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Dust mode in collisionally dominated complex
plasmas with particle drift.
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Abstract— Experiments with micropareticles flow were con-
ducted in a DC discharge. A sharp threshold in the neutral
gas pressure for the onset of an unstable dust wave mode was
observed. Highly space and time resolved measurements of the
microparticle flow combined with probe measurements of the
plasma parameters have allowed detailed comparison with a
theoretical model. The model demonstrates good qualitative and
quantitative agreement with the experimental data providing
accurate estimates of the particle charge.
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I. INTRODUCTION

It is well known that the presence of the microparticles in
plasmas not only modifies some properties of the collective
plasma wave modes, but also gives rise to low-frequency
modes which essentially involve the dust dynamics. These
low-frequency dust modes have been observed in many labo-
ratory experiments [1]–[6]. In the majority of the experiments,
waves were studied in stationary dust clouds confined by
the balance of external forces (e.g. electric field, gravity, ion
drag etc). In this paper we perform experiments with very
small particles in a horizontal DC discharge tube where the
force due to the weak (ambipolar) radial electric field in the
bulk plasma compensates gravity. Another distinct feature of
the experiment is a particle flow velocity much larger than
the particle thermal velocity. Highly space and time resolved
measurements provide information about the particle flow
(flow velocity, particle number density) and wave properties
(wavelength and phase velocity). Combining this with probe
measurements of the plasma parameters, we are in a position
for detailed comparisons with a theory. The used theoretical
model is not only capable of reproducing the main qualitative
features of the observations, but also gives quantitative results
in good agreement with the experiment and hence yields
accurate estimates of the particle charge.

II. EXPERIMENTAL SET-UP

The experiments are performed in a DC discharge in a
35 cm long U - shaped glass tube (PK-4 experiment). The
set-up is sketched in Fig. 1 and details on the experimental
facility PK-4 can be found in Ref. [7]. Injected particles (with
number density varied) were caught by the plasma and, being
charged negatively, were drifting against the discharge electric
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Fig. 1. Sketch of the experimental set-up (PK4 prototype chamber).

field in the horizontal part of the tube (see Fig. 1). We used
standard Melamine-Formaldehyde particles with mass density
ρd = 1.51 g/cm3 and radius of a = 0.6 µm. The discharge
was operated in Neon in the pressure range from 100 to 30
Pa with a discharge current of 1 mA. For p = 50 Pa, the
probe measurements gave the following plasma parameters
(details will be published elsewhere, see also Ref. [8]): Ion
and electron density ni ' ne ' 5 × 108 cm−3, electron
temperature Te ' 4.5 eV and electric field E ≈ 2 V/cm. The
ion temperature Ti was not measured but for the pressures used
it is reasonable to assume that it is close to the temperature
of the neutral component, Ti ' Tn ' 0.03 eV.

The particle motion was recorded by CCD camera with field
of view of 640 × 480 pixels (corresponding approximately to
6.4 by 4.8 mm), and time resolution of 8.3 ms. The width of
the laser sheet was 100 µm. The measurements were taken
with the camera located at the position 12 cm from the cathod
end of the main tube (see Fig. 1). It was checked that the
dynamics is essentially the same along the rest of the glass
tube.

III. MAIN FEATURES OF THE EXPERIMENT

Here we discuss the experimental results obtained from an
analysis of the digitized video. First, the dust number density
was estimated to be nd ' 1.2 × 105 cm−3, by counting the
number of particles (approximately 600) in single snapshots
of the video. An upper limit of uncertainty in nd is 50 %.
Second, wavelength λ (wave number k) and phase velocity
vph = ω/k were obtained from the video sequences by
analyzing the motion of the wave fronts and spacing between
them. Lastly, particle velocities Vd were obtained by tracking
individual particles through the video sequences. The results
were obtained for a set of pressures in the range 30− 100 Pa.
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Fig. 2. Particle flow just above the threshold [p ' 60 Pa] (a), at the threshold
[p ' 55 Pa] (b) and below the threshold [p ' 50 Pa] (c). Field of view is
4.8 by 6.4 mm. The center of the tube is located at the lower edge of the
pictures. Direction of the electric field and the particle velocity in (a)-(c) is
the same as in Fig. 1. Wave propagates to the left in (b) and to the right in
(c). For (b): wave length λ ' 0.08 cm, phase velocity vph = ω/k ' 0.24
cm/s, wave frequency ω ' 80 s−1 and particle velocity Vd ' 4 cm/s. For
(c): λ ' 0.18 cm, vph ' 0.50 cm/s, ω ' 17 s−1 and Vd ' 5.5 cm/s.

The following main features of the overall experiment were
observed:

1. A sharp threshold for wave generation, with decreasing
pressure, at p ' 55 Pa was detected. Fig. 2 (a) shows an
undisturbed particle flow for a pressure p ' 60 Pa and
Figs. 2 (b) and (c) present the situation when an instability
takes place.

2. Right at the threshold [p ' 55 Pa, Fig. 2(b)] the particles
and the wave fronts are moving in opposite directions. Below
the threshold, the wave fronts are moving in the same direction
as the particles [Fig. 2(c)].

3. Below the threshold, the waves propagate faster and the
wave length is longer compared to that at the threshold (see
caption to Fig. 2).

4. Similar to previous works [4], we observe that the
threshold shifts towards higher pressures when the number
of the particles is increased.

IV. COMPARISON WITH THEORY

In deriving a theoretical dispersion relation, we take into
account the following effects: Ion-neutral and dust-neutral
collisions, and ion and dust particle drift in the discharge
electric field. We assume Boltzmann distribution for electrons
in the wave potential and neglect ion inertia as the limit of very
low frequency waves (on the electron and ion frequency scale)
is considered. We also assume cold dust fluid (omitting the
pressure term in the momentum equation for the particles). The
effects of nonideality of the particle component are neglected,
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Fig. 3. Numerical solution of the dispersion relation [Eq. (1)] for p = 50

Pa (a) and p = 60 Pa (b). Real and imaginary parts of ω are given by solid
and dashed lines, respectively. Curves 1 correspond to “low-frequency” mode
and curves 2 to strongly damped “high-frequency” mode.

which seems to be reasonable because we are dealing with col-
lisionally dominated plasma (see e.g., Ref. [9]). The resulting
linear dispersion relation within the hydrodynamic approach
is similar to that derived in Ref. [6] (the only modification
takes accounts of the particle drift with velocity Vd), and can
be written in the form

1 + 1
k2λ2

De

+
ω2

pi

k2v2

Ti
+ku0(iνin−ku0)

−

ω2

pd

(ω+kVd)(ω+kVd+iνdn) = 0 (1)

where λDe =
√

Te/4πe2ne is the electron Debye radius,
ωpi =

√

4πe2ni/mi is the ion-plasma frequency, u0 and
vTi

=
√

Ti/mi are the ion drift and thermal velocity, and
mi is the ion mass. The dust plasma frequency is ωpd =
√

4πZ2e2nd/md, where Z and md are the particle charge
number and mass, respectively. The momentum transfer fre-
quency for dust-neutral and ion neutral collisions are νin '
nnσinvTi

and νdn = (8
√

2π/3)a2nnvTn
(mn/md), where nn,

vTn
, mn are the density, thermal velocity, and mass of neutrals,

and σin is the momentum-transfer cross section for ion-neutral
collisions.

With the plasma parameters given in Sec. II we estimate
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λDe ' 700 µm, λDi ' 60 µm, vTi
' 3.8 × 104 cm/s,

and ωpi ' 6.5 × 106 s−1. The ion drift velocity can be
then calculated using the measured value of the electric field,
u0 = eE/miνin. For the estimations, σin ' 10−14 cm2 is
taken for the effective ion-neutral momentum transfer cross
section in Neon. The particle drift velocity is measured in
the experiment. The values of the characteristic momentum-
transfer frequencies and drift velocities for the ion and particle
components are given in Table I for two values of the neutral
gas pressure, p = 60 Pa (above the threshold) and p = 50
Pa (below the threshold). Using these values the dispersion
relation (1) can be solved numerically for any given ωpd.
Matching the experimental results with the solution we can
estimate the dust-plasma frequency and, hence, the particle
charge.

The numerical solution of the dispersion relation repro-
ducing the main qualitative and quantitative features of the
experiment is presented in Figs. 3 (a) and (b) for the pressures
p = 50 and p = 60 Pa, respectively. It corresponds to
ωpd ' 900 s−1. We can observe that two solutions exist. One is
a “high frequency” acoustic-like mode (curves 2). It is highly
damped (the damping rate is very large and is not shown in
Fig. 3 for clarity) for both pressures and is of no interest for
the present analysis. The other is non-acoustic “low frequency”
mode and below we analyze its behavior. For lower pressure
(p = 50 Pa) this mode can propagate in the direction opposite
to the electric field (ω > 0, k < 0). It is unstable for a range of
wave numbers, with the maximum increment at k ' 40 cm−1

[see Fig. 3 (a)]. The most unstable mode is characterized by
the phase velocity vph ' 0.45 cm/s. Both values are very close
to the experimental observations (see caption to Fig. 2). The
wave behavior changes as the pressure is increased. It follows
from Fig. 3 (b) that at the pressure p = 60 Pa, the wave can
propagate in the direction of the electric field (ω > 0, k > 0),
i.e. opposite to the previous case, however it is damped for
all k. This implies that the transition to the wave instability
should occur somewhere between p = 50 Pa and p = 60 Pa,
in good agreement with the observations.

We can estimate particle charge using the fact that good
agreement between theory and experiment was obtained at
ωpd ' 900 s−1. With the measured value of the particle
number density, nd ' 1.2 × 105, we find the particle charge
number to be Z ' 2.0 × 103. This is smaller than the
value calculated from the orbital motion limited (OML) theory
(ZOML ' 4 × 103) by approximately a factor of two. This
result seems to be in reasonable agreement with the recent
calculations [10], [11] which predict a decrease in the particle
charge due to ion-neutral (charge exchange) collisions.

V. CONCLUSION

Experiments with dust grain flows in a DC discharge are
presented. A threshold in the neutral gas pressure for the
onset of the dust wave instability was observed. Using accurate
measurements of flow and plasma characteristics we are able
to determine the particle charge from comparison between
experiments and theoretical dispersion relation. The charge
obtained is less than OML theory predicts which could be

TABLE I
CHARACTERISTIC MOMENTUM-TRANSFER FREQUENCIES AND DRIFT

VELOCITIES FOR ION AND DUST COMPONENTS

p, Pa u0, cm/s Vd, cm/s νdn,s−1 νin, s−1

50 1.9 × 10
4

5.5 298 5.0 × 10
6

60 1.6 × 10
4

4 358 6.0 × 10
6

expected for the neutral pressure used in experiments. Pre-
liminary investigations show that the theoretical model is also
capable of describing more delicate features of the experiments
like the changing direction of the wave propagation and
shifting the threshold towards higher pressures with the dust
number density increased. This work is in the progress and
details will be published elsewhere.
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