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An experimental study of the kinematic viscosity has been carried out for dust particles of size 0:95 and

3:92 �m, in weakly ionized plasma over a wide range of dust coupling parameters. Measurements of

viscosity for weakly correlated dusty-plasma systems are presented for the first time. An approximation

for the estimation of viscosity constants is proposed. The measured viscosity constants are compared with

theoretical estimates and numerical data.
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Transport phenomena in dissipative systems of interact-
ing particles are of significant interest in various fields of
science and technology (plasma physics, medical industry,
physics of polymers, etc.) [1–7]. In particular, viscosity is a
fundamental parameter that reflects the nature of the inter-
particle potentials and the phase state of the system [7–11].

There has been much recent work on the determination of
viscosity minimum in classical systems with strongly inter-
acting particles [12–14]. In Ref [13] it has been assumed that
the shear viscosity � ¼ �� in classical strongly coupled
systems may be so low that it is effectively negligible. Here
� is the kinematic viscosity, � ¼ nM is the mass density,
n is the particle density, and M is the particle mass.
Nevertheless, a string theory (AdS=CFT, anti–de Sitter/
conformal field theory) predicts the existence of a lower
limit for the ratio for viscosity to entropy density [12,13],
which (for classical systems) may be presented in the form
�=s� � Alim ffi 6:08� 10�13 K s, where s� ¼ S=M is the
specific entropy. But the theory and experiments show that
for ordinary molecular fluids the values of the �=s� ratio lie
well above the Alim limit [13,14].

It is well known that for most ordinary single-atomic
molecular fluids the viscosity coefficients (� and �) de-
crease with decreasing temperature T in the gaseous state
but increase with decreasing T in the liquid state. Thus a
minimal value of viscosity is usually observed around a
critical point of the medium [15,16]. Numerical simula-
tions for the frictionless one-component plasma (OCP) and
Yukawa systems with � ¼ lp=� < 6 predict a minimum of

the shear/kinematic viscosity at �=�m � 0:11 [11,17–20];
here, � ¼ ðeZÞ2=ðTlpÞ is the Coulomb coupling parameter,

�m ffi ��
m expð�Þ=ð1þ �þ �2=2Þ is the value of � at a

melting line [5–7], eZ is the particle charge, lp is the

mean interparticle distance, � is the screening radius, and
��
m ffi 106 for three-dimensional systems [5–7,17–19] and

��
m ffi 70 for the two-dimensional case [11,20].
A dusty plasma is an ionized gas containing micron-

sized charged particles. A dusty plasma is ubiquitous in
nature (in space, in upper layers of the atmosphere, etc.)
and is produced in many technological processes [5–7].

Laboratory experiments on dusty plasma, which are carried
out in various types of partially ionized gas discharges,
provide a good experimental model for studying nonideal
systems.
The first results on the measurements of viscosity con-

stants in dusty plasma were reported in Refs. [9,10]. In the
Ref. [9] measurements of the shear viscosity of a monolayer
dust component, within a capacitive radio frequency (rf)
discharge plasma were presented. The subsequent analysis
of measured constants showed essential differences between
the experimental data [9] and the results of simulations of
viscosity for equilibrium two-dimensional systems [11].
Viscosity measurements for three-dimensional multilayer
dust structures were described in Ref. [10]. However, these
measurements were performed only for strongly correlated
dust systems (�=�m > 0:35) and do not allow a detailed
comparison of experiments with the existing results of
numerical simulations. Additionally, all of the existing nu-
merical results were obtained for the case of frictionless
systems, and none of these references discuss the possible
influence of dissipation (friction) on dust viscosity.
However, the effect of the friction on theviscous properties

of dusty plasma was studied and/or discussed in several
recent papers [21–27]. It was found that with increasing
friction theviscosity constants decrease at low� and increase
at high � [21,22,25]. Nevertheless, the temperature depen-
dence of viscosity (including the existence, position, and
value of a minimum) is still an open question in dissipative
systems.
Here we present the results of an experimental study of

the viscosity constants for strongly coupled dust in weakly
ionized gas discharge plasma, where the collisions between
the dust particles and atoms or molecules of surrounding
neutral gas exert a considerable influence on the transport
properties of the systems. For analysis of this influence
we will use the scaling parameter � ¼ !�=�fr and the
effective coupling parameter �� ¼ �ð!�lpÞ2=T, where

�fr is the friction coefficient due to the dust-neutral colli-

sions, !� ¼ ½U00=ð2�MÞ�1=2 is the characteristic dust-dust
frequency, and U00 is the second derivative of a pair
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potential energy at the particle separation lp. We note here

that the value of !� may be easily determined in experi-
ments by the various diagnostic techniques [28,29] and that
the �� value is equal to ��

m at the melting line of the system
[5–7,20].

The experiments were performed in a rf discharge in

argon, at pressure P from 5 to 35 Pa, with discharge power

W from 2 to 25 W. The dust particles were formaldehyde

melamine, of density �d � 1:5 g cm�3, with radius a either

0:95 or 3:92 �m. The scheme of the experiment was de-

tailed in Refs. [10,21]. The observed dust cloud consisted of

several (� 15–20) dust layers. The radiation pressure of an

Arþ laser was used to drive a laminar flow of dust particles

through an undisturbed area of dusty plasma. The Arþ laser

beam was preexpanded by a telescope, and the central part

of this beam was cut out by a diaphragm of diameter

�0:3 cm. The Arþ laser power WL was varied from �5
to 150 mW. For diagnostics, a plane beam of a He-Ne laser

(laser sheet �250 �m) illuminated the horizontal mono-

layer of dust particles. This monolayer was videotaped using

a high-speed complementary metal-oxide-semiconductor

camera (frame frequency 500 s�1). The video records

were analyzed using special computer codes. The coordi-

nates, trajectories, and velocities of dust particles were

obtained. Then the pair correlation functions gðlÞ, the

mean separation lp, the temperatureT, and the mass-transfer

functions [DðtÞ ¼ h�l2i=ð4tÞ, where h�l2i is the mean-

square displacement] for dust particles in an undisturbed

area of dusty plasma were obtained. For diagnostics of dust

parameters (�� and � ¼ !�=�fr), the technique based on

analysis of the mass-transfer processes for a small observa-

tion time [29] was used. Under experimental conditions the

�� values were varied from �1 to �100, the mean inter-

particle distances, lp, was about 550	 100 �m, and the �

parameters were varied within the limits �1–1:5 for parti-

cles with a ¼ 3:92 �m, and �� 0:04–0:06 for particles

with a ¼ 0:95 �m.
Estimates of the viscosity constant � were obtained from

the Navier-Stokes equation [� 1
r

@
@r r

@VyðrÞ
@r ¼ �frVyðrÞ�

FðrÞ=M, where FðrÞ is the radial distribution of laser radia-
tion force], by fitting the experimental laminar flow velocity
profile Vy ¼ VðyÞ of macroparticles through an undisturbed

area of dusty plasma, under exposure to theArþ laser beam.

FIG. 1. The values of � (a), �� (b), and ��ð1þ ��1Þ (c) vs �� for various experiments: (d) a ¼ 0:95 �m (P ¼ 35 Pa,
W ¼ 15–22 W); (
) a ¼ 0:95 �m (P ¼ 25 Pa, W ¼ 6–13 W); (m) a ¼ 3:92 �m (P ¼ 9 Pa, W ¼ 8–13 W); (4) a ¼ 3:92 �m
(P ¼ 5 Pa, W ¼ 3:8–6 W). Continuous curve is the averaged data of numerical simulations [17–19]. Dotted curves are Eq. (1):
(A) � ¼ 0:04, (B) � ¼ 1:4.
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This technique for a determination of viscosity and its
specific conditions were detailed in [10,21].

The kinematic viscosity �ð��Þ, its normalized value
�� ¼ �=ð!�l2pÞ, and ��ð1þ ��1Þ are plotted against �� for
various experiments, in Figs. 1(a)–1(c), respectively. Com-
parisons of the measured viscosity constants with the aver-
aged data of numerical simulations for three-dimensional
frictionlessOCP [18,19] andYukawa [17] systems are shown
in Figs. 1(b) and 1(c). (The minimum of the viscosity
constant, �� � 0:18, in the above-mentioned numerical
simulations is observed at �� ¼ 12 [17–19]).

We now summarize the conclusions to be drawn from
our measurements, focusing on the position and value of
the viscosity minimum, the influence of friction on viscos-
ity constants, and the minimal ratio of viscosity to entropy
density.

Figures 1(a) and 1(b) clearly show that the measured
values �ð��Þ vary by more than an order of magnitude for
various experimental conditions, i.e., for different�� and� /
1=�fr. For the big particles (a � 3:92 �m, �� 1–1:5), a
minimum of the viscosity constant (where its temperature
dependence varies) is observed. The experimental results
differ considerably from the results of numerical simula-
tions for frictionless systems [17–19]. However, the normal-
ized viscosity constants ��ð1þ ��1Þ in the range of �� ¼
10–100 are in accordance with the numerical simulation of
frictionless (��1 ¼ 0) Yukawa systems; see Fig. 1(c). The
last result is in agreement with the numerical simulation of
strongly correlated dissipativeYukawa systems [20] andwith
the experimental data presented in Ref. [21].

Analytical estimates of the temperature dependence of
the viscosity constants, for various values of �� and �, can
be obtained from analyses of numerical simulations of the
diffusion coefficient D and the viscosity coefficient �. The
viscosity coefficient � can be written as � ¼ �kin þ �pot þ
�cross [17], where �kin, �pot, and �cross are the kinetic,

potential, and cross parts of viscosity. Taking into account
that the value of �kin ffi 2D=3 for �� < 30 and that the

value of ð�cross þ �potÞD � ð!�l2pÞ2=ð32
ffiffiffiffiffiffi

��p Þ for 90>

�� > 1 [17,30], we find the following approximation for
�� ¼ �=ð!�l2pÞ:

�� � 2
ffiffiffiffi

�
p

D�=ð3��f1þ ��1gÞ
þ

ffiffiffiffiffiffi

��p
ð1þ ��1Þ=ð32 ffiffiffiffi

�
p

D�Þ: (1)

Here, D� ¼ Dð�fr þ!�ÞM=T may be obtained by direct
measurements, or from the numerical simulations, or (in
the three-dimensional case) as the approximation [31]

D� ffi 1� ½4"=f1þ expð"Þg þ 2��=��
c�=3: (2)

Here, " ¼ 0:5þ 2:5��=��
c, and �

�
c ffi 102 is the �� value at

a crystallization point. The calculations of �� from Eqs. (1)
and (2) for the various � parameters are presented in Fig. 2
together with the data from the frictionless (��1 ¼ 0)
simulations [17–19]. Thus the viscosity constant � increases

with increasing the friction coefficient (with the � decreas-
ing), and the minimal value of � also increases and occurs at
lower values of ��. Our experimental data clearly agree well
with these theoretical predictions [see Figs. 1(b) and 1(c)].
We can also clearly see that with increasing friction (i.e.,
with the � decreasing) the viscosity constants decrease at
low � and increase at high � in accordance with the results
presented in Refs. [20–22,25]; see Fig. 2.
Notice that in most cases the kinematic viscosity � of

single-atomic molecular fluids is about �10�2 cm=s; i.e.,
� is close to the kinematic viscosity of the dust component
under conditions of weak dissipation of dust energy (with
!� > �fr, see Fig. 1(a), a ¼ 3:92 �m). Nevertheless, the
shear viscosity � ¼ �� may differ considerably, due to a
difference in the density of media (� ¼ nM), for example,
for the gas and liquid state of the system due to their
difference in the concentration n, or for different substan-
ces due to the difference in atomic/molecular mass M. So,
for example, the mass density of liquid single-atomic
metals is �� 1 g=cm3 [15,16], while the mass density of
the dust component in rf discharge plasma under typical
conditions (M ¼ 10�12–10�9 g, lp � 500 �m) varies

from �10�8 to 10�5 g=cm3. Thus the shear viscosity of
the dust component of plasma is negligible with respect to
the � coefficients for molecular fluids. The entropy fSkBg
for the ordinary molecular fluids is usually in the range
from �1 to �10 [15,16]. Calculations of entropy for dust
components under typical experimental conditions from
the equations of Refs. [14,32] give fSkBg � 36	 10.
Thus the basic influence on the ratio of �=s� gives the
difference in the mass of the particles M in analyzed

FIG. 2 (color online). The ��ð��Þ functions for frictionless
systems (� ! 1) in OCP model: (h) [18,19], and for Yukawa
systems [17]: (
) � ¼ 0:16; (gray d) � ¼ 0:81; (d) � ¼ 1:61;
(4) � ¼ 3:2; (m) � ¼ 4:8. Lines are (A), the averaged data of
numerical simulations [17–19] for the case of ��1 ¼ 0 (with the
relative errors of 20%), and the approximation, Eq. (1), for
(B) ��1 ¼ 0, (C) ��1 ¼ 1 (D) ��1 ¼ 4.
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media, and thus, the ratio �=s� ¼ M�=S for dusty plasma
is well above (more than of 10 orders) the �=s� value for
molecular fluids.

In conclusion, an experimental study of the kinematic
viscosity has been carried out for dust particles of different
sizes in weakly ionized plasma. Nonmonotonic dependence
(a minimum) of the viscosity constants on the dusty-plasma
coupling parameter has been observed. Measurements of
viscosity for weakly correlated dusty-plasma systems are
presented for the first time. A decrease in viscosity constants
with the temperature has been observed for small dust
coupling parameters. The influence of the neutral compo-
nent (friction) on the viscosity of dusty plasma has been
investigated. An approximation for the viscosity constants
(which is suitable for estimation of its minimum) has been
proposed for nonideal dissipative systems.
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