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The results are given of an experimental investigation of heat transport processes in fluid dusty structures in
rf-discharge plasmas under different conditions: for discharge in argon, and for discharge in air under an action
of electron beam. The analysis of steady-state and unsteady-state heat transfer is used to obtain the coefficients
of thermal conductivity and thermal diffusivity under the assumption that the observed heat transport is
associated with a thermal conduction in the dusty component of plasmas. The temperature dependence of these
coefficients is obtained, which agrees qualitatively with the results of numerical simulation for simple mon-
atomic liquids.
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I. INTRODUCTION

The physical properties of nonideal dissipative systems
are of significant interest in various fields of science �hydro-
dynamics, plasma physics, medicine, etc.� �1–5�. The major
problem encountered in studying such systems is associated
with the absence of an analytical theory of liquid that would
be capable of explaining its thermodynamic properties, de-
scribing the heat and mass transfer, etc. Two basic ap-
proaches are employed in developing approximate models
for liquids, the first one of which consists in numerical cal-
culation of properties of a medium using model data on the
particle interaction �6–15�; the second method is based on
analogies between the crystalline and liquid states of matter
�1–4�. The difficulty of checking the suggested models is that
the spectrometric diagnostics of a liquid are often very inex-
act �2–4�. Unlike real liquids, laboratory dusty plasma is a
good experimental model for studying the nonideal systems
�16–18�. This plasma is a partly ionized gas with charged
dust macroparticles ��1–10 �m in size�, which may be ob-
served by a video camera; this enables one to investigate the
processes of heat and mass transfer at the kinetic level.

The majority of numerous investigations of dusty plasma
are based on the model of screened Coulomb potential U
= �eZ�2exp�−r /�� /r, where r is the interparticle spacing, � is
the screening length, and eZ is the charge. The screening
intergrain interactions were observed experimentally for
grains trapped in the electric field of capacity rf-discharge
�19�, in inductive rf-discharge �20�, and in dc-glow discharge
also �21�. It should be noted that this �Debye� model for
intergrain interactions may be incorrect under conditions of a
dense grain cloud and in the sheath region of laboratory gas
discharges, as well as this model does not take into account
the ionization/recombination processes, the collisions of
plasma electrons and ions with neutrals, and many other fac-
tors �22�.

Two dimensionless parameters responsible for the mass
transfer in such systems were found in �10–12� for �=rd /�
�6, where rd=nd

−1/3 is the mean interparticle spacing, and
nd is the concentration. These are the effective coupling pa-
rameter �*= �Ze�2 / �Trd���1+�+�2 /2�exp�−��� �which de-

fines the form of the pair correlation function from �*�1
to the crystallization point �*=�*

c�102� and the scaling
parameter �	� fr /�*, where �*=eZ ��1+�+�2 /2�exp�−�� /
�rd

3	M��1/2 is the characteristic frequency �* of charged
particles, � fr is the effective frequency of their collisions with
neutrals of surrounding gas �23�, and M and T denote the
mass of a dust particle and kinetic temperature of a dusty
component �in energy units�.

In presented work the results of an experimental investi-
gation of processes of heat transport are given for fluid dust
structures in plasma of a capacitive radio-frequency �rf-� dis-
charge under different conditions: for rf-discharge �in argon�;
and for RF-discharge �in air� under an action of electron
beam. Experiments were performed for macroparticles with
different sizes ��0.5 and 2 �m in radius�, and material
�Al2O3 and latex�. The analysis of steady-state and unsteady-
state heat transfer is used to obtain the coefficients of thermal
conductivity and thermal diffusivity under the assumption
that the observed heat transport is associated with a thermal
conduction in the dusty component of plasmas. Possible
mechanisms of heat transport in experiments presented are
considered. Comparison of experimentally retrieved con-
stants of heat transfer with numerical data for simple mon-
atomic liquids is given.

II. RELATIONS BETWEEN TRANSPORT CONSTANTS
FOR SIMPLE FLUIDS

The coefficients of diffusion D, thermal conductivity 
,
and viscosity � reflect the thermodynamic state of a system.
In the case of gases, the constants of diffusion, kinematical
viscosity �=� /�, and thermal diffusivity 
=
 / �� cp� are
close in value and may be written in the form of known
analytical relations �23� �here, �=M nd, and cp is the specific
heat capacity at constant pressure P�. Such relations for the
liquid state of matter enable one to employ known hydrody-
namic models for analysis of the wave propagation, the for-
mation of vortexes and various instabilities in highly non-
ideal media. The numerical simulation of transfer processes
in simple monatomic liquids with a wide scope of interaction
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potentials reveals that the relations between the transport co-
efficients may be approximated as �4�

� � T/�8.1rdD� , �1�


 �
0.75kB

Mcp
rdVt
0.6rdVt

D
�5/8

, �2�

where cp=2.5kB/M, and kB is the Boltzmann constant. The
main difference between the properties of simple liquids and
plasma-dust systems is associated with the presence of dis-
sipation of the energy of dust particles due to their collisions
with neutral gas. In the case of weakly dissipative systems
�� fr��*, �→0�, the results of simulation of the dynamics
for macroparticles and simple liquids coincide. In order to
include the dissipation, the coefficient of diffusion must be
reduced by a factor of �1+��, and the viscosity coefficient
must be accordingly increased by �1+�� �10,12�. No experi-
mental or numerical data have been available heretofore on
the effect of the friction forces on the heat transfer in non-
ideal systems. Nevertheless, if we rely on Eq. �2� and take
into account the fact that D�1/ �1+��, the values of heat
transfer coefficients in dissipative systems must exceed
their values for the dispersion case by a factor of �1+��5/8.
The values of normalized transport constants, D*��*�
=D�1+�� / ��*rd

2� and �*��*�=� / ���*rd
2��1+���, for the

systems with the screened Coulomb potential are shown in
Fig. 1 �from numerical data of studies �9,10,12–15��. In
this figure the normalized value of thermal diffusivity

*=
 / ���*rd

2��1+��5/8� �retrieved from Eq. �2�, and the
diffusion simulations� is also shown. �Notice that in the case
of weakly dissipative systems ��→0�: D*→D / ��*rd

2�;
�*→� / ��*rd

2�; 
*→
 / ��*rd
2�.� The presented curves illus-

trate the limits of the constant relation between the transport
coefficients � and 
 that is often used in analysis of proper-
ties of simple liquids: ��cp 
=2.5kB/M
 ���
� �4�. Tak-
ing into account that the errors under numerical simulations
are some 20%, this relation is suitable for values of �* from
�4 to �40 �see Fig. 1�.

III. HEAT TRANSFER EQUATIONS

In the case of heat transfer �no convection�, the heat flux
density q obeys the Fourier law �24�

q = − 
 � T/kB, �3�

where q=0.5�
VMV2dN� /S�x is the heat flux transferred by
particles at velocity V through an area S of a layer of matter
of thickness �x, and N is the number of particles. In the
absence of vibrations and rotation of particles and assuming
their energy to be uniformly distributed over the degrees of
freedom, the density of heat flux propagating in the preferred
direction x may be found as q�1.5���Vx

3�+− �Vx
3�−�, where

1.5��Vx
3�+�−� is the amount of heat transferred in the direc-

tion of ��� and counter to ��� the flow. Then, one can write
for the coefficient 



 � 1.5nd�xkB��Vx
3�+ − �Vx

3�−���Vx
2�+ − �Vx

2�−�−1. �4�

�In this case the thermal diffusivity may be obtained as 

=
 / ��cp��2
 / �5n kB�.�

The nonuniform distribution of the dust temperature in
plasma �including a highly nonisotropic distribution� is ob-
served quite frequently �25–27�. This phenomenon may be
explained by spatial variation of dust charges, which pro-
vides for the formation of internal heat sources, Qh, in a
system. Because Eqs. �3�–�5� are valid for an inhomoge-
neous medium as well; a possibility exists of obtaining the
temperature dependence of heat-transfer coefficients.

The heat transfer equation in a stationary medium �with-
out convection, or another regular motion�, where an energy
transport is the result from the thermal conductivity only,
may be written as �24�

�T/�t = �div 
 � �T� + kBQ�/�cp�� . �5�

Here Q=Qh+Qd is the source function which can be pre-
sented as a superposition of the internal natural heat sources,
Qh, and the internal sources of energy dissipation, Qd �the
heat discharge�. Taking into account that the basic source of
dissipation of the energy of dust particles in weakly ionized
plasma is their collisions with neutral gas, we can assume
�for the case of one-dimensional heat transfer� �17�

kBQd/�cp�� = 2�frT . �6�

The steady-state distribution of temperature ��T /�t=0� obeys
the equation div 
�T=−Q. In the case of uniform spatial
distribution of T ��T=0�, the value of Q=0 and Qd=Qh.
The mechanisms of a formation of heat sources, Qh, for dust
particles in plasma may be various, including the space-time
fluctuations of the dusty plasma parameters �25–30� �e.g., the
macroparticle charges� as well as development of various
plasma-dust instabilities in the electric fields of the gas-
discharge chambers �27,31,32�. In doing so, with the differ-
ent mechanisms of dust heating, the stochastic thermal mo-
tions of dust particles may result from the small
perturbations of systems �self-excited oscillations� or can ap-
pear with a growth of displacements of dust particles from its
equilibrium positions above the some critical amplitude �26�.

Notice that the time of the formation of different plasma-
dust instabilities �leading to the dust heating� is usually close

FIG. 1. Normalized transport constants D* �1�, �* �2�, and 
* �3�
vs �* for the systems with the screened Coulomb potential.
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to the time of the dust charging ��10−4–10−6 c�. In this case
the time of the dust heating, due to the formation of these
instabilities, is determined by the time of the thermalization
of the system �by the time for the establishment of Max-
well’s distribution for dust velocities� �23,33�

�Maxw � �fr/�d
2, �7�

where �d
2=4	�eZ�2nd /M. For this time the mechanisms

�that produce the dust heat sources, Qh� are balanced by the
mechanisms of dissipation of dust energy in the systems.
Thus, because in terms of macroscopic kinetics, Eq. �5� is
valid only at a physically long time scale in the case of �eq
��Maxw �where �eq is the time of equalization of temperature
in the analyzed system �23,33��, we may assume that in the
presence of the above-mentioned mechanisms of dust heat-
ing, the dissipation sources, Qd, must be balanced by heat
sources, Qh �Qd�Qh�. Examination of this assumption is
presented in Sec. III.

A set of problems for a theory of heat transfer are the
tasks on determination of velocities of equalization of tem-
perature for nonuniform heated finite media, the surface of
which is under preassigned conditions. For these tasks a gen-
eral solution of the heat equation is usually used in the form
�24�

T�x, t� = � cnTn�x�exp�− �nt� , �8�

where cn are some constants, Tn obey the equation


�Tn = �nTn, �9�

and �n �with n=1,2 ,3 , . . .� are the set of the special values
where Eq. �9� has a solution under preassigned boundary
conditions. Notice that the velocity of equalization of tem-
perature determines by minimal value of �n=�1, and the time
�eq for this temperature equalization can be presented as
�eq=1/�1 �24�.

Finally we note that in the case of dissipative dust struc-
tures �with ��1� Eqs. �3�–�5� do not allow a determination
of these coefficients �
 ,
� for a pure dust component; the
influence of buffer gas �friction coefficient� must be taken
into account as pointed out in the end of Sec. II, according
to the existing models developed in the statistical theory of
liquid �4�.

IV. EXPERIMENTS IN rf-DISCHARGE

The experiments on a study of heat transfer were per-
formed in plasma of a capacitive radio-frequency discharge
in argon �P�20 Pa� with Al2O3 particles 3–5 �m in diam-
eter �average radius ad�2 �m and density �d�2.4 g cm−3�
that were trapped in a confined electric field of the gas dis-
charge chamber. The scheme of experiment is given in Fig.
2�a�. For diagnostic purposes, the particles of a dust cloud
were illuminated by a plane beam of a He-Ne laser. The
illumination was performed in two ways. In the first case we
have used a nonfocused laser beam that allowed the determi-
nation of the total geometric size of the dust cloud. In the
second case the diagnostics involved the illumination of the
horizontal monolayer of the dust cloud by a laser sheet
�thickness �250 �m� for detailed study of dust structures
and their dynamics. The analyzed monolayer was filmed us-
ing a charge coupled device camera �frame frequency,
50 s−1�. Analyses were performed for 5–7 horizontal dust
layers placed close to the center of a dust cloud. Diagnostics
of the vertical structure of a dust cloud involved the illumi-
nation of their vertical cross sections by the laser sheet. The
video records were treated using special computer codes.
The coordinates and trajectories of particles were obtained as
a result of video records processing.

Under the experiments, the dust cloud was initially an
equilibrium liquid structure consisting of �13–15 dust lay-
ers �3.5 cm in diameter. As a result of minor variation of the
discharge parameters �increase in power or decrease in pres-
sure�, one of the cloud edges was heated rapidly. �This asym-
metric perturbation is caused by the geometric nonuniformity
of the trap.� The front of the propagation of thermal pertur-
bation was flat; the perturbation propagated in the single
�horizontal� direction x �see Fig. 2�b��. We have not regis-
tered any temperature gradients in other directions. Here it
should be noted that the technique of direct visualization of
dust particles allows the registration of any changes in their
translational degrees of freedom. We have also observed no
dust drifts or convections in analyzed structures for station-
ary cases as well as for unsteady-state heat transport. �Dis-
tributions of dust velocities were close to Maxwell’s func-
tions.�

The thermal perturbation propagated through the dust
structure in the horizontal direction during �12 to 13 s.
Then the dust system aroused a new equilibrium state with a
clearly defined interface between the low-temperature and

FIG. 2. The scheme of the ex-
periment �a� and video image of
stable two-phase dust structure �b�
with the trajectories of separate
particles for time t=0.25 s.
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high-temperature regions �see horizontal cross section of
dust cloud in Fig. 2�b�� and during another �300 s the char-
acteristics of the observed dust structure were held practi-
cally constant. The parameters of the high-temperature re-
gion were as follows: T�3 eV, rd�400 �m, �*�6, �*

= �T�* / �	Mrd
2��1/2�8.5 s−1. The low-temperature region

exhibited characteristics close to the parameters of an unper-
turbed system: T�0.3 eV, rd�500 �m, �*�49, �*

�6.8 s−1. In all cases the registered dust concentration was
close to the constants �rd�400 �m� for the temperatures T
�0.7 eV, with decreasing of T it was about halved. The
temperature was analyzed using the measurements of the
dust velocity distributions �see Fig. 3�; the mean distance rd
and parameter �* were determined from the experimental
pair correlation function �see Fig. 4�. The measured errors in
temperatures and �*, were about 10%, the errors in determi-
nation of rd were less than 5%. The friction coefficient was

�fr�35 s−1 �in a free-molecular approach for ad�2 �m
�23��.

As mentioned above the nonuniform distribution of the
dust temperature �including highly nonisotropic distributions
like those observed� is found quite frequently in a gas dis-
charge plasma �25–27�. For most cases this phenomenon
may be explained by spatial variation of dust charges, which
provides for the formation of internal heat sources in a sys-
tem. A formation of two-temperature dust structures from an
initial homogeneous cloud with a variation of experimental
conditions in our experiments can be explained by the
mechanism proposed in �26� where the physics of the dust
“heating” in the systems with small spatial variation of dust
charge �due to the perturbations of these systems with an
amplitude more than its critical value� was detailed. It should
be noted that Eqs. �3�–�5� do not have restrictions on any
mechanisms of heating or ways of formation of internal heat
sources. A validity of these equations above all is determined
by the fact that the observed heat transport must be induced
by the temperature gradients via the heat conduction. Be-
cause the analysis of the measured dust velocity distribution
has not revealed any convective �or another regular� motion
in analyzed structures �see above�, we can suppose that both
convections and diffusions are lacking in our experiments,
and that the observed heat transport is associated with a ther-
mal conduction in the dusty component of plasmas.

The results of determining the conductivity 
 using Eq.
�4� for steady-state conditions �t�13 s� on the interface for
the A-C region of width �2�x=0.35 cm and, separately, for
the A-B and B-C regions �see Fig. 5� are given in the Table I
as functions of the average �for these regions� temperature.
The errors in measured values of 
 were about 10%. Also
given in this table are the values of 
=2
 / �5ndkB� and pa-
rameter �* which was obtained by simple scaling of its value
for the high-temperature region.

In order to analyze the dust medium during the motion of
thermal perturbation, the video frame was divided into sev-

FIG. 3. Macroparticles’ velocity distributions for the high-
temperature ��, �� and low-temperature ��, �� regions: ��, ��–
f�Vx�; ��, ��–f�Vy�. Continuous lines are the Maxwell curves for
measured temperatures of the dusty component. T=3 and 0.3 eV,
accordingly.

FIG. 4. Experimental pair correlation functions g�r /rd� for
�–high-temperature, and �–low-temperature regions. Continuous
lines are the results of numerical simulations for the appropriate �*

parameters.

FIG. 5. Spatial distribution of thermal perturbation for different
times of observation. The numerals indicate the time in seconds;
�x=m�x, where m is the number of analyzed regions of width �x.
Vertical lines show the regions of measurement of 
 in the steady
state.
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eral rectangular regions of width �x�0.175 cm. The pattern
of motion of the front of thermal perturbation, obtained by
averaging the temperature of dusty particles in these regions,
is given in Figs. 5 and 6. One can readily see that the bound-
aries of the heated region expand during �8 s after thermal
perturbation. Then, the velocity of motion of the front de-
creases abruptly, and the kinetic energy of particles experi-
ences a new perturbation which is possibly caused by the
“collision” of the thermal front with the region where a for-
mation of the internal heat sources occurs. After another
�4 to 5 s, the dust system assumed a new equilibrium state
and represented a liquid two-temperature medium with a
clearly defined interface between the low-temperature and
high-temperature regions at a distance of �2–2.5 cm from
the site of initiation of thermal perturbation �see Figs. 2�b�
and 5 the regions with �x�0.9 cm, and with �x�0.5 cm,
respectively, at the time �13 to 14 s�. All experimental val-
ues presented here are the result of averaging of data for four
repeated experiments.

Let us consider a dynamics of observed propagation of
thermal perturbation in our experiments. As mentioned
above, the analysis of measured dust velocity distribution has
not revealed any convective �or another regular� motion in
analyzed unsteady-state heat transport, we can assume that
the propagation of a temperature front observed in our ex-
periments may be associated with a thermal conduction. For
examination of this assumption we can estimate approxi-
mately the time of equalization of temperature �eq in our

experiments using the values of the thermal diffusivity 

coefficients obtained in steady-state conditions 

�0.01 cm2/s �see Table I�. The order of magnitude of �eq
may be obtained from the solution of the problems �8� and
�9� for a plane-parallel slab with thickness L: �eq=L2 / �	2
�
�20�. Then, for the characteristic length in the direction of
heat propagation L�0.5 cm we can derive �eq�5 c that is in
agreement with the experimental observation �see Fig. 5�.
Additional estimation of the thermalization time gives
�Maxw��fr /�d

2=�fr / �2	�*�2�0.01 c that is well above the
time of equalization of temperature �eq in analyzed volume
of dust cloud.

Thus we can use Eq. �5� for analysis of heat transport in
our experiments in unsteady-state conditions by analyzing
the motion of the wave front for t�8 s and �x�0.525 cm.
Experimental values of �T /�t divided by qd=2�frT �where
�fr=35 s−1� are presented in Fig. 7 versus T for different
regions of dust structure. The results of the best fitting of
��T /�t� /qd functions by the functions �A�T /qd, with the
constant A=0.014 cm2/s, are also shown in Fig. 7. We can
easily see that the difference between these functions is
within 15%. Analysis of results of measurements show also
that both the �T /�t �that is the left part of Eq. �5�� and �T
functions are practically independent on x within the ana-
lyzed part of the dust structure. The behavior of these func-
tions is determined by the dust temperature, T. Taking into
account the Qd function, Eq. �6�, we can assume that the heat
sources, Qh, are also the function of T, in doing so Qh�Qd
as ��T /�t� /qd�1. Recall also, that under initial state, �T
=0, as well as under final steady-state conditions ��T=0, T
�const=3±0.15 eV for �x�0.525 cm.� the �T /�t value is
equal to 0, and Qh=Qd. Then, assuming that the effect of
sources function may be ignored �Qh=Qd�, we can estimate
the coefficient of thermal diffusivity, 
=
 / ��cp��A
=0.014 cm2/s. In this case the difference between the �T /�t
and A�T functions ��±15% � may be determined by the
temperature dependence of 
=
�T�. Nevertheless we cannot

TABLE I. Coefficients 
 and 
 for steady state of a dust struc-
ture in rf-discharge.

T
�eV� �*


1014

(erg/�s cm K�)



�cm2/s�

2.7 �A;B�a 6.7 2.39 0.011

1.68 �A;C� 10.7 2.16 0.010

1.3 �B;C� 13 1.93 0.0089

aThe location of analyzed region of dust structure �see Fig. 4� is
shown in brackets.

FIG. 6. The dust temperature T as a function of time t in differ-
ent regions of a structure �x: �1� 0, �2� 0.175 cm, �3� 0.35 cm, �4�
0.525 cm, �5� 0.7 cm, and �6� 0.875 cm.

FIG. 7. Experimental values of ��T /�t� /qd �lines�, and the re-
sults of the best fitting of ��T /�t� /qd by the functions �A�T /qd,
where A=0.014 cm2/s �symbols� vs T for different regions of dust
structure �x: �hard line; �� 0; �dashed line; �� 0.35 cm.
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be assured that both this difference and the magnitude of A
are absolutely independent on a mechanism of formation of
heat sources. In spite of this, the obtained estimation of 

�0.014 cm2/s is in a good accordance with the results of the
determination of thermal diffusivity in the steady state con-
ditions �see Table I�.

Notice also that the experimental results are in good
agreement with the theoretical estimations from Eq. �2�, and
with the data of numerical simulation of diffusion coeffi-
cients �9–12� �see Fig. 8�. The quantitative differences of the
measurements from the results of numerical calculations per-
formed for monatomic liquids ��fr=0, �=0� may be associ-
ated with the processes of dissipation of the energy of mac-
roparticles. If we rely on Eq. �2� and take into account the
fact that D�1/ �1+��, the values of heat transfer coefficients
in dissipative systems must exceed their values for the dis-
persion case by a factor of �1+��5/8, i.e., by a factor of �3
for the experimental conditions. The results of numerical cal-
culations for parameter �=4.2 close to the experimental con-
dition are also shown in Fig. 8. We can see a good agreement
of our data with the results of numerical simulations for
simple liquids. It should be noted that for the “perfect” �with-
out defects� crystals, the heat transfer coefficients must tend
to an infinity because their diffusion constants D→0 �see
Eq. �2��. The real lattices have usually a few percents of

defects, the value of D�0, and the heat transfer coefficients
have the finite values that, nevertheless, must be higher than
those in the liquid state of systems. So, for example, the
measurements of thermal diffusivity 
 coefficients for the
crystalline state of dust structures in rf-discharge, presented
in �17� for weakly dissipative system ���1�, show that the
normalized value of thermal diffusivity 
*=
 / ��*rd

2�
�5–10 is well above the value of 
*�0.2–0.4 predicted for
the liquid systems with the screened Coulomb potential �see
Fig. 1�.

Finally we emphasize that here we have observed a heat
transfer for the horizontal planes of the dust structures only.
�We have not registered any temperature gradients in the
vertical direction.� Because of this we do not have any infor-
mation on the coefficients of heat transfer for the vertical
cross section of analyzed structures.

V. EXPERIMENTS IN DUSTY PLASMA
IN RF-DISCHARGE UNDER ACTION

OF ELECTRON BEAMS

The electron beam is the convenient instrument that al-
lows influencing of dusty plasma structures trapped in a con-
fined electric field of the rf-discharge chamber. This influ-
ence results in changing of the parameters of plasma within
which under gravitational and electrical force dust macropar-
ticles are levitating. It, in turn, leads to the variations in
parameters of dust structures �dust temperatures, concentra-
tions, coupling parameters�. �Detailed work devoted to
studying the dynamical processes in dusty plasma under the
effect of electron beam will be published.�

Here we present the experimental study of heat transfer
for macroparticles in rf-discharge plasma under action of
electron beam. The scheme of experiment is given in Fig.
9�a�. For diagnostics, the particles of a dust cloud were illu-
minated by a He-Ne laser and filmed �frame frequency f
=50 s−1�. The experiments were performed in air �P
�13 Pa� with Al2O3 particles �ad�2 �m, �d�2.4 g cm−3�
and latex particles �ad�0.5 �m, �d�1.5 g cm−3�. Under the
experiments, the observed dust clouds were the liquid struc-
tures �consisting of �15 dust layers �5 cm in diameter�.
One of the cloud edges was illuminated by the flat electron
beam. A density of electron current je in the beam �a power
of electron beam� was changed from �0.05 to

FIG. 8. The functions 
��*� obtained by the simulations for �
=0 �solid line�, for �=4.2 �dashed line�, and in experiments for
steady-state ��� and unsteady-state ��� dust structures.

FIG. 9. The scheme of the ex-
periment �a� and video image of
dust structure �b� in plasma with
the electron beam.
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�0.2 mA/mm2. A video image of dust structure under the
action of electron beam is shown in Fig. 9�b�. The dust pa-
rameters �temperature, concentration, heat flux, correlation
function� changed in the horizontal direction x �perpendicu-
lar to the flat of the electron beam� only. We have registered
no changes for dust parameters in other directions. The
analysis of measured dust velocity distribution functions has
also not revealed any convective �or another regular� motion
in analyzed structures. Dependencies of measured param-
eters �rd ,T ,�* ,q� on distance x from the end of the video
image toward the electron beam are shown in Fig. 10 for
experiments with latex particles �je�0.1 mA/mm2�. The
values of heat flux density q were determined. Then the val-
ues of conductivity 
 �from Eq. �3�� and the values of 

=2
 / �5ndkB� were obtained. The errors in measured values
of 
 were less than 30%.

The retrieved values of 
 for different experiments are
presented in Table II along with the measured mean interpar-
ticle distance lp, dust temperature T, and �*. Normalized
thermal diffusion constants 
*=
 / ���*rd

2��1+��5/8� versus �*

are shown in Fig. 11 for numerical calculations and for dif-
ferent experiments. �We can see that the numerical and ex-
perimental results agree closely with each other.� The value
of �* was determined from experimental data �see Table II�:
�*= �T�* / �	Mrd

2��1/2. The friction coefficients �in a free-
molecular approach� were �fr�17.5 s−1 for Al2O3 particles,
and �fr�112 s−1 for latex particles �19�.

VI. ANALYSIS OF EXPERIMENTAL RESULTS
AND CONCLUSIONS

Let us take up the possible mechanisms of heat transport
in presented experiments. It has been known that heat trans-
port can be effected �i� by the temperature gradients �heat
exchange/transfer� via the heat conduction, or the convection
and �ii� by the nonuniform distribution of other physical pa-
rameters, for example, by the concentration gradients �via
the mass transfer/diffusion�, or by the external perturbations
of an equilibrium field of forces. Here we emphasize that the

analysis of measured dust velocity distribution has not re-
vealed any convective �or another regular� motion in ana-
lyzed structures for stationary cases as well as for unsteady-
state heat transport. Because of these we can suppose that
both convections and diffusions are lacking in our experi-
ments. Nevertheless the considered dust structures are open
subsystems of the complex dusty plasma system as a whole;
and the process of temperature perturbation may by deter-
mined by the perturbations of surrounding components of
plasma �electrons, ions�. It, in turn, can lead to the perturba-
tion of the mean electric fields in the analyzed system as well
as to the variations of local electric fields specified by the

FIG. 10. Dependencies of measured parameters �rd ,T ,�* ,q� on
distance x from the end of the video image �see Fig. 8� toward the
electron beam: 1–rd, cm; 2–T, eV; 3–�* /1000; and 4–q /�, cm3/s3.

TABLE II. Thermal diffusion constants 
 for different experi-
ments in plasma with electron beam.

T
�eV� �*

rd

�mm�



�cm2/s�

Al2O3 �je�0.1 mA/mm2�

2.0 55 0.71 0.027

2.8 45 0.70 0.024

3.7 29 0.69 0.022

Latex �je�0.1 mA/mm2�

0.055 45 1.20 0.132

0.050 40 1.10 0.111

0.055 35 0.93 0.080

0.063 30 0.87 0.077

0.067 27 0.82 0.067

Latex �je�0.05 mA/mm2�

0.027 29 1.10 0.082

0.037 23 0.93 0.080

0.048 19 0.85 0.087

0.050 14 0.81 0.093

FIG. 11. Normalized thermal diffusion constants 
* vs �* for
numerical calculations �line� and for different experiments in
plasma with electron beam: �–latex, je�0.05 mA/mm2; �–latex,
je�0.1 mA/mm2; �–Al2O3 particles, je�0.1 mA/mm2; and for
Al2O3 particles in gas discharge plasma ��� for the stationary case.
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interactions between dust particles. However, a presence of
any nonbalanced regular component of electric field pro-
duces the additional nonbalanced force �not compensated by
another forces of system�. This force has to lead to a drift
motion of dust particles. �Recall that we do not observe this
motion.� If we will consider the processes of heat transport
�for dusty component� by the heat conduction, the presence
of local perturbation of another charged component of
plasma determines a potential energy of interparticle interac-
tion �dust charges and type of interparticle potential�. It, in
turn, effects on the values of measured coefficients of ther-
mal conductivity and thermal diffusivity. Thus it is quite pos-
sible that the observed differences between the numerical
and experimental results can be associated not only with dis-
sipation processes, but with a discrepancy between the nu-
merical model �assumed the screened Coulomb potential�
and the conditions of experiments as well.

In conclusion, we will emphasize that the heat-transfer
coefficients for liquid plasma-dust structures were measured.

The temperature dependence of these coefficients agrees
qualitatively with the results of analysis based on the con-
stancy of relations between the transfer coefficients �D and

�. The quantitative difference of the measurements from the
results of numerical calculations performed for monatomic
liquids may be caused by the loss of energy of dust particles
due to their collisions with neutrals of surrounding gas and
also by the discrepancy between the model and experimental
potentials.
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