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A linear dispersion relation in a highly collisional complex plasma, including ion drift, was derived in the
light of recent PKE-Nefedov wave experiment performed under microgravity conditions onboard the Interna-
tional Space Station. Two modifications of dust density waves with wave frequencies larger than the dust-
neutral collision frequency were obtained. The relevance to the space observations was analyzed and a com-
parison of theory and observations was made for two different complex plasma domains formed by small and
large microparticles. Good qualitative agreement is found between the measurements and the theoretical
dispersion relations. This allows a determination of the basic complex plasma parameters.
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I. INTRODUCTION

Complex plasmas are characterized by the presence of
charged microparticles, besides the usual electron and ion
species. Such particles usually accumulate charges that ex-
ceed the electron and ion charges by orders of magnitude,
and in comparison have also much higher mass-to-charge
ratios. Hence, the appearance of very low frequencies, char-
acteristic for the charged microparticles, which move in
space and time scales that differ vastly from the normal elec-
tron and ion scales, should be expected. Among the many
new modes, the prime example is the electrostatic dust-
acoustic wave, which is associated with dust number density
perturbations, and the dust-lattice wave, which occurs as a
result of coherent vibrations of microparticles organized in
crystal-like structures. These modes have been extensively
studied in recent years both theoretically and experimentally
[1–14]. Recently, the first experiment on dust-acoustic waves
performed under microgravity conditions onboard the Inter-
national Space Station(ISS) and its theoretical interpretation
were reported[15].

Laboratory complex plasmas are usually weakly ionized
and thus are strongly collisional. Moreover, real complex
plasmas are subjected to discharge electric fields, and as a
result the ions acquire drifts due to these fields and stream
through the more inertial microparticle component, leading
to various kinds of streaming instabilities[16–19]. Incorpo-
rating all these effects simultaneously, we rederived the dis-
persion relation for the dust density perturbations, allowing
us to consider a highly collisional regime, dust charge fluc-
tuations, and ion drift[20]. Contrary to this previous work,

where the dust modes of frequencies smaller than the char-
acteristic frequency of the dust-neutral collisions were
mostly discussed, the focus of the present paper is on the
modifications of the dispersion relation when dust density
perturbations have significantly higher frequencies and thus
propagate at the phase velocities higher than the usual dust-
acoustic velocity, in the range of small wave numbers. As
follows from this paper, the results are directly applicable to
some of the recent experiments performed under micrograv-
ity conditions onboard the International Space Station[21],
namely, on dust density waves observed in a specific wave
channel arising in a complex plasma under microgravity con-
ditions.

II. THEORY

A. Basic equations

In this study of complex plasma waves, we consider a
four-component collisional complex plasma, consisting of
warm plasma electrons(subscripte), ions (subscripti), neu-
trals (subscriptn), and cold charged monodisperse micropar-
ticles (subscriptd). The plasma species obey the standard
fluid equations
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Hereva andna refer to the fluid velocities and densities of
the different speciessa=e, i ,dd, having massma, tempera-
tureTa, and thermal velocitiesvTa=ÎTa /ma. Furthermore,E
denotes the electric field, which includes the steady state
(zero-order) dc field E0=E0x̂. For simplicity of the subse-
quent analysis, the wave propagation is also considered
along thex axis. Keeping in mind the application of our
results for microgravity studies of complex plasma waves,
Eq. (3) does not incorporate the gravitational forceFg=mdg.
Regarding the particle charges, we putqe=−qi =−e for the
plasma electrons and ions, while for the dust grains, the
chargeqd=eZd results from the electron and ion currents
flowing to the dust grain surface.

Collisions with the neutral gas occur with collision fre-
quenciesnen.nnsenvTe, nin.nnsinvTi, and ndn.nnsdnvTn
for the electrons, ions, and dust particles, respectively(here
nn denotes the neutral number density andsan is the effec-
tive collisional cross section). The others dissipative terms
nidsvi −vdd andndisvd−vid account for the drag of the ions on
the dust grains andvice versa, with nid being the ion-dust
momentum-transfer frequency andndi=nidmini /mdnd the
dust-ion momentum-transfer frequency. Note that electron-
ion and electron-dust collisions are not considered dynami-
cally.

Finally, the set of equations(1)–(4) is closed by the Pois-
son equation for the electrostatic potential

]2c

] x2 = − 4pesni − ne + Zdndd. s5d

B. Equilibrium consideration

Letting ] /]t=] /]x=0 in the basic equations, Eq.(5) gives
the charge neutrality condition

n0i − n0e + Zdn0d = 0, s6d

while Eqs.(1)–(3) yield

v0e = −
e

nenme
E0, s7d

v0i =
e

snin + niddmi
E0, s8d

ndnv0d + ndisv0d − v0id =
Zde

md
E0. s9d

In typical experiments on low-frequency waves in complex
plasmas under microgravity conditions, the dust particles do
not reveal any visual drift inside a dust cloud. It is reasonable
then to assume that, the ion drag is balanced by the electric
force, yieldingv0d=0 in Eq. (9). Elimination of the ion ve-
locity v0i between the two momentum equations(8) and (9)
gives a simple relation between the dust charge density and
collisional frequencies, viz,

nid

snin + nidd
= −

Zdn0d

n0i
. s10d

The equilibrium equations indicate that for stationary states
of a homogeneous dusty plasma without dust flow, the ion-
dust collision frequencynid (or ndi) is not an independent
plasma parameter but is self-consistently specified by the
dust charge density. Introducing the Havnes parameter for
ions pi = uZdun0d/n0i, it is possible to specify one of the most
uncertain parameters in complex plasmas — the momentum-
transfer frequencynid — as

nid = nin
pi

1 − pi
. s11d

Moreover, the ion drift velocity is now determined by the
momentum-transfer frequencynin and the ion Havnes param-
eterpi,

v0i =
eE0s1 − pid

ninmi
. s12d

C. Dispersion equation

Following the standard procedure, we linearize the basic
equations (1)–(5) with respect to small perturbationsvi
→v0i +vi; vd→vd, andna→n0a+na; c→c0+c, where the
values with the subscript “0” refer to the equilibrium state of
the plasma. All the first-order quantities are supposed to vary
as ~exps−ivt+ ikxd. Introducing the susceptibilities for all
plasma species asxa=−4pqana /k2c, and inserting these into
the Poisson equation(5) gives the dispersion law

1 + xi + xe + xd = 0. s13d

Furthermore, we use the common assumption that compared
to the heavy ions and dust grains, the plasma electrons can
be considered as effectively massless. Then only the Boltz-
mann distribution

ne = noe expSec

Te
D s14d

remains of Eq.(1) with an equilibrium electron densitynoe.
This actually means that we have omitted the zero-order ve-
locity for plasma electrons(7), which is justified when deal-
ing with the plasma regime, corresponding to the ambipolar
diffusion. The electron susceptibility reduces with the help of
Eq. (14) to

xe =
1

k2lDe
2 , s15d

wherelDe=ÎTe/4pe2n0e is the electron Debye radius.
The ion drift influence, on the other hand, will be kept in

the main equations. Indeed, elimination of all quantities in
favor of the ion density fluctuationsni from Eqs. (2)–(5)
yields

YAROSHENKO et al. PHYSICAL REVIEW E 69, 066401(2004)

066401-2



xi = −
vpi

2

sv − kv0idsv − kv0i + inid − k2vTi
2 s16d

with the effective ion collision frequency given byni =nin
+nid and the ion plasma frequency determined byvpi

2

=4pe2n0i /mi. For low frequenciesv!kv0i, we can neglect
v in comparison withkv0i in Eq. (16). On the other hand, if
the wave number satisfies the inequality

k ,
v0ini

vTi
2 − v0i

2 , s17d

the termk2svTi
2 −v0i

2 d in the denominator of Eq.(16) can also
be neglected and the ion susceptibility reduces to

xi . − i
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2
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wherelDi =ÎTi /4pe2n0i is the ion Debye radius.
Calculating in the same way the dust density perturbations

nd, one easily gets the dust susceptibility as

xd = −
vpd

2

vsv + indd
. s19d

Here the dust plasma frequency isvpd=Î4pZd
2e2n0d/md and

the effective collision frequency for the microparticles is in-
troduced bynd=ndn+ndi. Usually, in complex plasmasndn
@ndi and, therefore,nd,ndn.

Substituting the derived plasma susceptibilities into Eq.
(13) gives the dispersion relation

1 +
1
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2 eE0

−
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2
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= 0. s20d

A similar dispersion relation, but accounting for dust charge
fluctuations in highly collisional complex plasmas, was re-
cently discussed in connection with the ultra-low-frequency
waves sv,ndnd observed under microgravity conditions
[15,20]. In the present analysis, we will concentrate on an-
other limiting case, assuming that the wave frequency satis-
fies the inequalityv.ndn or evenv@ndn. As will be shown
later, this is the case in the latest experiments on plasma
waves observed in the wave channel under microgravity.

Introducing a valuek* =eE0n0e/Ten0i with dimension of a
wave number, we rewrite Eq.(20) as

1 + k2lDe
2 − i

k

k*
−

vpd
2 k2lDe

2

v2 . 0. s21d

D. Solutions of the dispersion relation

Insertingv=vr + ivi into Eq.(21) gives two equations for
the real and imaginary parts of the dispersion relation:
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This set of equations can be solved to yield the real and
imaginary parts of the wave frequency,

vr,sid
2 =

vpd
2 k2lDe

2

2Îk2

k*
2 + s1 + k2lDe

2 d231 ±
1 + k2lDe

2

Îk2

k*
2 + s1 + k2lDe

2 d24 ,

s24d

where the sign “plus” in the brackets corresponds tovr
2,

while the “minus” sign is related tovi
2. The latter generalizes

the solutions obtained in Ref.[20].
For wave numbersk,k* or k.k* =1/k*lDe

2 , the general
solution (24) represents a weakly growingsvr @vid analog
of the dust-acoustic mode, in which the role of the lighter
component is played by the plasma electrons(the electron-
dust-acoustic mode)
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Since in complex plasmas typicallylDe
2 @lDi

2 , the phase ve-
locity of the perturbations(25) can be much higher than the
usual dust-acoustic speeduda=vpdlDi.

In the case of intermediate wave numbers,k* ,k,k* , the
solution (24) is simplified to

vr,sid .
lDevpd

Î2
Îk*kF1 ±

k*s1 + k2lDe
2 d

2k
G , s27d

describing a highly unstablesvr ,vid dust density wave with
nonacoustic dispersionv~Îk [20]. It is easily seen that for
k, obeying k,lDe

2 k* /2lDi
2 =eE0/2Ti, the phase velocity of

the mode(27) exceedsuda.

III. EXPERIMENT

The relevance of the calculated dust density perturbations
[Eqs.(25)–(27)] for real dusty plasmas will now be investi-
gated using the data obtained by the PKE-Nefedov labora-
tory onboard the International Space Station[21]. In these
experiments, the plasma was produced in a symmetrically
driven parallel plate capacitively coupled radiofrequency dis-
charge. Plastic spherical grains of two different radii,a
=1.7 mm and a=3.4 mm, were injected into an argon
plasma. The microparticles formed two adjacent clouds be-
tween the electrodes with a lentil-shaped void(region free of
particles) in the center of the chamber(Fig. 1). The inner
small grain cloud(SGC) and the outer cloud formed by the
larger particles(LGC) revealed ordered structures with aver-
age interparticle distances of 175mm (SGC) to 270mm
(LGC). The argon background neutral pressure was 12 Pa,
leading to dust-neutral collision frequenciesndn,30 s−1 and
15 s−1 for small and large microparticles, respectively. Ap-
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plying the previous calculations of the plasma densities in a
argon discharge complex plasma under microgravity condi-
tions [15] to the lower pressure the ion density is estimated
to be in the range fromn0i ,53108 to 109 cm−3 in the vi-
cinity of the SGC andn0i ,33108 to 53108 cm−3 in the
cloud of larger particles. The electron temperature was about
Te,3 eV, while for the ionsTi ,0.03 eV. The ion-neutral
momentum transfer frequency can be estimated asnin
,s2–2.5d3106 s−1 and the ion-dust momentum transfer fre-
quencynid we expect to be of the same order of magnitude as
nin for both complex plasma domains. Such parameters indi-
cate a complex plasma which could be considered to be
highly collisional.

The important feature of the experiment is the presence of
the void. Similar structures with the central void were ob-
served in most of the experiments under microgravity condi-
tions [15,21–25]. Presently it is believed that the main

mechanism responsible for the void formation is the ion drag
force, which can exceed the electrostatic force in the limit of
weak electric fields and, hence, pushes the particles out of
the central region of the discharge[26–29]. Inside the dust
cloud the ion flow is decelerated by the ion-dust collisions
(both absorption and scattering) and the ion drag force is
reduced. This makes possible the existence of stationary dust
cloud — inside the cloud the ion drag force is balanced by
the electric force(as discussed in Sec. II B).

To make further progress in studies of the described com-
plex plasma structures, a low-frequency modulational volt-
age was applied to the rf electrodes. The excitation frequency
was varied by steps in the range from 2.7 Hz to 47 Hz. The
grains were illuminated by a laser sheet perpendicular to the
electrodes and imaged by a side video camera at 25 inter-
laced frames per second(fps). The video frames were re-
corded with a video camera and digitized, producing a se-
quence of images at 25 fps at a standard resolutions768
3576 pixelsd.

This experiment would have been in many ways similar
to the recently reported one[15] if the gas pressure was not
two times lower. It turns out that a decrease in the neutral gas
pressure can play a crucial role in complex plasma. It leads
not only to the reduction in the dust-neutral collision fre-
quency(by a factor of 2) and modifications in other plasma
parameters as compared to Ref.[15], but the most surprising
feature is an appearance of the specific waveguide in the
complex plasma: when the positive part of the voltage fluc-
tuation was superimposed to the electrodes, the void under-
goes depletion, resulting in its opening through a narrow
region—a wave channel. Figure 1 illustrates a typical picture
of the specific plasma structures and the wave channel. The
region inside the wave channel is highly interesting from the
theoretical point of view because it exhibits density waves at
different excitation frequencies in both plasma clouds
formed by the smaller and larger particles[Figs. 1(b) and
1(c)]. Note that in the wave experiment of Ref.[15] only
small grain cloud supported the density perturbations. The
waves propagate in the direction of the electric field from the
void boundary inside the complex plasma channel quite
similar to wave disturbances in weakly ordered fluidlike
complex plasmas. It is reasonable to assume that the double
layer potential differences present at the boundaries between
the void and different complex plasma regionsV
,s1–2dTe/e [23], are smoothed over the channel length,
leading to an increase of the discharge electric fieldE0 in this
region. The values ofE0 can be roughly estimated as
s1–2dTe/eL, whereL is a characteristic length of the plasma
channel(L,0.8 cm in SGC andL,0.4 cm for LGC). This
gives values ofE0,5 V/cm in the small grain cloud and
E0,10 V/cm in the large grain cloud.

Analyzing the recorded video sequences at the given fre-
quency, we determined an average wavelength(wave num-
ber) and thus reconstructing the dispersion relationvskd. Fig-
ure 2 shows the dispersion dependencies for the two different
complex plasma clouds obtained by these means. It is seen
that the wave perturbations are pronounced in different wave
number domains: 30 cm−1,k,100 cm−1 (SGC) and
30 cm−1,k,65 cm−1 (LGC) and demonstrate nonacoustic

FIG. 1. Experimentally observed typical plasma structures and
the wave channel at different excitation frequencies: 3.3 Hz(a),
10 Hz (b), and 22 Hz(c).
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dependencesvskd in both cases. One of the most interesting
feature is the existence of a wave number range, where the
density modes propagate at higher phase velocity in the
larger grain plasma than in the medium of the smaller grains.
Although the dispersion curves revealed different dispersion
properties, the measuredvskd dependences could be identi-
fied only for v.ndn in both cases. This is another principal
difference when compared with the previous wave experi-
ment[15], where the wave perturbations were observed only
at v,ndn. Finally note that the length scales of the observed
waves, l=2p /k,0.2−0.06 cm, are significantly shorter
than the characteristic scalesL,s0.4–0.8d cm of the plasma
channel. The latter can justify our one-dimensional approach
for the description of the wave perturbations propagating
along the wave channel.

Let us now consider the validity of the two different so-
lutions [Eqs. (25)–(27)] from a standpoint of the aforemen-
tioned plasma parameters. We start with the analog of the
electron-dust-acoustic mode(25). With an electric fieldE0
,1–10 V/cm and the assumptionn0i ,n0e we get the maxi-
mal value ofk* ,0.3–3 cm−1. The wavelengths associated
with k,k* turn out to be very largeslù2–20 cmd, far ex-
ceeding the dimensions of the complex plasma structures,
while the observations revealed perturbations corresponding
to k,30–100 cm−1. Another possibility for the solution(25)
to exist requiresk.k* =1/k*lDe

2 =4pen0i /E0. For the mini-

mum applicable plasma densityn0i ,53108 cm−3 and rather
large electric fieldE0,10 V/cm, this givesk* ,100 cm−1.
Larger plasma density and smaller electric field will lead to
even largerk* . Hence the electron-dust-acoustic mode(25)
could manifest itself only in weakly ionized complex plas-
mas under moderate electric fields(e.g.,n0i ø108 cm−3 and
E0,5 V/cm leads tok* ø50 cm−1). It is unlikely that this
mode is of importance for the discussed complex plasma
experiment. So we have to use the square root solutions(27)
appearing in the rangek* .k.k* which covers the range of
observations in the experiment. Also, we take into account
the possible difference in plasma parameters in SGC and
LGC for interpretation of the experimental data in these two
complex plasma domains separately.

A. Waves in a small grain cloud

Inside the small grain cloud the ion density is assumed to
be close to its average value. Hence we usen0i .7
3108 cm−3, which leads to the ion Debye lengthlDi
.50 mm. For definiteness, we put the electric fieldE0
,5 V/cm. The dust density can be estimated through the
average particle separationDs,175 mm in SGC, which
givesnd0.1.93105 cm−3. As for the dust charge, the stan-
dard orbit motion limited approach(OML) predicts Zd

OML

,53103. However, we cannot rely on this estimation be-
cause of possible electron depletion in the dust cloud. An-
other important aspect is that we deal with a highly colli-
sional case and ion charge exchange collisions can result in
significant decrease of the grain charge in comparison with
the OML predictions[30,31]. So the value of the dust charge
has to be obtained by matching the measured dispersion
curve (Fig. 2) with theoretically calculated dispersion rela-
tion (27) for the given plasma parameters.

Figure 2(a) shows the result of such matching. Very good
qualitative agreement between measurements and theory is
obtained in the range of wave numbersk,30–100 cm−1

when the dust charge is of the orderZd,33103. The latter
is almost half that estimated from the OML theory in quali-
tative agreement with Refs.[30,31].

The particle chargeZd,33103 immediately yields the
dust plasma frequencyvpd.450 s−1. Furthermore, substitut-
ing the ion and dust charge densities in Eq.(6) we find the
electron densityn0e.108 cm−3 and the Debye lengthlDe
.0.12 cm. The ion Havnes parameterpi = uZdun0d/n0i is then
pi .0.85 and the ion drift velocity(12) can be estimated as
v0i .1.253104 cm/s, which is a few times smaller than the
ion thermal velocityvTi.2.73104 cm/s. These complex
plasma parameters give the lower and upper limits of wave
numbers ask* .0.3 cm−1 and k* .200 cm−1, which cover
the range of experimentally found wave numbers. Now we
have only to check the validity of the specific form of the ion
susceptibility (18). Putting appropriate values in Eq.(17)
yields k,200 cm−1, which is the case.

B. Waves in a large grain cloud

It is reasonable to assume that the plasma density de-
creases outside the discharge central region and we can as-
sumen0i .43108 cm−3 inside the large grain plasma cloud,

FIG. 2. Comparison of the experimentally measured dispersion
relations with the theoretically predicted square root dependencies
of Eq. (27). Plot (a) refers to the complex plasma formed by small
grains (SGC), while plot (b) corresponds to the complex plasma
domain formed by larger grains(LGC).
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while the electric field grows and we takeE0,10 V/cm.
The ion Debye length is nowlDi .60 mm and the dust den-
sity determined by the average particle separationDL
,270 mm is nd0.53104 cm−3. Since the size of the larger
particle is twice the smaller one, we assume that the dust
charge, carried by the particles in LGC is also twice the
charge of the small grains, and henceZd,63103. This leads
to the dust plasma frequencyvpd.170 s−1. The electron
density can now be estimated asn0e.0.753108 cm−3 and
the Debye lengthlDe.0.14 cm. The ion Havnes parameter
becomespi .0.82 and the ion drift velocity(12) is of the
same order as the thermal ion velocityv0i .2.73104 cm/s.
The lower and upper limits of the wave number are expected
to bek* .0.7 cm−1 andk* .70 cm−1, respectively. It should
be pointed out that the inequality(17) is now fulfilled auto-
matically, becausevTi,v0i.

Contrary to what has been done for the SGC, we will not
match the dispersion curves, but just calculate Eq.(27) for
the present plasma parameters and compare this with the
experimental data. This could be considered as an additional
verification of our interpretation. Comparison of the calcu-
lated dispersion relation(27) with the measured one is pre-
sented in Fig. 2. Very good qualitative agreement between
the measurements and the calculations is seen over the whole
range of wave numbersk,30–65 cm−1, supporting the pre-
sented theory.

IV. CONCLUSIONS

We have revised the linear dispersion relation, describing
dust density perturbations in a highly collisional complex
plasma with an ion drift, thus adapting this for realistic con-
ditions in recent complex plasma experiments performed un-
der microgravity conditions onboard the International Space
Station. Dust density perturbations have been studied for

wave frequencies larger than the dust-neutral momentum
transfer frequency. Taking into account a relation between
plasma parameters in an equilibrium state, two unstable
modifications of the dust-acoustic mode have been obtained.
The relevance of these perturbations to the observations of
dust density waves in a specific wave channel has been ana-
lyzed. It is shown that a new mode, characterized by a
square-root dependence of the wave frequency on the wave
number, can satisfy the propagation conditions in the given
range of wave numbers and thus can explain the peculiarities
of the measured dispersion relation.

The comparison of the theory and the observations was
made separately for two different complex plasma domains
formed by small and large microparticles. Good qualitative
agreement is found between the measured dispersion rela-
tions and the theoretically predicted square-root dependence
of the wave frequency on the wave number in both domains.
This allows a determination of the basic complex plasma
parameters. We found that the grain charges in SGC and
LGC are smaller than predicted by the OML theory. This is
in qualitative agreement with recent studies of the effect of
ion-neutral collisions on particle charging.
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