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Dust-acoustic wave instabilities in collisional plasmas
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Current-driven dust-acoustic wave instabilities in a collisional plasma with variable-charge dusts are studied.
The effects of electron and ion capture by the dust grains, the ion drag force, as well as dissipative mechanisms
leading to changes in the particle numbers and momenta, are taken into account. Conditions for the instability
are obtained and discussed for both weak and strong ion drag. It is shown that the threshold external electric
field driving the current is relatively large in dusty plasmas because of the large dissipation rates induced by the
dusts. The current-driven instability may be associated with dust cloud filamentation at the initial stages of void
formation in dusty RF discharge experiments.

PACS number~s!: 52.25.Zb, 52.35.Mw, 52.40.Hf, 52.50.Gj
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I. INTRODUCTION

Collective phenomena in dusty plasmas are the subjec
growing interest because dust particulates or impurities o
appear@1,2# in the plasma processing chambers for manuf
turing semiconductor parts. Such particles either grow na
rally in or are externally introduced into the discharge. D
grains are also observed in many space environments,
as interstellar clouds, planetary rings, cometary tails, etc.@3#.

Dusty plasmas are affected by external dc electric fie
such as that in the sheath/presheath regions, or that add
ally introduced for electrode biasing, ion extraction, etc.
such cases the occurrence of directed plasma flows is
avoidable. The latter can give rise to current-driven instab
ties that develop at the dust-acoustic@4–6# or dust-ion-
acoustic@6,7# time scales.

Electron and ion capture/release by the dust grains, u
ally occurring at the same time scale as that of dust cha
variation, can strongly affect collective processes in du
plasmas. A realistic description of plasma particle bala
thus requires a self-consistent accounting of the particle
ation and loss mechanisms such as direct and step-wise
ization, ambipolar diffusion, volume recombination, et
which can also occur at the same time scale in many p
mas. These processes are especially important for main
ing the stationary state of the system@8,9#. It has recently
been shown@10# that particle creation and loss, as well
dust-induced momentum loss of the electrons and ions,
affect the dust-ion-acoustic instability.

On the dust-acoustic time scale, the effects mentioned
affect the dispersion properties of the dust-acoustic wa
@11–16#. The low-frequency dust acoustic waves were fou
to be unstable@17,18#. It has also been demonstrated that i
drag on the dust grains is important for the instability a
can lead to the formation of regions void of dusts in t
plasma@18,22–24#. In this paper, we consider the effects
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plasma particle capture/release by the dusts as well as
drag on the development of the current-driven instability
the dust-acoustic time scale. Relevance of our results to v
formation, dust cloud filamentation, and instabilities in dus
RF discharges is discussed.

The paper is organized as follows: In Sec. II the proble
is formulated and the basic set of equations is given. In S
III, the dispersion relation describing the dust-acoustic ins
bility in an external dc electric field is derived. In Sec. IV
the real and imaginary parts of the frequency are obtained
Secs. V and VI we analyze the instability conditions in t
limit of weak and strong ion drag. Our results and their r
evance to the dust void experiments are discussed in S
VII and VIII.

II. FORMULATION

Consider a three-component plasma in an external
electric fieldE0x̂. The massive dust grains, containing a s
nificant proportion of the plasma’s negative charge,
treated as a charged fluid with varying average charge.
external dc electric field causes the electrons and dust
drift with different velocities in a direction opposite to th
ions. The dynamics of the particles is described by the fl
continuity and momentum equations
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whereE is the total electric field in the plasma including th
steady-state ~zero-order! field E0, and me , mi , md ,
ni , ne , nd , v i , ve , vd are the masses, densities, flu
velocities of the plasma electrons, ions, and dusts, res
tively, Te , Ti , and Td are the electron, ion, and dust tem
peratures, andned and n id are the rates of capture of ele
trons and ions by the dust grains. We assume the dust t
cold, valid for Td!Te ,Ti . In Eq. ~5! the term mdrag

i (vd

2v i) corresponds to the ion drag force acting on dust p
ticles. We have definedS5n ionne2rne

2 , wheren ion is the
ionization rate, andr is the coefficient of volume recombi
nation.

For the effective electron collision frequency, we ha
ne

eff5nen1nei1ne
el1ne

ch, where nen is the electron-neutra
collision frequency,nei is the frequency of electron-ion co
lisions,ne

el is the frequency of the elastic electron-dust Co
lomb collisions, andne

ch is the effective frequency of charg
ing collisions ~due to collection of plasma particles by th
dusts!. For the ion component we have the analogous re
tion n i

eff5n in1n ie1n i
el1n i

ch, wheren in is the frequency of
ion-neutral collisions,n ie is the rate of ion-electron colli-
sions, respectively,n i

el is the frequency of the elastic ion-du
Coulomb collisions, andn i

ch is from the collection of ions by
the dust grains. We note that both the elastic and charg
collisions affect the momentum of the light particles. Add
tional terms affecting the plasma particle densities, such
step-wise ionization, ambipolar, or anomalous diffusion, e
can be added to the right-hand sides of Eqs.~1! and~3!. The
charge neutrality conditionni5ne1Zdnd , whereZd is the
magnitude of the negative dust charge, completes the b
set of equations.

For the dust charging, we adopt the results from the w
known electrostatic probe theory@19–21#. The fluctuation of
the average dust charge is then described by the charge
ance equation

]q̃d

]t
1vd

]q̃d

]x
1nd

chq̃d52uI e0u
ñe

ne0
1uI i0u

ñi

ni0
, ~7!

where

I e052pa2e~8Te /pme!
1/2ne0exp~eDwg /Te!, ~8!

and

I i05pa2e~8Ti /pmi !
1/2ni0~12eDwg /Ti ! ~9!

are the steady-state electron and ion currents at the dust
face, qd05CDwg is the stationary dust charge,C5a(1
1a/r D) is the effective grain capacitance,Dwg5wg2w0 is
the steady-state potential difference between the grain
the adjacent plasma,w0 is the floating potential,q̃d is the
c-
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-
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nd

perturbation of the average charge,ñe and ñi are the varia-
tions of the electron and ion densities, respectively, andnd

ch

5vpi
2 aT/A2pVTi is the dust charging rate, whereT5(Te

1Ti)/Te1wd
el/we

th , wd
el5Zd0e/a, we

th5Te /e, VTi

5(Ti /mi)
1/2 is the ion thermal velocity,a is the average

radius of the dust particle,r D is the plasma Debye radius
vpi is the ion plasma frequency, and the subscript 0 deno
steady-state, or zeroth-order, quantities. Since the exte
electric field leads to a steady ion flowv i05eE0 /min i

eff , the
temperatureTi in Eq. ~9! involves both random and directe
motion, and is approximately given by@20,21# Ti'Ti0

1miv i0
2 /2, whereTi0 is the temperature representing therm

motion. Equation~9! then covers both the thermal- an
monoenergetic-ion limits often invoked in the literature
probe theories@19,20#. For the electrons, the thermal energ
is much larger than the directed energy associated with
steady electron flowve052eE0 /mene

eff due to the externa
field, so that the effect of the latter in the electron charg
equation can be ignored.

Furthermore, for the charging collision frequency we ha
~see, e.g., Ref.@25#!

ne
ch5

3

2
n i

ch ni0

ne0

as

Ti /Te1a
5nd

chags

T , ~10!

where a5T21, g5(Zd0nd0 /ne0)we
th/wd

el , and s541wd
el/

we
th . The rate of electron and ion capture by the grain is giv

by

ned5
ni0

ne0
n id5nd

chag

T , ~11!

and the rates of elastic electron- and ion-dust Coulomb
lisions are

ne
el5n i

ela
Ti

Te

ni0

ne0
expS wd

el

we
thD 5

2

3
nd

chagL

T expS wd
el

we
thD ,

~12!

where L5 ln(rD /a) is the Coulomb logarithm anda!r D .
The electron- and ion-neutral collision frequencies arenen
5NnsenVTe , n in5Nns inVTi , whereNn is the neutral gas
density,sen and s in are the electron~ion!-neutral collision
cross sections,VTe is electron thermal speed@26#. The ex-
pressions for the electron-ion and ion-electron collision f
quencies are given in Ref.@19#.

In Eq. ~5! there are two dissipative terms which affect t
dust dynamics, namelyndnvd , where

ndn;4mnNna2VTn /md

is the frequency of dust-neutral collisions wheremn , Nn ,
andVTn are mass, density, and thermal velocity of the ne
trals, respectively. The other dissipative term ismdrag

i (vd

2v i), where

mdrag
i ;4min0ib

2VS /md ,

is the ion drag coefficient,b;aAp(12Dwg /Ti) is the ion-
collection impact parameter@21#, andVS is the ion-acoustic
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velocity. Equations~1!–~7! together with the charge neutra
ity condition describe the dusty plasma system.

III. DISPERSION RELATION

In the steady state, we havene05(n ion2ned)/r and ni0
5(ned /n id)ne0 for the equilibrium electron and ion dens
ties, and

vd052
Zd0eE0~121/A!

md~ndn1mdrag
i !

~13!

for the stationary dust drift velocity. We have definedA
5Zd0min i

eff/mdmdrag
i . Note that sincen ( i ,e)

eff .(nen ,n in) the
magnitudes of the electron and ion drift velocities are low
than that under the constant charge approximation@4#. The
second term in Eq.~13! is responsible for the pushing of th
dust particles in a direction opposite to the electric fo
acting on the negatively charged dusts. Thus, if the ion d
is weak, the dusts drift in the negativex direction, and if the
ion drag is sufficiently strong, they drift in the opposite d
rection. In particular, ifA.1, the negatively charged dus
particles drift in the same direction as the plasma electro
Otherwise the dusts and electrons drift in the opposite di
tions. A combination of strong ion drag and the ionizati
instability has been invoked as a possible cause of void
dusty RF discharges@18,23,24#.

We linearize Eqs.~1!–~7! and assume that the perturbe
quantities depend onx and t like exp@i(kx2vt)#. We then
obtain for the electron density perturbation

ñe52kne0eẼ/hemene
eff , ~14!

where he5Ve01 i (n ion2ned1k2VTe
2 /ne

eff), and Ve05v
2kve0. For the ion density perturbation, we have

ñi5kni0eẼ/h imin i
eff , ~15!

whereh i5V i01 i (n id1k2VTi
2 /n i

eff), V i05v2kv i0. For the
perturbed dust density, we have

ñd52 i
knd0eZd0

mdVd0@Vd01 i ~ndn1mdrag
i !#

3F ẼS 12
V i01 in id

h iA D1E0

Z̃d

Zd0
G , ~16!

whereVd05v2kvd0.
From Eqs.~7!, ~14!, and~15! we obtain

Z̃d52 i
kuI e0uẼ

hemene
eff~Vd01 ind

ch!
S 11

he

h i

me

mi

ne
eff

n i
effD ~17!

for the variation of dust charge. The expressions for the fl
velocities of the plasma particles can be derived from E
~2!, ~4!, and~5!.

Together with the quasineutrality conditionñi5ñe

1nd0Z̃d1Zd0ñd , the expressions~14!–~17! lead to the dis-
persion relation
r

e
g

s.
c-

in

d
s.

vpe
2

hene
eff S 11

ned

nd
chD 1

vpi
2

h in i
eff S 11

ne0ned

ni0nd
chD

1
ivpd

2

Vd0@Vd01 i ~ndn1mdrag
i !#

S 12
V i01 in id

h iA D50,

~18!

where we have definedVe05Vd02kqe , V i05Vd0
2kq i , qe5ve02vd0, andq i5v i02vd0.

In the limiting case of negligible dust-specific electro
and ion dissipation~by formally settingn ( i ,e)

eff →n ( i ,e)n and
n ( i ,e)d→0), dust-charge variations (nd

ch→0), as well as ion
drag force (mdrag

i →0), the dispersion relation~18! is reduced
to ~7! of Ref. @4#.

IV. FREQUENCY OF THE UNSTABLE MODE

The dispersion relation~18! can be analyzed numericall
for any set of physical parameters. However, analytical
lutions can be obtained in the case when the equilibri
density of the ions much exceeds that of the electrons (ni0
@ne0). This may happen at the initial stage of the filame
tary mode, when the charge densityZd0nd0 of the dusts con-
stitutes a significant proportion of total plasma negat
charge density.

Letting Vd5Vd81 iVd9 and separating the real and imag
nary parts of Eq.~18!, we obtain

Vd952
ndn

2 F11BS 12
km i

Vd8
D 1

mdrag
i

ndn

kq i

Vd8
G ~19!

for the imaginary part of the frequency in a dust frame. W
have definedB5Zd0min i

eff/mdndn . One can see from Eq
~19! that there is no instability ifkq i,Vd8 . If, however, the
relative ion-to-dust drift in the external electric field is su
that q i.Vd8/k, instability of the dust-acoustic waves be
comes possible. The conditions for the instability will b
discussed in detail below. The corresponding real partVd8 of
the frequency is given by

Vd8
25Vd9~Vd91ndn!2mdrag

i n id

1
miZd0

md
~n i

effVd91n idn i
eff1k2VTi

2 !, ~20!

and near marginal stability (Vd9'0) we can write

Vd85Vd08 F11
n idmdrag

i

~Vd08 !2
~A21!G 1/2

, ~21!

where Vd08 5(Zd0mi /md)1/2kVTi is the corresponding fre
quency of the dust-acoustic waves in low-collisional plasm
@11#. If the effects of ion capture/release by the dusts can
neglected~which is formally achieved by equatingn id to
zero!, Vd8 coincides withVd08 .

The condition for the instability strongly depends on t
direction of the stationary dust drift in the external elect
field ~13!. As already mentioned, we see that the dust gra
drift in the direction of the electric force~opposite to the ion
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drift! when the inequalityA.1 is satisfied. This means tha
the effect of the steady electric force on the dusts overco
that of the ion drag force. If the opposite inequality holds,
dust grains are pushed by the ion drag force and move in
same direction with the ions. Note that the inequality var
continuously with growing dust grains@18#. It is possible
thatA.1 is satisfied for initially small grains, and when th
grains becoming sufficiently large the condition becom
eventually violated. We shall therefore consider these ca
separately.

V. WEAK ION DRAG

First, we consider the situation when the electric for
acting on the dusts is dominant, that is, whenA.1. It can be
shown thatq i must exceed the threshold value

q i
thres5

Vd8

k S 11
1

BD S 12
1

AD 21

for the realization of the instability.
From Eq.~21! it follows that the real part of the frequenc

in the frame moving with the drifting dusts is larger than t
frequencyVd08 of dust-acoustic waves in ideal plasmas. No
that in this casevd0,0, andVd8.0, and the relative ion-to-
dust drift is always positive (q i.0) since the ions and dust
drift in the opposite directions.

WhenA@1, the expression for the threshold ion-to du
drift can be approximated as

m i
thresh5

ndn

k S md

miZd0
D 1/2

~11B!F n id

n i
eff

1S kVTi

n i
eff D 2G 1/2

and further simplifications can be obtained for large or sm
~compared with unity! (n i

eff/ndn)(miZd0 /md). In the same
limiting case, from Eq.~19! we obtain that the external elec
tric field must exceed the threshold

E0
thresh'

mi

e
n i

eff
Vd8

k
~11B!S B2

mdrag
i

ndn
D 21

~22!

to achieve the dust-acoustic instability, whereVd8 can be
approximated by Eq.~21!.

We can compare the threshold values of the external e
tric field in the present case (E0

thresh) and in the case (E 0
thresh)

when the effects of ion collection by the dusts as well
ion-dust Coulomb and charging collisions are neglect
Namely,

E0
thresh

E 0
thresh

;
11n i

effZd0mi /ndnmd

11n inZd0mi /ndnmd
A11

n idn i
eff

k2VTi
2

, ~23!

which shows that the instability threshold is higher here. T
expression~23! can be simplified for small and largeB.

VI. STRONG ION DRAG

We now consider the situation when the ion drag fo
acting on the dust particles is stronger than the external e
tric force, orA,1. In this case the ion drag force overcom
es
e
he
s

s
es

e

t

ll

c-

s
.

e

e
c-

the electric force and pushes dust particles in the directio
the ion drift (vd0.0 andv i0.0). Here, the frequency of the
unstable modes in a dust frameVd85v2kvd0 can be either
positive or negative. Since the ions and dusts drift in
same direction, the relative ion-to-dust drift is smaller than
the weak ion drag case. For the magnitude of the rela
ion-to-dust drift we can write

q i5
eE0

min i
eff S 12

mdrag
i

ndn1mdrag
i

uA21u D
so that it remains positive, since the absolute value of
dust drift velocity ismdrag

i /(ndn1mdrag
i ) times smaller than

that of the ion drift.
Unstable solutions can be obtained only if the dust d

velocity exceeds the phase velocity of the dust acou
waves (vd0.v/k), andq i.q i

thresh, where

q i
thresh5

uVd8u
k S 11

1

BD U12
1

AU21

~24!

and we note that in this caseVd8,0.
An interesting feature in this case is that the absol

value of the real part of the frequency~21! is less thanVd08
and it decreases with increasing ion drag force. This me
that the real part of the frequency can vanish, providing
existence of non-oscillating solutions. From Eq.~21! one
sees that in the case of strong ion drag oscillating soluti
can exist only if the inequality

U12
1

AUn idn i
eff

k2VTi
2

,1 ~25!

is satisfied. This inequality can be violated for lon
wavelength perturbations and sufficiently strong ion co
sions. In this case realization of aperiodic instability~with no
real part of the frequency! is possible. A similar situation ha
been reported for the ionization instability of long
wavelength dust acoustic waves affected by strong ion d
@22#.

VII. APPLICATION

Examining the conditions for the current-driven dus
acoustic instability, one can see that the terms in Eq.~19!
leading to the instability are proportional to the effecti
frequency ofion collisions. This means that ion collision
have a destabilizing effect on the dust acoustic wav
Electron-neutral collisions in a dust-free plasma lead to
sistive ion-acoustic instability@27# in a similar manner. It is
important to note that competition between the electrost
and ion drag forces on dust particles strongly affects
conditions for the instability. The ratio of these forces isA,
which can be greater or less than unity. In fact, as sho
below, this ratio has a rather broad range.

The conditions for the instability strongly depend on t
value ofB. If it is small compared with unity but still large
compared withmdrag

i /ndn , then the relative ion-to-dust drif
should be large such thatq i

thresh;Vd8/kB@Vd8/k. In this case
we face the situation that the destabilizing effect of ion c
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lisions is small, but the effect of the ion drag is even smal
If the opposite inequality,B@1, holds, q i should simply
exceedVd8/k, as is the case for the constant dust charge c
@4#. This conclusion is expected since ion drag then beco
unimportant.

Assuming the typical valuesZd0;103–104, mi /md

;10213–10211, n i
eff;106 s21, ni;108–109 cm23, Nn

;1013–1015cm23, a;1 –5mm, andTe /Ti;Ti /Tn;10, we
found that the parameterA can be in the range 1024–2.5
3104. For plasmas with an ionization degree of the ord
1024, and similar values of the other parameters the ratiB
in the expressions for the thresholds of the ion-to-dust d
and the electric field is approximately 102103 times less
than the one above. One expects that situations with
values ofB are more typical in experiments with micron siz
particles, and the valueq i should be much larger thanVd8/k.

Using the parameters of existing experiments~with differ-
ent sizes and charges of the dust particles!, we shall show
that both cases considered in Secs. V and VI are poss
The strong ion drag case will be discussed in more deta
it is related to the dust-void experiments@18#.

For conditions representative of the experiments in R
@4#, @14#, and @15#, namely mi /me;51 600, mi /md;4.7
310214, ni0;109 cm23, n in;8.83104 s21, Nn;3
31015cm23, Te;3 eV, Ti;0.1 eV, Tn;0.0125 eV, anda
;5 mm, we obtainA;102. Therefore, the effect of ion dra
can be neglected and the instability seems to follow the s
nario given in Sec. V. Similar conclusion on the unimpo
tance of ion drag in the above case has been made
D’Angelo and Merlino@4#. On the other hand, one also o
tainsB;1021. Thus,q i must exceed 10Vd8/k for the dust-
acoustic wave instability to be realized.

Now we turn our attention to the dust-void experimen
@18#. We have assumed that the electric field is externa
applied and homogeneous. Clearly, from the Poisson e
tion it follows that electric fields sufficiently strong for th
development of the instability can be generated becaus
charge fluctuations in the pristine dusty plasmas. Namely,
ne0;1010–1012cm23, ñe /ne0;1023–1024, and character-
istic filament size L;1 cm, an electric field E0
;1.5–150 V/cm can be generated. Measurements nea
instability threshold showedE0;20 V/cm @18#.

An important feature of the experiment of Ref.@18# is the
relatively high operating gas pressure~400 mTorr!, provid-
ing a large neutral gas densityNn;1.431016cm23. For such
an operating regime the assumption of the volume recom
nation controlled regime would seem to be valid@28#. For
lower operating gas pressures the diffusion terms in part
balance Eqs.~1! and ~3! should be taken into account. Th
high density of neutrals yields a relatively large raten in
;107 s21 of ion-neutral collisions in argon atp0
5400 mTorr. This rate appears larger than the frequencie
ion-dust Coulomb (n i

el) and charging (n i
ch) collisions. For

E0;20 V/cm, Te;3 eV, andTi;0.05Te , the characteris-
tic ion drift velocity is v i0;4.43104 cm/s. For this value of
v i0 and the spatial scale;1 cm of the filamentation, the
nonlinear termv i]v i /]x in Eq. ~4! is ignorable. However,
this is valid only at the initial stage of the instability. At late
stages the nonlinear term can be crucial in determining s
organized nonlinear dissipative structures of the dust v
r.
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@24#. Furthermore, near the filamentation threshold, assu
ing a;0.13mm we obtain for the dust massmd;9.2
310215g. From the condition of the equality of the equilib
rium electron and ion grain currents we obtainZd0;250. For
nd;108 cm23 and Tn;0.1 Ti , we obtain ndn;1.31
3103 s21 for the dust-neutral collision frequency. The latt
exceeds that of the characteristic oscillations associated
plasma striation at the initial stage of the instability@18#.

There is a fairly large uncertainty in determining the io
drag force, which depends strongly on the impact param
b for ion collection in the ion drag coefficient. Assuming
local potential differenceDwg;3 eV, andTi;0.15 eV, for
the ion drag coefficient we havemdrag

i ;1.653103 s21 so that
mdrag

i /ndn;1.26. For argon gas and 130 nm dusts the k
parameters are:Zd0mi /md51.9531026, B50.015, andA
50.01, respectively. This means that the effect of the
drag on the current-driven dust-acoustic instability can rea
be important for the development of the filamentary mode
dust void experiments@18#.

Furthermore, the inequality~25! can be violated and ape
riodic instabilities can arise. Similar results have been
ported earlier for the ionization instability affected by io
drag@22#. This is consistent with the observed sudden on
of the instability@18#.

In our investigation the ionization terms in the partic
balance equations are electron density dependent. We
also accounted for the variation of the ionization rate w
ñe , and fluctuations in the temperature have been neglec
This is consistent with the statement that the enhanced
ization rate can be attributed to a higher electron den
rather thanTe in the initial perturbation@18#. Accounting for
the variations of the ionization cross-section withẼ would
have lead us to a similar ionization instability considered
D’Angelo @22#.

The sudden onset of the instability can be understoo
we note that the threshold value of the electric field, wh
can easily be derived from Eq.~24!, appears to scale like
E0

thresh;1/a. This means that for small dust grains the ins
bility threshold cannot be reached. When the grains grow
size, the threshold is greatly decreased and instability o
becomes possible@29#.

VIII. DISCUSSION

In the above we have assumedni0@ne0 for estimating the
instability growth rate~19!. It should be noted however tha
dust void formation is a dynamical process in which the d
particles are pushed out of regions where the initial fluct
tions of the electric field appear. This can lead to an incre
of the electron density and the above inequality may even
ally be violated.

We have also assumed that the neutral background is
tionary in the steady state and is not perturbed in the ini
stage of the instability. Perturbation of the neutral dens
occurs because of ionization and recombination. Howe
these perturbations are of the order ofñe , and their relative
effect, characterized by the ratioÑn /Nn0;ñe /Nn0, is small
sincene0!Nn0. The neutrals affect the motion of the dus
because of neutral drag. The latter can easily be incorpor
into the basic equations@25#.
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In our study, a simple expressionb i'e/min i
eff for the ion

mobility was used. The latter relates the ion drift velocityv i0
to the external electric fieldE0. If the electric field is strong,
the ion mobility can become a nonlinear function ofE0,
tending tob i;AE0 for E0 /p0@k0, wherep0 is the operat-
ing gas pressure, andk0 depends on the type of the operatin
gas@30#. In this case, our results will be somewhat modifie

It is worth emphasizing that for the cases considered
Secs. V and VI the relative ion-to-dust drift is always po
tive (q i.0). It can be much larger in the small drag ca
when the ions and dusts drift in opposite directions. Th
the current-driven instability is generally stronger in t
weak ion drag case for the same external electric field.

In our model, which accounts for the ionization and r
combination processes, it is possible to self-consistently
termine the equilibrium electron and ion densities in du
gas discharge plasmas. For self-consistency we conside
plasma as a thermodynamically open system@31# and in-
cluded the particle capturing processes into the electron
ion conservation equations. We have also shown that in
intermediate pressure regime a stationary state of the pla
cannot be achieved without accounting for the ionization a
volume recombination processes. Further improvement
the model can be made by including other transport mec
nisms @28# typical for RF discharge plasmas and may ta
place on the same time scale as that of ionization and
charge relaxation. Since ionization, diffusion, and recom
nation are all density dependent, electrostatic phenomen
the system can be strongly affected. Thus, the presenc
dusts can affect the entire discharge system through a m
fication of the ionization-recombination-diffusion balance

It should also be mentioned that care should be take
.
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using Eq.~6! describing conservation of the dust particles.
cases whenndmd;nimi , a corresponding source responsib
for the conservation of total dust and ion mass density sho
be added@32#. Such a situation can occur, e.g., in dus
interstellar clouds@33#.

IX. CONCLUSION

A theory of the current-driven dust-acoustic instability
an external dc electric field is presented. Conditions for
instability are discussed. Our self-consistent model accou
for electron and ion capture/release by the dusts, d
enhanced Coulomb elastic and charging inelastic collisio
as well as ionization-recombination balance of electrons
ions. It is found that the conditions for the instability are ve
different for weak and strong ion drag. In general, the re
tive ion-to-dust drift should exceed a threshold value for
unstable modes to be excited. For strong ion drag and lo
wavelength perturbations, it appears possible to realiz
nonpropagating unstable mode. We have also shown tha
threshold of the external electric field is larger for variab
charge dusts compared to that for constant dust charge
cause of the large dissipation rate induced by the dusts.
results presented may be useful in explaining the nature
the filamentation instability, which takes place at the init
stage of the formation of stable dust voids.
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