particle can be defined as 

It is easy to see that 

I zeq( q)fiq dq = feq( -zde) = 0. (1% 
nd 

This state of equilibrium corresponds to the equilibrium dis- 
tribution function ydq of charges on dust particles. In the case 
of spherical grains with the same radius a and the same 
equilibrium charge -Z&, we have 

Pdqq=ndi?(q+zde). (16) 

The kinetics of electrons and ions are described by the 
usual distribution functions f ~. The corresponding kinetic 
equations for the electrons or ions taking into account charg- 
ing collisions is given by 

Jf, af, en Jfa 
F+v.x+mE.av=- 

I 
(+d’(fdf a - fiqe)dq. n 

(17) 

We assume that in the equilibrium state the electron and ion 
capture by the dust is compensated by external sources and 
the equilibrium electron (ion) distribution pz is isotropic. A 
term with a magnetic field has been neglected on the left- 
hand side (LHS) of (17). 

Now, we introduce (small) perturbations of the above 
distribution functions, 

(18) 

Isfdi+fdi, Isfal+ifal, and linearize kinetic Eqs. (12) and 
(17) with respect to these perturbations. 

Thus, we obtain for the dust particle distribution func- 
tion, 

asfd d 
dt +-I& [zeq(@fdl+; [sz(q)f14]=o, (19) 

where 

z(q)=zeq(q)+ SZ(q), 
I 

Zeq(q)f”d dq=O, 

dve, u,v 6fn. 
cm 

For the electron (ion) distributions, we have 

asf* asfa Jf? - +v* dr at +zE., 

= - v~~(~)sfa- 6~ad(v)fedl, (21) 

where v&(u) is the rate of electron (ion) capture that de- 
pends on v, 

v;gv,= 
I (+8$dq 4, 6v,d(v)= 

I 
CT& 6fd dq. 

(22) 

Note that the equilibrium rate (8) is connected with (22) by 

v;l=$ dv ~~~(v)f”,~. 
I 

(23) 

In the state of equilibrium, we have 
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1 -- 
Ak”-(27r)4 I 

i 1 1 
A (r,t)exp( - ik+r+ iot)dr dt, (24) &&,,=- - - 

w+iviq l+Gkw nd s 
&:( 4 )pdq 4. (33) 

we find from (21), 

-i 
Sfa.kw= o-k.v+iV”,gd(v) 

+ I UC&’ sfd,kwf? 4 . 
i 

(2% 

Now, we integrate (19) over q and obtain (w#O) 

s 8fd,ko dq=O- (26) 

Furthermore, we multiply (19) by q and integrate over q to 
find 

- iwnd @kw= 
I z”q(‘?)Sfd,kw dq+ I az(dk,fe,q 4 

=- vzqnd &i&w+ sl(q)k,fed4 &t 
s 

(27) 

where viq is the charging frequency (7): To obtain the last 
expression on the RHS of (27), we used 

Sfd,kw=nd[S(q+Zde-SQk,)-S(qfZde)l, (28) 

and took into account that SQ+ jZ&?j. 
To calculate the last term on the RHS of (27), we divide 

the perturbed charging current 6Z(q) into two parts: 

SZ(q)= sz’*‘(q)+ 81(2’(q), (2% 

where 

61;;(q) = 2 1 dv - ieaaav 
a 

(5 Eku. f$), 
w- k.v+iVL%(v) m, 

and 

&f;(q) = c dv - ieeCr@v 
0 I w-kd-iVe,gd(v) 

(30) 

I c+,(q’)v 

where 

x ~fd,kw(q’)feo9 dq’ 

=nd &h,C s - ie,a,a~v*$~ 
dv w-k V+iveq(v) 3 t31) . 

a cd 

J~crG?) @’ E--- 
LI 

Jq * 
(3% 

Note that ai is also the step function on v, which should be 
taken into account in Eq. (31) by the same phase-space vol- 
ume of integration over v as an integration of expressions 
containing the charging cross section (2). In deriving the last 
equality on the RHS of (31), we again have used (28) and 
&Q-%Iz,el. 

Thus, for the perturbation of averaged charge on dust 
particles, we obtain 

The factor Gkw in (33) iS given by 

G kw 
_ -nd c j- dv e@ae,guhu2f? 

w+ivT (t w-k.v+iVe,%(v) 

(gJ)ea~;v~ 
w-k++iVe,%(u) ’ (34) 

where we have used (22) and introduced 

ueq,l (Y nd I %(d$dq dq= Q-a(--Zdeh (35) 

Finally, for the linear perturbation of the electron (ion) 
distribution function, we find 

Sfa,kw= - 
ie,fm, 

Ekw * 
v-2 1 

o-k.v+iv:%(v) dv+- w+iv:q 

1 
X- 

dPf”2 
l+Gkw W-k*V+iVe,9d(V) I 

&:!q)f;q dq. 

(36) 
The expressions (33) and (36) contain all necessary informa- 
tion for the calculation of the linear dielectric permittivities 
of dusty plasmas with variable charges on dust particles. 

IV. DIELECTRIC PERMIITIVITIES 

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

Pkw= fld @kw+- c I dv ea af a,ku + (37) 
a 

Therefore, for the longitudinal dielectric permittivity, we find 

1 
dv Wk4’+iV~d(V) 

where 

- ied.vf~q 
w-k++iVe,4,(v) ’ 

(38) 

(39) 

e”, 
=-I m, dv 

i Qd( v > 

0 co- k.v+ iv;\(u) 

(40) 
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Analogous expressions were obtained in Ref. 1 [note another 
definition of factors I’(‘) and G by (39) and (34), respec- 
tively, comparing those in Ref. 11. 

For the transversal dielectric permittivity, we use Max- 
well equations with the corresponding current density 

j=c id ” eav affo,kw. 

Thus, we obtain the following formulas: 

ui 

o-k.v+iv;$(u) 

(41) 

(42) 

where for Gkw we have the same expression (34); @A is 
given by 

r;;,i=x dv I -ie,U&uui$~ 

(I o-k.v+ivz\(u) ’ (43) 

and ,Y$ is defined by 

iv”,9d(u) 
o-k*v+ivz$(u) 

(44) 

The transversal dielectric functions (42) and (44) has not 
been obtained previously. 

We can combine (38)-(40) as well as (42)-(44) to ob- 
tain 

&=I+ gc 2 1 dv o-k.v:iv0g(u) (1 ad 

ivzd(u) l+rti 
1+------ 

CO+~V$~ l+G,, (45) 

and 

2 
E!$l+?x e, 

1 

w a ma o-k*v+ivedfi(u) 

iv”,s,(u) rf; i 
vi+-- 

wfiv? l+G, 

In the case of Maxwellian particle distributions and 
sufficiently high frequency [o - mpe%= max(kvrC ,vzq, vzj), 
where tipe = (49rn,E2/m,)1’2 is the electron plasma fre- 
quency] of longitudinal waves, we have the following ap- 
proximate expressions: 

(47) 

(48) 

(In the last formula we neglect terms of the second order in 
small parameters, (jed) /CA) Therefore, the factor in brack- 
ets in (45) is given by 

iv:%(u) i+rti 
1+-- 

iv:%(u) 
w+ivzq l+Gk, 

-l+- 
w * (49) 

For high-frequency 
P max(kvr, ,vzq, v:jJ], we find 

transversal waves [o 

kiu$, ivzq 
l-1; i-- - 

w w’ (50) 

and its contribution equals zero because of transversal char- 
acter of the dielectric function [note that all small corrections 
to (50) of relative order k2u;Jw2 are also proportional to ki , 
i.e., the contribution of I’(r) to transversal dielectric permit- 
tivity is exactly equal to zero]. Thus, for transversal waves 
all damping effects are defined by the rate of capture of 
plasma electrons by dust particles in denominator o 
- k-v + iv”,qd(u) of transversal dielectric permittivity (46). 

In Sec. V, we analyze in detail the dispersion properties 
of longitudinal and transversal waves in the plasma consid- 
ered. 

V. WAVE DISPERSION AND DAMPING 

We start our calculations from the factor i vi!$(u)( 1 
+ rf;)/(o+i~:~)(l +Gkw) that is present in expressions 
(45) and (46) for longitudinal dielectric permittivity. For 
high-frequency waves [o- ~,,~+rnmax(kvr, ,v:~, vz:)], we 
find [taking into account terms small in parameters kuTa/w, 
V~~/PIO, and v~~(u)/o], 

- 
2ik+vve,4d(u) +(k.v)’ [v”,41(u)]2 

f.d= f2 

ivzq 1 =-- 
w ;;z =f 

dv e&u v”,qd(u) 
n ( 

+ i( k-v)= i[C%u)12 ~- 
0 w Fq a7 (51) 

and 
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w+ivzq ivfp 1 
~(li-Gkw)=li----p;3T~ 

a 

~rv~~wl= 
0 

f",". (52) 

Thus, we obtain 

iv:%(u) i+rt; l-k----- 
o+~v;~ 1 +Grw 

=l+F( l--$5 /dve,ghu(k*vj2e). 

(53) 

We see that the next corrections to the approximate expres- 
sion (49) are of the order of v:qvilk2u$Jw4, which is a 
rather small quantity. 

Next, we proceed to calculate the longitudinal dielectric 
permittivity. From expression (45), and using (53), we can 
write 

where 

and 

J 

cc 
K(t)= drexp[-(?-l)z]. 

1 

(54) 

(55) 

66) 

To obtain (54)-(56), Maxwellian equilibrium distributions 
f”z have been assumed. 

Therefore, the charging process leads to appearing of 
additional imaginary and real parts in the high-frequency 
longitudinal dielectric permittivity. These additional terms 
depend on relation between the charging frequency and elec- 
tron plasma frequency. For Langmuir waves, the damping 
due to the charging process is given by 

1 
+-3 (2+z)Q=- fP(2+z) & v;q, (57) 

which is in two times less than the expression presented in 
Ref. 1 (we believe that there was a misprint). Also, the real 
corrections to the plasma frequency lead to its decreasing 
[see (54)]; this fact has been noted in Ref. 1, however, no 
formulas for these corrections have been presented there. 

For the transversal dielectric function we find from (46) 
[taking into account (50) and neglecting corrections of order 
k2u& comparing with (vzj)‘] the foliowing expression: 

- 

2 

-3 l-i 5 (2+2) : 
1 

veq 
= 1 

- \i;;;Ae’( $j2], (58) 

which exactly coincides with expression (54) for the high- 
frequency longitudinal dielectric permittivity. Equation (58) 
gives the following damping rate for electromagnetic waves 
due to the charging effects on dust particles: 

1 w2 
y5M=-3-$ (2+z)v:4,. 

If the frequency of electromagnetic waves does not far ex- 
ceed wPe, when the phase velocity is significantly influenced 
by the conduction current, the damping rate (59) is of the 
order of the electron capture rate vz$ Also note the real 
corrections to the electron plasma frequency, which are also 
effective for electromagnetic waves. 

VI. CONCLUSION 

To conclude, we have studied the propagation of electro- 
magnetic radiation and Langmuir waves in dusty plasmas. 
The recent kinetic theory,’ which allows us to consider seif- 
consistently the process of charging and its perturbations due 
to collective oscillations, is further developed. It is found that 
the effect of capture of plasma electrons by dust particles 
leads to the appearance of specific damping. This damping is 
of the same order for Langmuir and electromagnetic waves 
(if frequencies of the latter are close to the eIectron pIasma 
frequency). Moreover, the charging effects lead also to renor- 
malization of the electron plasma frequency, namely, to its 
decreasing, which is also effective foe electromagnetic 
waves. The obtained results should be useful for understand- 
ing the effects of propagation of electromagnetic and electro- 
static waves in multicomponent dusty plasmas, such as those 
in planetary dust rings, interstellar clouds, and the Earth’s 
mesopause. Finally, we note that the developed kinetic 
theory can be used to study nonlinear effects in dusty plas- 
mas with variable charges on dust particles. We can assume 
that the influence of the charging process will be strong on 
resonant as well as nonresonant wave-wave and wave- 
particle interactions, especially when some frequencies of 
interacting waves or forced nonresonant fluctuations are 
comparable to or smaller than the charging frequency. Some 
of these problems are under consideration now, and results 
will be presented elsewhere. 
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