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Langmuir wave instability in a dusty plasma
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By means of a self-consistent theory for dust charging, it is shown that the dust-charge relaxation process

leads to an instability of the Langmuir waves.
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The effect caused by the charge fluctuations of dust grains
in a plasma has been of interest [1-16] for some time be-
cause of the many applications of dusty plasmas in space and
technology. In the absence of other plasma motion, such as
collective plasma oscillations, the charge on a dust grain
tends to return to its equilibrium value when perturbed, cor-
responding to a pure relaxation process. However, when
there exist other density and potential fluctuations [10-16],
such as those associated with the collective oscillations, the
currents at the dust grains can be affected, resulting in a
change of the dust-charging process.

Recently, the interaction of dust-charging with collective
plasma oscillations has been investigated [13—15]. In these
studies, the electrostatic probe model [12-15,17,18] for the
dust grain is used. The average dust grain is assumed to be a
spherical conductor immersed in an equilibrium plasma.
Electrons and ions can flow into the sphere according to the
difference in the electrostatic potential between the local
plasma and the grain surface. Existing results from
electrostatic-probe theory [17,18] are then used. It has been
found [13-15] that dust-charge relaxation can result in the
damping of various electrostatic modes. In particular, it was
found that instability can only arise in the presence of
streaming of the electrons or ions with respect to the dust
grains.

In the probe model, both the electrons and ions in the
vicinity of the dust grain are assumed to be in local thermal
equilibrium. One version assumes equilibrium electrons but
cold, monoenergetic ions. In both cases, the currents, which
shall be referred to as the grain currents, flowing into the
dust grain are taken from the standard electrostatic-probe
theory [17,18]. The effect of collective oscillations on dust
charging is then included through the particle densities and
the electrostatic potential appearing in these predetermined
grain currents. Based on the argument that the dust grain is
well shielded and that the steady-state particle distributions
are not affected by the perturbations, the grain currents are
obtained without taking into account self-consistently the
plasma oscillations. Thus, for many applications of these
models one must pay special attention to the difference in the
electron and ion time scales of the predetermined grain cur-
rents, since the electron and ion densities and the potential
appearing in the latter are not explicitly time scale depen-
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dent. For example, in considering high-frequency waves on
the electron time scale (which is shorter than the charge-
relaxation time) in weakly collisional dusty plasmas, the per-
turbation ion grain current could not be correctly represented
by a formula obtained by assuming that the ions are in ther-
mal equilibrium even in the perturbed state. It could also not
be represented by the monoenergetic-ion model, since the
perturbed ion motion could not be included in the (constant)
flow speed appearing in the latter. In fact, from physical ar-
guments there should not be any perturbation of the ion grain
current since the ions cannot react to the high-frequency
waves. Furthermore, since the electrons are involved in the
oscillations, they depart from thermal equilibrium. It follows
that the Debye shielding of the dust grain and the electron
grain current must be dynamically affected by the high-
frequency waves. In this paper, we consider the linear cou-
pling of the Langmuir waves with the charge-relaxation pro-
cess by neglecting the ion grain-current perturbations and
including self-consistently the perturbations of the electron
grain current in the presence of the Langmuir wave motion.
It is shown that the Langmuir waves are unstable, and the
rate of the dust-charging process differs from that obtained
by assuming equilibrium electrons and ions.

Since the dust grains are much heavier than the ions and
electrons, their dynamics is on a much longer time scale, so
that they can be treated as an immobile but nonstationary
background in which the dust charge can vary in space and
time. The equilibrium (steady-state) grain currents are calcu-
lated assuming thermal-equilibrium electrons and ions. The
perturbation electron grain current will be obtained using
self-consistent kinetic theory. Although there exist steady-
state ion grain currents, the ions do not respond at all
to perturbations at the electron time scale w;el
=(4me*n,g/m,)” 2 [which is much shorter than the ion
response time w,,' =(4me’n,q/m;)~?] and the dust-charge
relaxation time, so that there is no perturbation in the ion
grain current. That is, for the perturbation the immobile
background consists of the variable-charge dust grains and
the fixed-charge ions.

In the probe model for the dust grain, the latter is charged
by the the plasma currents at the grain surface. Thus we have
[12-15]

o0
I=1€+1i’ (1)

where Q is the charge of the immobile dust grain. The elec-
tron and ion grain currents /, and I; are
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= —_—, (6)
8T e(p,— )] - - m, w—kv,
= —ma’e © ngoexp| |+ I o(7, b),  (2) .
me T, where E,=—d,¢ and perturbations of the form
expli(wt—kx)] have been assumed. We have also assumed
and that the dust-charge variation is small compared to the total
number of electrons in the plasmas.
8T; e(d,— o) The perturbation dust charge is then
Ii:Ii(): 7T£12€ T['m-"i0|:1— gT- 0 N (3) P &

where a is the dust-sphere radius, m, ;, T, ;, and n,q;, are
the mass, temperature, and equilibrium density of the elec-
trons and ions, respectively. We have defined n,, I,, and
¢ as the perturbation electron density and grain current, and
the perturbation potential, respectively. Furthermore,
¢, — ¢y is the potential difference between the grain and the
unperturbed local plasma, so that the unperturbed dust
charge is Qg = C(¢,— o) <0 where C is the capacitance of
the grain. In the absence of the perturbations, the electron
and ion grain currents are equal and the grain surface is at the
so-called floating potential. Since the calculation for the
monoenergetic-ion model is basically similar, we shall not
discuss it here.

Note that Qg is to be considered as the mean charge of the
dust grains. In the earlier studies [12-15], ¢ in (2) and (3)
is replaced by the total local plasma potential ¢= ¢+ ¢ and
the perturbation currents /, ; are calculated by expanding the
exponentials. This implicitly assumes that the ions and elec-
trons can respond to any variation in the potential as if they
are in thermal equilibrium, an assumption which is clearly
not valid for perturbations on the Langmuir wave time scale
unless the electron collision frequency is much larger than
the plasma frequency. On the other hand, a similar difficulty
does not arise for the spatial scaling, since the dust size is
usually much smaller than the Debye length or wavelength.

The total mean charge Q consists of Q and a fluctuating
part Q, which is governed by [13-15,17]

30 .. ©_
a—?+ nQ=I=—e¢ f foo.Qod®, @)

where v,,=(—2eQ,/m,C)"? is the minimum speed an elec-
tron must have in order to arrive at the grain surface, and f is
the perturbation electron distribution function to be calcu-
lated self-consistently. The charging rate 7, originating from
the variations in the effective collision cross section due to
the charge perturbations at the grain surface as experienced
by the unperturbed particles, can be written as

1 1
= —
7 e““"(cre CT,—eQ,

The effective collision cross section is

ZeQO
m,Cv?

. )

a(v,Q¢)= waz( 1+

The perturbation electron distribution function f is given
by the solution of the Vlasov equation [15,18],

e’E, * ﬁvlf()

mJw—in)l), w—kv,

Q: U(T(U,Q())d}l,’. (7)
Thus the coupling of the dust-charge relaxation process with
the collective plasma motion is effected through the plasma
density as well as potential perturbations.

In equilibrium, there is overall charge neutrality, i.e.,
enjg—en,o+ Qongo=0, where nyq is the density of the im-
mobile dust grains. The linearized Poisson’s equation is then

V2p=4m(en,—ngs Q). (8)

which we note also contains the dust-charge perturbation Q
and no ion density perturbations.
One can easily obtain from (6)—(8) the linear dispersion
relation for the Langmuir waves
iw, ndojx 9y _fo

1= —x,+
Xe K (w—in) n. Vg~ Uy

vo(v,Q9)dv, (9

Um

where v ,= w/k is the phase velocity and

, )
w5, 1 (= O, fo
Xe= 77~ - f d*v (10)

~xUgp~ Uy

is the electron susceptibility [18].

The integration in (9) can be performed using spherical
coordinates for the wvelocity space. In the limit
v4e>vr.=VT./m, for propagating electron plasma waves,
one obtains

5

pe :
- pe (
(w—in)w? 0, (11)

Bow
1+ x.+

where the electron susceptibility y, is given by

2 2.2
o 3k“v
(1+ L)+ ix,

_ _ _pe
Xe w2 Py
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and

8

B=3 ﬂ,azndo( eQo| [(eQo!

~Cr exp( —), (13)

T, 1/2
) ( 7.C
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where N, = v,/ w,, is the electron Debye length.
The dispersion relation can be written as

(wz—wi+iw;eXL)(w—i77)=*iﬂwf,(,. (14)
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where w; = (wlz,e + 3k%v%,)'? is the Langmuir wave fre-
quency.

Equation (14) is cubic in w and has three roots. We note
that if a—0, the roots would correspond to the usual Lang-
muir waves with w=*w;, —iw,.x;/2 and the purely
damped charge-relaxation mode w=i#n (— 0).

Although (14) can be solved analytically, it is instructive
to make use of the contrasting magnitudes of the parameters
involved and obtain accurate approximate solutions. Since
w;>n,B, we find

w1’2= + (J)L+ 51’2, w3=l’)7+ 63, (15)
where 8, , 3 are given by
2 2
w w
Si=—i= S +iv, &=, 16
12 2 W2 L, 03=ip . (16)
where |8; 53] < @, and v, = —w,.x, /2 is the electron

Landau damping.

Thus, if B8>2|v;|, the Langmuir waves are unstable.
For long-wavelength oscillations, the growth rate is 7y
= (B/ 2)(w§e/ w}), and the dust-charge relaxation rate is en-
hanced by B( wlz,e/ wf). Our result differs considerably from
those of the earlier models [13—15], which assume that the
electrons and ions near the dust grains maintain thermal
equilibrium even in the presence of the high-frequency per-
turbations, so that they respond to the perturbations through
the electrostatic potential with only a delay caused by the
grain capacitance. The present instability exists because on
the Langmuir wave time scale the ions cannot contribute to
the grain current, and the electrons behave as a warm fluid in
the perturbations.

From the condition 8 > 2|v.|, one can obtain the range
of unstable wave numbers. This condition can be rewritten as

4 eQo ng _ iNmTo,, 3 1

1= 557 | eol— > =53exp| =5 — 5722

3 2CT, neo  N2KON3 2 2k\2
(17)

which has been expressed in terms of the known equilibrium
current /9. As an example, we found that for T, = 107;=1
eV,n, = 0.9n,0= 10'?> cm™3, and @ =1um, instability oc-
curs for kA, < 0.23. Furthermore, the range of unstable
wave numbers increases with the dust density, since the num-
ber of electrons participating in the damping is then reduced.
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We have shown that the coupling of charge relaxation of
the dust grains with Langmuir waves leads to an instability
of the latter. That is, there can be energy transfer between the
plasma waves and the dust-charging process. Similar insta-
bilities are expected to occur for other high-frequency
(@ > w,;) waves. The instability resembles certain dissipa-
tive instabilities such as those associated with ionization
[19]. It is not clear how the present instability is saturated.
Over longer times, we expect that effects involving collec-
tive ion motion can come into play (e.g., when the finite-
amplitude Langmuir waves become modulated by the ion
waves) and limit the instability evolution. However, during
the short [20] growing stage, the enhanced Langmuir waves
could have already altered the properties of the plasma
through various other interactions. Besides the usual quasi-
linear and nonlinear mechanisms for instability saturation,
here there is also the possibility of enhanced shielding of the
dust grains.

We should emphasize that results such as the present one
are strongly dependent on the model of the dusty plasma.
The probe model used here and elsewhere is at best a rough
representation. In particular, although the total charge is con-
served, the total number of electrons and ions is not con-
served (even in equilibrium) in the probe model, since unlike
the probe itself, the dust grains are not connected to an ex-
ternal circuit [21], and can thus indefinitely absorb the
charged particles. Furthermore, in reality most dust grains
are not spherical and are made of dielectric rather than con-
ducting material, so that they may also act as charged dipoles
or multipoles in the presence of the electrostatic potential of
the plasma oscillations. These would greatly affect the
shielding properties of the plasma and thus the physics (in
particular, the close-range interaction force among the
grains) of the problem. Another important property not taken
into consideration is the large variation in the size, mass,
shape, composition, charge, and spatial distribution of the
dust grains in the plasma. Such inhomogeneities are highly
dynamic and can strongly affect the normal modes as well as
other plasma phenomena.
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