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Mechanism of dust-acoustic instability in a direct current glow
discharge plasma

V. E. Fortov, A. G. Khrapak, S. A. Khrapak,a) V. I. Molotkov, A. P. Nefedov, O. F. Petrov,
and V. M. Torchinsky
High Energy Density Research Center, Russian Academy of Sciences, Izhorskaya 13/19,
127412 Moscow, Russia

~Received 25 October 1999; accepted 20 January 2000!

An observation of low frequency waves spontaneously excited in a dc glow discharge dusty plasma
is reported. To analyze possible reasons for the instability observed, a linear dispersion relation
which takes into account collisions with neutrals, dust grain charge variations, ion drift, and forces
acting on dust particles is derived. Numerical analysis of the dispersion relation shows that the
observed instability is the result of dust charge variations in the presence of external
charge-dependent forces together with the ion drift effect. ©2000 American Institute of Physics.
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I. INTRODUCTION

In recent years there has been much interest in new w
behavior that results from the presence of charged dust
ticles in plasmas. The dust particles are generally extrem
massive and multiply charged as compared to plasma
~for example, the charge numberZd of an isolated spherica
particle when emission processes are unimportant can b
timated asZd;aTe /e2, wherea is the particle radius,Te is
the electron temperature, givingZd;103 for a;1 mm, and
Te;1 eV!. In addition, their charge is not fixed, but
coupled self-consistently to the surrounding plasma par
eters. For this reason various new wave modes can exi
dusty plasmas, ranging from modifications of well-know
plasma waves and instabilities to new ones, such as the d
acoustic wave~DAW!, first considered theoretically by Rao
Shukla, and Yu.1 The inertia in this mode is provided b
charged and massive dust particles, and the pressure to
tain the wave is provided by plasma electrons and io
Physically, the DAW is analogous to the ion acoustic wa
in a dust free plasma, but occurs at very low frequency
cause the dust particles are many orders of magnit
heavier than ions. More recently, DAWs were studied
several authors in different theoretical contexts, includ
variations of the dust particle’s charge in the presence of
wave,2,3 the dust-acoustic instability driven by ions and/
electrons drifting relatively to charged dust,4–7 nonlinearity
effects,8–10 the effect of strongly coupled dusty plasmas,11–13

as well as the effects of ionization and ion drag.14–17

Experimental observations of DAWs in low temperatu
laboratory plasma devices with trapped dust particles h
also been reported.18–21This mode can be analyzed easily
experiments by recording the scattered laser light, which
luminates the particle cloud, on a video tape. Even with
naked eye, the dust density fluctuations of very low f
quency can often be observed. In Ref. 21, DAW was exc
by means of a wire situated near the particles’ cloud a

a!Electronic mail: skhrapak@mail.ru
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driven by a sinusoidal voltage source. The measured dis
sion relation yields experimental values for the dust parti
charge and plasma Debye length. In other experiments,
dust density fluctuations18–20,22–24 or individual particle
vibrations25 on slow time scales were spontaneously excit
indicating some kind of instabilities. One of the possib
driving mechanisms of DAW is the ion–dust streami
instability,4–7 which arises as a result of ions motion relati
to the levitating dust grains and can be important in differ
laboratory devices.18,19,24

In the DAW frequency limitv!knTe
, uv2kui u!knTi

,
v@knTd

, the dispersion relation which takes ion drift int
account reads5,24

11
1

k2lD
2 1 iAp

2

v2kui

k3lDi
2 nTi

2
vpd

2

v2 >0, ~1!

wherev andk are the wave frequency and number, resp
tively, nTa

5ATa /ma is the thermal velocity of a speciea ~a

equalse for the electrons,i for the ions, andd for the dust
grains!, ue( i ) is the drift velocity of electrons~ions!, lDe( i )

5ATe( i )/4pe2ne( i ) is the electron ~ion! Debye length
(lD

225lDe
221lDi

22), and vpd5A4pZd
2e2nd /md is the dust

plasma frequency. In deriving Eq.~1! we have neglected al
collisions with neutrals, damping due to variations of t
dust grain charge in the presence of the wave,3 and the dust
Landau damping term. Thus, instability occurs if the ion dr
velocity exceeds the wave phase velocityui.v/k. Assum-
ing v5v r1 ig (v r@g) and neglectingv as compared to
kui , we can obtain the following expressions for the realv r

and imaginaryg parts of the DAW frequency:

v r5
vpdklD

~11k2lD
2 !1/2, g5vpdAp

8

ui

nTi

S lD

lDi
D 2 klD

~11k2lD
2 !3/2.

~2!

The growth rate as a function ofk reaches its maximum
value
4 © 2000 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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gmax5
vpd

3
Ap

6 S lD

lDi
D 2 ui

nTi

at klD51/A2 andv r5vpd /A3. These are parameters th
correspond to the most effective development of the insta
ity. Collisions with neutrals and charge variations lead to
decrease of the growth rate.

In this paper we report the observation of low-frequen
waves spontaneously excited in a dc glow discharge d
plasma. We show that the previous interpretation of t
effect,24 based on the ion–dust streaming instability@and the
dispersion relation~1!# was not sufficiently correct. It is
shown that the ion–dust streaming instability alone can
be responsible for the phenomenon observed because
driving mechanism of this instability is not effective enou
as compared to damping~collisional and collisionless due t
charge variations! in our conditions. The damping effect
were absent in the previous model.24

However, we propose a completely new mechanism
DAW instability and compare it with the experimental r
sults. The instability mechanism is based on the dust cha
perturbations, as well as on the nature of the forces that
dust particles within the discharge camera. The point is
in laboratory plasma devices dust particles can be trap
within the plasma region by the balance between all for
that act on them. The most important forces are gravitatio
electric, and ion drag. Thus the net force~which has to be
zero within the balancing region! usually depends on the du
particle charge. As will be shown, the charge variations
the presence of the wave not only damp the wave but lea
variations in the net force. These periodic variations of
net force can lead, in turn, to the parametric amplification
the wave resulting in DAW instability. Note that althoug
the presence of an electric field and/or ion drift are the n
essary conditions for the present instability, the latter is no
modification of the ion–dust streaming instability but is
entirely new type of instability which has no analog in du
free plasmas.

This paper is organized in the following fashion. In Se
II we describe our experimental setup, summarize some
sic plasma and dust parameters, and present the experim
observation of the low-frequency DAW. In Sec. III th
model describing the DAW instability in the presence of d
grain charge variations and charge-dependent forces is in
duced. The general dispersion relation for this mode is
tained and analyzed. In Sec. IV we compare our results w
the experimental ones. In Sec. V we briefly summarize
findings.

II. EXPERIMENTAL RESULTS

A dc glow discharge was created in neon in a cylindri
vertically positioned tube with cold electrodes. The expe
mental setup is shown schematically in Fig. 1. It was pra
cally the same as had been used in our previous works26,27

The inner diameter of the tube was 3 cm, the length of
tube was 60 cm, and the distance between the electrodes
40 cm. The dust particles to be introduced into the plas
~we have used monodisperse melamin formaldehyde sp
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cal particles 1.87mm in diameter and mass densityr51.5
g/cm3! were held in a cylindrical container located in th
upper part of the glass discharge tube. The bottom of
container was fashioned from a metal mesh with a spacin
100 mm. When the container was shaken, particles rain
down into the positive column of the discharge. Some
them were found to be trapped in a discharge region wh
there is a balance between the forces acting on them. T
could be seen as a cloud levitated in the center of the tu
Observations were made by illuminating a vertical pla
with a sheet of a laser light. The scattered laser light w
recorded by a video camera.

Under some conditions low-frequency perturbations
the dust number density propagating downwards~from the
anode to the cathode! were observed. They were excite
spontaneously as a result of either reducing the neutral
pressure or the discharge current. Injection of new partic
in the discharge can also lead to wave excitation. A typi
wave pattern is shown in Fig. 2. The wave number and
phase velocity found from a succession of pictures of t
type arek52p/L;60 cm21 andnph;1 cm/s, whereL is the
wavelength. This results in the wave frequencyv
5knph;60 s21. The spontaneous excitation of such wav
in a similar experiment was first described in Ref. 24.

For further analysis, knowledge of the main dus
plasma parameters is needed. Some of them are relat
well known and can even be controlled during the expe
ment. For example, dust particle size and mass are kno
Neutral gas pressure and discharge current are contro
during the experiment. Dust particles number density can
approximately determined through average interparticle
tance when no waves exist. The other parameters can
calculated using some model approaches, and are, there
less certain. We expect the values of basic plasma param
to be similar to those of a typical small current dc glo
discharge: electron temperatureTe;3 eV, ion and neutral
gas temperatureTi;Tn;0.03 eV, electron and ion numbe
densitiesne , ni;107– 108 cm23, the vertical electric field in
the positive column directed downwards isE;1 V/cm. In
such a small electric field the electron drift velocity is give
by

ue52eE/menen , ~3!

FIG. 1. Schematic representation of the experimental setup.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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where nen;nnsennTe
is the frequency of the electron

neutral collisions,nn is the neutral number density, an
sen;2310216cm22 is the electron–neutral collisiona
cross section for neon. The ions’ equilibrium drift velocity

ui5m iE, ~4!

where m i;33103 E/P @cm2 Torr/~s V)] is the mobility of
Ne1 in Ne.28

In discharge plasma conditions, dust particles
charged negatively due to electron and ion collection. T
steady state charge is determined by the conditionI e5I i ,
where I e( i ) is the electron~ion! plasma flux to the particle
surface. Within the framework of the standard orbit moti
limited approach,29 these fluxes are given by

I e5A8pa2nenTe
expS Zde2

aTe
D , ~5!

I i5A8pa2ninTiS 12
Zde2

aTi
D . ~6!

To evaluate the grains charge in the region of dust cloud
quasineutrality condition

ne5ni1Zdnd ~7!

has to be used together with Eqs.~5! and ~6!. Equation~7!
takes into account the possible effect of electron depletio
the dust cloud if dust particles’ number density is sufficien
high.

To conclude this section we analyze the forces acting
the dust particles that can be important in our experime
The charged dust particles are trapped, and levitate in a
gion where the sum of all forces acting on them is zero.
the radial direction, they are confined by a radial discha

FIG. 2. Typical dust acoustic wave video image. Neutral gas pressuP
;0.2 Torr.
Downloaded 30 Apr 2002 to 130.183.136.16. Redistribution subject to A
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electric field. In the vertical direction, the main forces to
considered are: the gravitational force, the electric force
to a vertical discharge electric field, and the ion drag for
The electric force directed upwards isFe>ZdeE. The forces
directed downwards are the gravitational forceFg5mdg and
the ion drag one. Estimations show that for our typic
plasma parameters andui,nTi

the force experienced by th
particles due to drifting ions is more than one order of ma
nitude less than the force of gravity. Thus, the force bala
can be written as

FS5ZdeE1mdg50. ~8!

The force that is important for dust dynamics is the fricti
with a neutral gas or neutral drag force. For mean free pa
of neutral atoms that are large compared to the grain ra
and for specular reflection of atoms from the grain surfa
the neutral drag force is given by~see, for example, Ref. 30
and references therein!

Fnd5
8A2p

3
a2nnTn

nd

nTn

5mdndnnd , ~9!

wherendn5A8/pnnTn /(nTn
ra) and nd is the dust particle

velocity.

III. DUST ACOUSTIC WAVE MODEL

In this section we discuss a physical effect which~to-
gether with the ion–dust streaming instability! can be re-
sponsible for the wave excitations in our experiment. First
all, a linear dispersion relation that could be used to pred
the imaginary part of the frequency has to be obtained. C
lisions with neutrals, charge variations of dust grains, and
and electron drifts are taken into account. To derive a lin
dispersion relation, we use the Poisson’s equation for
electrostatic potential of the wavew,

¹2w524pe@ni2ne1Zdnd#. ~10!

Assuming the small perturbationsna5na01na1 , Zd5Zd0

1Zd1 , w5w1 with the ;exp(ikx2ivt) dependence and us
ing the quasineutrality condition at equilibriumne05ni0

1Zd0nd0 we can linearize Eq.~10!:

2k2w1524pe@ni12ne11Zd0nd11Zd1nd0#. ~11!

In Eq. ~11! the first-order dust charge density consists of
termsZd0nd1 andZd1nd0 , which represent the dust-particle
number density and dust-charge-number perturbations,
spectively. The dispersion relation can be written in the fo

11x i1xe1xd50, ~12!

where x i524peni1 /k2w1 , xe54pene1 /k2w1 , xd

524pe(Zd0nd11Zd1nd0)/k2w1 are the susceptibilities of a
corresponding species. The ion and electron number den
perturbations in the presence of equilibrium drift and co
sions with neutrals can be derived using the standard kin
approach.31 This results in

xa5k22lDa
22@12J1~ja!#F12

inan

jaknTa

J1~ja!G21

, ~13!
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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where J1(x)5x exp(2x2/2)*
i`

x

dt exp(t2/2), je5(v1kue

1 inen)/knTe
, and j i5(v2kui1 in in)/knTi

for a wave
propagating in the direction of electric field (a5e,i ). We
consider a situation of small drift velocitiesue( i ),nTe( i )

. For
electronsnen /knTe

!1 is also assumed so thatujeu,1. Using

an approximate expression31 J1(x)'2 iAp/2x which is
valid for uxu!1, Eq. ~13! can be reduced to

xe>k22lDe
22F11 iAp

2

v1kue

knTe
S 11Ap

2

nen

knTe
D G

'k22lDe
22F11 iAp

2

v1kue

knTe
G . ~14!

Thus, collisions with neutrals do not play an important ro
in the limit nen /knTe

!1 because the wavelength is less th
the mean collision free path of electrons. For collisionle
ions we have similarly

x i'k22lDi
22F11 iAp

2

v2kui

knTi
G . ~15!

In a collisional case,n in /knTi
.1, Eq. ~13! can be numeri-

cally calculated to obtain ions susceptibility. However, f
simplicity we will use the result obtained by D’ Angelo an
Merlino using fluid approximation,7

x i5k22lDi
22F11 in in

v2kui

k2nTi

2 G . ~16!

Equation~16! is valid whenn inuv2kui u!k2nTi

2 .

The number density perturbations of charged cold d
fluid is determined from the one-dimensional continuity a
momentum equations which read, respectively,

]nd

]t
1

]

]x
~ndnd!50, ~17!

]nd

]t
1nd

]nd

dx
52

Zde

md

]w

]x
1

FS

md
2ndnnd , ~18!

whereFS is the total force acting on the dust particles in t
direction of wave propagation~vertical direction!. According
to Eq. ~8! FS050 and linearization gives FS1

5(]FS /]ZdZd0
)Zd15eEZd1 . Thus, linearized Eqs.~17! and

~18! are

2 ivnd11 iknd0nd150, ~19a!

~2 iv1ndn!nd152 iZd0ekw1 /md1eEZd1 /md . ~19b!

The dust charge perturbation is determined from the equa
]Zd /]t5I i2I e . Linearizing it with the help of Eqs.~5! and
~6! one can obtain3

~2 iv1h!Zd15I i0S ni1

ni0
2

ne1

ne0
D , ~20!

where
Downloaded 30 Apr 2002 to 130.183.136.16. Redistribution subject to A
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h5I i0

e2

aTe
@11~Ti /Te2Zd0e2/aTe!

21#

is the natural decay rate of charge fluctuations,I i05I e0 is the
unperturbed ion or electron current to the particle surfa
Neglecting the small imaginary part in Eqs.~14! and~15! or
~16! one can see that the first-order number density per
bations of electrons and ions are given by Boltzmann re
tions,

ne15ne0

ew1

Te
, ni152ni0

ew1

Ti
. ~21!

Substituting~21! into ~20! we obtain for dust charge pertur
bation

Zd152 i
I i0~11Te /Ti !

v1 ih

ew1

Te
. ~22!

Thus from Eqs.~17!, ~18!, and~22! we obtain dust suscepti
bility,

xd52
vpd

2

v~v1 indn!
1 i

I i0~11Te /Ti !

k2lDe
2 ~v1 ih!

nd0

ne0

2
vpd

2

v~v1 indn!

I i0~11Te /Ti !eE/Te

Zd0k~v1 ih!
. ~23!

The dispersion relation can be constructed using~12!, ~14!,
~23!, and~15! or ~16! depending on the value ofn in /knTi

.
Some analysis of the obtained dispersion relation is

order. We assume that the real part of the frequency is c
to DAW dispersion given by Eq.~2! and examine the influ-
ence of the effects considered on the imaginary part of
frequency. It is clear that the dust–neutral collisions lead
the damping of DAW. The damping rate isgdc;2vdn/2.
The Landau damping on electrons is

gLe;2vpd

klD

~11k2lD
2 !3/2

lD
2

lDe
2

v1kue

knTe

~24!

and is increased due to electron drift in the direction oppo
to wave propagation. The effect is small because as u
lDe@lD;lDi . The Landau damping on ions changes a s
when the ion drift velocity exceeds the wave phase veloc
and leads to instability. In the collisionless limit, the grow
rate is given by Eq.~2!. When collisions are of importanc
the growth rate is

gLi;2vpd

klD

~11k2lD
2 !3/2

lD
2

lDi
2

v2kui

knTi

n in

knTi

. ~25!

Charge variations in the absence of external forces acting
dust particles and in a plasma without any anisotropy@the
second term on the right hand side~RHS! of Eq. ~23!# lead to
the damping of DAW. In the limitv@h the damping rate
becomes

gch52
b

2~11k2lD
2 !

, ~26!

where
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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b5I i0~11Te /Ti !
lD

2

lDe
2

nd0

ne0
.

The same result~for k2lD
2 !1! has been obtained in Ref. 3

However, in a laboratory dusty plasma the other limiti
casev!h is often realized. In this limit the damping rate

gch;2
b

2 S vpd

h D 2 k2lD
2

@11k2lD
2 1b/h#2 . ~27!

Finally, the last term on the rhs of Eq.~23! is due to both
dust charge variations and charge-dependent external fo
that trap the particles. In the limitv!h we obtain that DAW
becomes unstable. The growth rate of this instability is

ge f;2
vpd

2

Zd0eElD

Te

I i0~11Te /Ti !

Zd0
2 h~11k2lD

2 !1/2 ~28!

~note thatZd0,0!. Physically, the DAW becomes unstab
because, in conditions considered here, an additional p
odic force~associated with charge variations! acting on the
trapped dust particles is in phase with their velocity that c
be seen from Eqs.~19b! and ~22!. This periodic force per-
forms positive work on the dust particles during the wa
period leading to the parametric amplification of the wav

We can summarize that the ion drift leads to the DA
instability but dust–neutral collisions and electron drift le
to the damping of DAW. Dust charge variations may lead
both wave damping and growth. The collisionless damp
of DAW due to charge variations isalwayspresent in dusty
plasma. On the other hand, in the presence of exte
charge-dependent forces, charge variations can also
cause of the DAW instability.

IV. COMPARISON WITH EXPERIMENTAL RESULTS

Dispersion relation~12! together with expressions~14!–
~16!, and~23! can be analyzed numerically for a given set
plasma and dust parameters. To compare the condition
DAW instability resulting from Eq.~12! with experiment, we
fix basic plasma parameters to be close to experimental o
e.g., we choseni5108 cm23, nd553104 cm23. All other
dust/plasma parameters can be calculated using Eqs.~5!–~8!.
These plasma parameters are summarized in Table I.
main difficulty is to distinguish between the collisionless a

TABLE I. Basic plasma/dust parameters.

Dust grain radius a50.94mm
Dust grain concentration nd553104 cm23

Ion concentration ni5108 cm23

Dust grain mass md55.2310212 g
Dust grain charge Zd;21.83103

Electron concentration ne;1.23107 cm23

Discharge electric field E;1.8 V/cm
Plasma–dust frequency vpd;290 s21

Plasma ion Debye length lDi;0.013 cm
Plasma electron Debye length lDe;0.38 cm
Plasma Debye length lD;0.013 cm
Electron thermal velocity nTe

;7.33107 cm/s
Ion and neutral thermal velocity nTi

;nTn
;43104 cm/s

Plasma ion flux to the particle surface I i0;1.53107 s21
Downloaded 30 Apr 2002 to 130.183.136.16. Redistribution subject to A
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collisional regimes for ions, as in the range of pressu
where the instability takes place the mean free path for io
neutral charge exchange collisions is comparable to
wavelength of the mode observed. For example, charact
tic frequencies and drift velocities calculated forP
50.2 Torr andP50.3 Torr are given in Table II. One ca
see that forP50.2 Torr the conditionn in /knTi

,1 holds for
k*25 cm21. Thus, Eq.~15! can be used if the wave mod
with k*25 cm21 is considered. On the other hand, forP
50.3 Torr the collisional expression for ions susceptibil
~16! have to be used in the range 15 cm21&k&40 cm21.

The real and imaginary parts of DAW frequency vers
wave numberk for two different neutral gas pressures a
shown in Figs. 3 and 4. These figures show that the effec
charge variations of trapped dust particles together with
ion drift leads to wave instability in the conditions consi
ered. The instability growth rate as a function ofk has a
pronounced maximum. This mode as the most unstable
be excited in experiment. ForP50.2 Torr the maximum is
reached atk>60 cm21. The frequency of this mode dete
mined using curve 1 in Fig. 3 isv>130 s21. A similar wave
mode (k;60 cm21, v;60 s21) was observed in our experi
ment. It is unreasonable to expect more precise quantita
agreement for a large number of reasons. First of all, th
exists some arbitrariness in choosing plasma parame
which are not measured directly during the experiment. S
ond, the model considered contains some simplifications
cussed in the following.

FIG. 3. Numerical solution of Eq.~12! for P50.2 Torr. Curve 1 shows
Rev(k), curve 2 shows Imv(k)35 for parameters listed in Tables I and I
Curves 3 and 4 are Imv(k)35 obtained as a result of substitutionui50 and
E50 into Eqs.~15! and ~23!, respectively, for the same set of the oth
parameters. The vertical dashed line shows the conditionk.25 cm21 when
the collisionless approach for ions can be used.

TABLE II. Characteristic frequencies and drift velocities.

P50.2 Torr P50.3 Torr

Frequency of dust–neutral
collisions

ndn;80 s21 ndn;120 s21

Frequency of ion–neutral
collisions

n in;106 s21 n in;1.63106 s21

Frequency of electron–neutral
collisions

nen;83107 s21 nen;1.23108 s21

Ion drift velocity ui52.73104 cm/s ui51.83104 cm/s
Electron drift velocity ue543107 cm/s ue52.73107 cm/s
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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Note that the mechanism of instability associated w
charge variations in the presence of external forces that
dust particles is effective itself in the conditions consider
The role of ion drift, which cannot lead to wave instabili
~see Fig. 3!, is to transpose the maximum increment of i
stability to the largest values ofk ~and consequentlyv!. As
ions are always drifting in an external electric field, bo
mechanisms are always indivisible and their relative e
ciency can vary in various plasma conditions. However,
instability considered in this paper is not a modification
the known ion–dust streaming instability but represents
entirely new one.

For higher pressures neither the effect of charge va
tions in the presence of the external forces nor the effec
ion drift can lead to wave instability. However, the sum
these effects results in the instability with the characteris
of the most unstable modek;20 cm21 andv;40 s21 ~see
Fig. 4!.

The dispersion relation~12! together with the model ap
proaches used in Sec. II allows us to explain all the qual
tive peculiarities found in the experiment. For example,
wave disappears with an increase of neutral gas press
This is the result of an increase of the collisional damp
introduced by dust-neutral collisions. Numerical analysis
Eq. ~12! shows that for ni;108 cm23 and nd;5
3104 cm23 the critical value of pressure for which Imv(k)
becomes negative for all values ofk is approximately 0.5
Torr. Moreover, with increasing the neutral gas pressure
wavelength of the most unstable mode also increases~see
Fig. 4!. This means that the wave will disappear when
wavelength becomes comparable to the size of the
cloud.

The wave can be excited as a result of injection of n
particles in the discharge tube leading to the increase of
number density. Numerical analysis shows that forni

;108 cm23 and neutral gas pressure 0.2 Torr DAW instab
ity occurs fornd*23104 cm23.

The wave also disappears when increasing the disch
current. We attribute this to the increase of plasma ion
electron number densities and decrease in ion and elec
Debye lengths. Numerical analysis of the model shows
this is accompanied by a decrease in the electric field

FIG. 4. Numerical solution of Eq.~12! for P50.3 Torr. Curve 1 shows
Rev(k), curve 2 shows Imv(k)35 for parameters listed in Tables I and I
Curves 3 and 4 are Imv(k)35 obtained as a result of substitutionui50 and
E50 into Eqs.~16! and ~23!, respectively, for the same set of the oth
parameters. Vertical dashed lines show the condition 15 cm21,k
,40 cm23 when the collisional expression~16! for ions can be used.
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increase in the particles charge and charging frequen
When all these effects are taken into account, we see
with the increase ofni the most unstable mode moves to t
region of very large values ofk ~see Fig. 5! and at smaller
values ofk the wave becomes damped. However, the DA
can exist only if the interparticle distance is sufficiently le
than the wavelength of the mode. This gives a simple eva
ation k&2pnd

1/3;250 cm21 for nd;53104 cm23.
Finally, we summarize some simplifications of our an

lytical model. First of all, we have derived a linear dispersi
relation to predict the onset of the instability. However, th
approach is insufficient to explain the actual experimen
observations where highly nonlinear waves were obser
~see Fig. 2!. Second, a spatial inhomogeneity of a plasm
was not taken into account. At the same time the discha
was stratified in our experiment and the instability was o
served in a dust cloud region which is supported by the h
of the striation. The latter region is highly inhomogeneo
Third, the dusty plasma nonideality was also not taken i
account, although the coupling parameter evaluated forTd

50.03 eV is very high

Gd5
Zd

2e2nd
1/3

Td
;500.

However, the effect of anomalous dust particle heating fou
in experiments21,26,32–34 and considered recentl
theoretically35–37 can decreaseGd by several orders of mag
nitude.

V. CONCLUSIONS

The observation of the low-frequency waves sponta
ously excited in a dc glow discharge dusty plasma is
scribed. To analyze possible reasons for such excitatio
linear dispersion relation which takes into account collisio
with neutrals, dust grain charge variations, ion drift, a
forces acting on dust particles is derived. It is shown that
observed instability is the result of dust charge variations
the presence of external charge-dependent forces toge
with the ion drift effect. The results of a numerical analys
of the dispersion relation are in agreement with experime
results.

The mechanism of instability presented in this paper
no analogs in a dust free plasma. The class of plasmas w

FIG. 5. The wave number of the most unstable mode as a function of
number density found from numerical analysis of Eq.~12!. The neutral gas
pressure is 0.2 Torr and the collisionless expression~15! for ions suscepti-
bility is used.
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this mechanism is likely to play a role includes differe
plasma processing discharges and plasma crystal ex
ments under gravity conditions, which both involve a parti
cloud levitated in a gas discharge plasma due to the bala
of electric force and the force of gravity.
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