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Evolution of the mass-transfer processes in nonideal dissipative systems II:
Experiments in dusty plasma
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The results of the experimental study of mass-transfer processes are presented for dust systems, forming in
a laboratory plasma of a radio-frequency capacitive discharge. The validity of the Langevin and Green-Kubo
equations for the description of the dynamics of dusty grains in laboratory plasma is verified. A method for
simultaneous determination of dusty plasma parameters, such as the kinetic temperature of the grains, their
friction coefficient, and characteristic oscillation frequency, is suggested. The coupling parameter of the system
under study and the minimal values of the grain charges are estimated. The parameters of the dusty subsystem
obtained (diffusion coefficients, pair correlation functions, charges, and friction coefficients of the grains) are
compared with the existing theoretical and numerical data.
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I. INTRODUCTION

A dusty plasma is an ionized gas containing micrometer-
size charged grains (macroparticles) of solid matter (dust).
This type of plasma is ubiquitous in nature (in space, in
molecular dust clouds, in planetary atmospheres) and often
appears in a number of technological processes (for example,
fuel burning, industrial processing of semiconductors, etc.)
[1,2]. Experiments with dusty plasmas are carried out mostly
in gas discharges of various types. In a gas-discharge plasma,
micrometer-size grains acquire a significant (negative) elec-
tric charge, and can form dust structures similar to a liquid or
to a solid. Depending on the experimental conditions, these
structures can be close to a uniform three-dimensional (3D)
or to a nonisotropic quasi-two-dimensional (2D) system,
which consist of several (usually from one up to ten) hori-
zontal layers of macroparticles [3-7]. Owing to their size, the
dust particles may be video filmed [4—14]. This makes the
laboratory dusty plasma a good experimental model, which
can be used to study various physical phenomena in systems
of interacting particles that attract widespread interest in the
physics of nonideal plasmas, as well as in other areas such as
plasma chemistry, physics of the atmosphere, medicine,
physics of polymers, etc.

A study of the kinetic (transport) coefficients (constants of
diffusion, viscosity, thermal conductivity, etc.) for dusty plas-
mas is of great interest [3—7]. These constants are fundamen-
tal parameters that reflect the nature of the interaction poten-
tials and the phase state of the system. When the deviations
of the system from statistical equilibrium are small, the ki-
netic coefficients can be found from Green-Kubo formulas
that were established with the help of the theory of Markov-
ian stochastic processes under the assumption of a linear re-
action of the statistical system to small perturbations [8,9].
Diffusion is the basic mass-transfer process, which defines
the losses of energy (dissipation) in the system. The colli-
sions of grains with the neutral particles of the surrounding
gas have a dramatic effect on the dissipation of dust energy
in weakly ionized laboratory plasmas.

To correctly simulate the motion of particles in dissipative
media (e.g., dusty plasmas), one should use the Langevin
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molecular dynamics method (LMDM) based on the solution
of a system of differential equations with a stochastic force
F,, that takes into account the processes leading to the es-
tablished equilibrium (stationary) temperature T of the mac-
roparticles, which characterizes the kinetic energy of their
random (thermal) motion. In this case, a displacement of the
Jjth particle in a uniform medium along one coordinate, x;
=x(#), for the time 7, under the action of some potential
forces F, can be obtained from the Langevin equation (here
F=dU/dx, where U is the potential energy of a grain; see
Ref. [11]).

In a uniform quasiequilibrium medium (when the devia-
tions of the system from its steady state are small), the dif-
fusion constant may be obtained from measurements of the
temporal dependencies of the mean-square displacement
(MSD) (x?) of the particles,

Dysp(1) = (x})/(21), (1a)

or from the analysis of velocity autocorrelation functions
(V(0)V(1)) (VAFs),

DGK(I) = f <Vx(0)vx(t)>’ (1b)
0

where V,=(dx;/dt). With t— <, the second relation (1b) is a
particular case of the well-known Green-Kubo (GK) formu-
las. Here and below, the brackets { ) denote ensemble and
time averaging, i.e., the averaging for all time intervals with
the duration 7. (The latter is necessary to determine the aver-
age characteristics of strongly coupled systems correctly
[11].) With increasing time, both these mass-transfer func-
tions Dysp(f) and Dgg(7) tend to the same constant value
D=1im,_,..D(t), which corresponds to the conventional defi-
nition of the diffusion coefficient.

Analytical solutions of the Langevin equation for two lim-
iting cases (for noninteracting Brownian particles and for the
harmonic oscillators) and the results of computer simulations
of liquidlike systems by the LMDM have shown that the
relations between the mass-transfer functions Dygp(7) and
Dgk(?), the mean-square displacement <x2)=<x]2-), and the
VAF (V,(0)V (1)) may be presented as [11] '
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The important result of simulations is the fact that the tem-
poral evolutions of the functions (V,(0)V,(#)), Dgk(z), and
Dysp(?) functions in liquid systems for short observation
times (r<2/w,) are similar to their evolutions for a system
of harmonic oscillators, the motion of which may be de-
scribed by a single characteristic frequency w, [11],

(V0)V.(0) = ~-expl= w12 [cosh(vy10)
~ sinh(r ) {205], ®)

DGK(I) - exp(_ Vfl't/2) Sinh( Vfrtl/l) y (4)
Dy

Dyisp(?) 1 —exp(= vt/2)[cosh(vgtyh) + sinh(vy 1) {2¢}]
D, 28 vyt

s

(5)

where M is the mass of a grain, vy, is the friction coefficient,
Do=T/(vaM), =(1-8&)"2/2, and &.=w,/vy. This fre-
quency w,. is proportional to the second derivative of a pair
interaction potential Upp at the point of the mean interparticle
distance 7, [11]:

= {lagUpp(L,) [/ (M)} (6)

Here ay=2 for uniform 3D systems with a body-centered
cubic (bcc) lattice in their crystallization phase, and q
=~2.7 for 2D structures forming a hexagonal lattice during
their crystallization.

Measurement of the functions (V(0)V(z)), Dysp(?), and
Dgk(?) at short observation times can be used for the diag-
nostics of dust components in plasma. As all the mentioned
functions are connected by Egs. (2a) and (2b) and uniquely
determined by the parameters of the grains (by their tempera-
ture 7, characteristic frequency w,, and friction coefficient
Vi), it is possible to simultaneously determine all these pa-
rameters using the best fitting of any one of the measured
functions (V(0)V(z)), Dysp(?), and Dgk(t) by the corre-
sponding analytical function for a harmonic oscillator. The
information on 7 and w,. allows one to estimate the value of
the effective coupling parameter I'* and the scaling param-

eter & which determine the dynamics of grains in the system
under study [10-13]:

I =a,LUR)I(Q2T), (7)

£=|ayUpp(l,)| 22 mM) ™ 07!, (8)

where a;=a,=1 for 3D systems; a;=1.5, a,=2 for the 2D
case.

Nevertheless, we should note that to apply the results of
simulations of particle motions by the LMDM for analysis of
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FIG. 1. Simplified scheme of the experimental setup.

dynamics of grains in plasma and to prove the validity of
measurements of diffusion constants with the help of the
Green-Kubo formula (1b), one needs to examine whether the
considered Langevin model is valid under experimental con-
ditions (i.e., to prove the validity of the Markovian approach
of the condition of local equilibrium of the dust system and
of the assumption of a linear reaction of this system to per-
turbations). The main objections to the use of the Langevin
model in a treatment of the results of real experiments is the
possible influence of boundary conditions, external fields,
and strong interparticle interactions on the migration of par-
ticles and their energy exchange with the surrounding me-
dium (thermostat) [9]. A lot of special questions arise in the
interpretation of dusty plasma experiments. These are the
influence of the openness of the dusty plasma system and of
the irregular distribution of the grains’ stochastic energy on
the degrees of freedom, including the question as to whether
this energy can be used as the main thermodynamic charac-
teristic that describes the kinetic temperature of the dusty
component and characterizes the exchange of its energy with
a thermostat.

Thus, to verify the validity of the Langevin model, we
should prove the diffusive character of the grain migration
(with t— o0, (x?)ocr, D=const), and also check the relations
(2a) and (2b) that result from simulation of the dynamics of
particles using the mentioned Langevin equations. In the
case when these relations are valid, the Green-Kubo formula
[see Eq. (1b) with t— o, Dgg(1)=Dysp(f) = D] is automati-
cally true.

II. THE DESCRIPTION OF EXPERIMENTS
AND THEIR RESULTS

The experiments were carried out for monodisperse grains
(with material density p,~1.5 g cm™, radii a,~2.75 and
6.37 um) in the near-electrode area of a radio-frequency (rf)
discharge in argon. The pressure in the discharge was P
=0.03-0.5 Torr, and its power W=~2-30 W. A simplified
scheme of the experimental setup is shown in Fig. 1. To
visualize the cloud, a flat beam of a He-Ne laser (A
=633 nm) was used. The laser illumination had two re-
gimes. In the first, the defocused laser beam illuminated the
whole dusty structure inside the trap; this allowed determi-
nation of its dimensions. The second regime was used for the
detailed observation of the horizontal cross section of the
dusty cloud. In this case the laser beam represented a “laser
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FIG. 2. Pair correlation function g(// lp) for various experiments:
(1) a,=6.37 um, monolayer, P=0.03 Torr; (2) a,=2.755 um,
monolayer, P=0.35 Torr; (3) a,=6.37 wum, multilayer system, P
=0.11 Torr; (4) a,=2.755 um, multilayer system, P=0.04 Torr.

knife” with the width ~2.5 cm and the waist size
~200 wm. The positions of grains were registered with a
high-speed complementary metal oxide semiconductor
(CMOS) video camera (frame rate fyc=500 s~!). The video
recording was processed with special software, which al-
lowed the positions of each particle in the field of view of the
video system to be identified. Then the pair correlation func-
tions g(l), the mean intergrain distances, the velocity auto-
correlation functions V(&) V(1))=[(V, () V(1))
+(Vy () V,(1))]/2, the mass-transfer functions D¢k (f) and
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Dysp(?), and the diffusion coefficients D were obtained. The
deviations of the measured parameters in the two registered
degrees of freedom (x,y) were minor and did not exceed
~0.5-3 %: (V()V,(0))=(V,(8)V, (1)), (VD)=(V3), ()
=(y?), where o= f(,lc; and the value of the average dust ve-
locities (V,(1)) =(V (1)) =0.

Under the experimental conditions, the dusty structures
consisted of several (from one up to ~10) dusty layers, and
the observed dusty structures changed from weakly corre-
lated fluids to dust crystals with the mean interparticle dis-
tance [, from ~500 to ~1000 um. The duration of one
experiment under stable conditions was ~5—10 s. The ex-
perimental pair correlation functions g(I) for grains of differ-
ent sizes, forming dusty monolayers and multilayer systems,
are presented in Fig. 2. The magnitude of the maximum g,
of the functions g(/) and the mean interparticle distance /,,
which was obtained by analysis of the g, position, are
given in Table I for different experiments. The random errors
of determination of the /, and g,,x values were less than 5%
for all cases. Nevertheless, we should note that the magni-
tude of the g(I) peaks may be misrepresented because of (i)
the limited number of grains in the field of view of the video
camera; and (ii) the probability of simultaneous registration
of grains in the next layer in the case of the multilayer struc-
ture.

The results of measurement of the velocity autocorrela-
tion functions (V(&r)V(¢)) and mass-transfer functions D()
=Dk (t) and D(r)=Dygp(t)) for various experiments are pre-
sented in Figs. 3 and 4, where the normalized values are
shown: f(t)=(V(5t)V(t))/V% and D(r)/D,, where V%= TIM
is the mean square velocity of the stochastic “thermal” mo-
tion of grains. The values of V2T and v are presented

TABLE 1. Parameters of dusty component for various experiments.

P (Torr) [, (mm)  guax V2T (mm?/s%) D (mm?/s) v, (57w, (57 T3p/Top Znin
a,=2.75 pm, monolayer
0.11 1 2.75 0.803 0.0025 30.5 9.7 92/102 5605
0.19 0.84 2.55 0.720 0.002 50.8 9.8 72/80 4303
0.35 0.92 2.35 0.949 0.002 98 8.8 54/60 4478
0.5 0.75 2.7 1.468 0.00135 143 16.3 80/89 6119
a,=2.75 pm, multilayer system
0.04 1.1 1.1 26.3 0.81 11 13.2 6.3/7 8800
0.06 1 1.08 20.1 0.58 15.5 10.23 4.1/4.6 5912
0.1 0.57 1.095 20.7 0.3 34 22.44 6.2/6.9 5581
0.14 0.6 1.05 43.1 0.66 44 15.62 1.6/1.8 4195
a,=6.37 wm, monolayer
0.03 1 5.25 0.45 —0 35 13.0 293/326 26311
0.05 1 2.45 1.78 0.022 6 12.5 69/77 25396
0.08 0.88 2.75 1.23 0.01 8.4 135 90/100 22642
0.42 0.57 49 0.73 —0 44 27.3 262/291 23852
a,=6.37 pm, multilayer system
0.05 0.92 1.28 12.94 0.449 7 14 10/11 24964
0.07 0.82 1.74 4.51 0.095 8.2 16.4 31.5/35 24742
0.08 0.85 2 2.90 0.048 8.25 15 44/49 23883
0.11 0.88 1.66 4.97 0.12 11.8 13.1 21/23 21968
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FIG. 3. Velocity autocorrelation function f() (curve 1, line), and its value obtained from Eq. (2b) (curve 2, ¢ ), for various experiments:
(@) a,=6.37 um, monolayer, P=0.03 Torr; (b) a,=2.755 um, monolayer, P=0.35 Torr; (c) a,=6.37 um, multilayer system, P
=0.11 Torr; (d) a,=2.755 wm, multilayer system, P=0.04 Torr.Curve 3 is the f(r) function for the harmonic oscillator, Eq. (3), with

parameters indicated in Table L.

in Table I, and the methods of their determination are dis-
cussed in the next section.

For most experiments, the motion of grains was diffusive:
with increasing time (r— ), the mass-transfer functions
tended to the same value, Dgk(f) = Dysp(7) — D, excluding
the crystalline dusty structures, where with t— o, the value
of the mean square displacement of a grain from its equilib-
rium position (x?)=(y*)—const and D=const—0. The
measured value of the diffusion coefficient D is given in
Table 1. The difference between the diffusion constants de-
termined from the Green-Kubo formula (1b), D=Dg(t
— ), and from the analysis of the mean square displace-
ments, D=Dysp(f— ) (1a), did not exceed 5%, which cor-
responds to the random error. The systematic errors in deter-
mination of D due to the finite duration of the measurements
were the same (=5%). The time 7, of establishing the con-
stant value of D (£5%) was from ~1 to 5 s depending on
the gas pressure P (with increase of P, the 7, value also
increases). At low pressure P (§§2 1), the Dygp(7) function
achieves its constant value D faster than the Dgg(7) function
[see Figs. 4(a), 4(c), and 4(d)]; otherwise with the higher

pressure P [£.<1, the case of nonoscillating Dgk(7)], the
D¢k (t) value tends to the constant value faster than Dygp(7),
which allows one to measure the diffusion coefficient D from
the Green-Kubo formula in a shorter time [see Fig. 4(b))].

We emphasize that under the conditions of our experi-
ments we have not observed the anomalous or superdiffusion
that has been investigated in a set of works [4,15]. With
increase of time t (t—<0), both mass-transfer functions
tended to the same value, Dgk(f) = Dygp(f) — D; i.e., the
mean square displacements of particles were proportional to
the time 7 for all presented experiments [see curves 1 and 2
in Figs. 4(a)-4(d)].

The results of examination of the relation between the
VAFs (V(&r)V(r)), mass-transfer functions Dgg(r) and
Dysp(f), and the mean-square displacement (A”)=(x?)
+(y?) are presented in Figs. 3 and 4. In all cases good agree-
ment was obtained between the direct measurements of the
functions (V(&r)V(z)) and Dgk () and those functions calcu-
lated from the measurements of (A/?) using Eqgs. (2a) and
(2b). Thus, we can reason that the stochastic model given by
the system of Langevin equations allows a correct descrip-
tion of the dust motion under experimental conditions.
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FIG. 4. Mass-transfer evolution functions D(r)/Dy: (curve 1, line) D(f) = Dysp(1); (curve 2, line) D(t) = Dgk(?), Eq. (1b); (curve 3,<)
D(t)=Dgk(t), Eq. (2a), for various experiments. (a) a,=6.37 um, monolayer, P=0.03 Torr; (b) a,=2.755 um, monolayer, P
=0.35 Torr; (c) @,=6.37 um, multilayer system, P=0.11 Torr; (d) a,=2.755 um, multilayer system, P=0.04 Torr. Curve 4, Eq. (5), and
curve 5, Eq. (4), are the corresponding functions for the harmonic oscillator with parameters indicated in Table 1.

III. THE DETERMINATION OF PARAMETERS
OF THE DUSTY SUBSYSTEM

The parameters of the macroparticles (the mean square
velocity V2T of their stochastic “thermal” motion, the charac-
teristic frequency w,, and the friction coefficient vy,) are pre-
sented in Table I. These parameters were obtained by the best
fitting of the measured functions (V(8r)V(z)), Dysp(f), and
Dgk(1), and the corresponding analytical solutions, Egs.
(3)—(5), for the harmonic oscillator. The results of this pro-
cedure for various experiments are shown in Figs. 3 and 4.
Note that the measured functions presented in these figures
are relative, namely, they are the normalized values f(r)
:{V(ét)V(t))/V% (see Fig. 3), and D(r)/D, (Fig. 4). The er-
rors in determination of these relative functions for the same
intervals of time r=(¢' —1,) were less than 2-3 % for various
initial times 7, which were chosen for processing the experi-
mental results. These random errors may be related to the
fluctuations of dusty plasma parameters during experiments
they were less than the errors in the determination of the
dusty plasma parameters (VZ, v, w,) by the best fitting of
experimental data to the analytical solutions as discussed be-
low.

The errors of the determined parameters were ~5-7 %
for V%, less than 10% for the friction coefficient vy, and less
than 5% for w.. To optimize the procedure of fitting the
experimental data, the initial values of w, and v were cho-
sen in accordance with analytical approximations for the de-
pendence of the maximum D,,,, of the function Dygp(#) and
the position of this maximum f?,, on the parameter &.
=w,/ v, which were proposed in [13,14]:

DmaxzDO/(1 +2§c)7 (9)

— —
tax Vi = 4N271/(1 + 8V2E,). (10)
The accuracy of these approximations is about 5%. Equation
(10) can also be used for choosing the frame rate fy of the
video camera (registering the positions of the grains) and the
duration of measurement 7, which are necessary for the cor-
rect determination of the dust parameters and diffusion coef-
ficients D. So, the fyc value should be much higher than
1/t x> and the duration 7, of measurement for determination
of D should satisfy the condition #,>t,,,. The preliminary
estimation of values of w,. and v under the experimental
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FIG. 5. Measured distribution of the velocities ¢(V,) (@;H)
and ¢(V,) (O;[) for particles of radius a,=6.37 um and various
experiments: (@;O) monolayer, P=0.03 Torr; (lll;[]) multilayer
system, P=0.11 Torr. Best-fit Maxwellian distributions are also
shown with V2T= T/M equal to (1) 0.46 and (2) 4.8 mm?/s>.

conditions may be performed using existing theoretical mod-
els.

For all cases, the retrieved values of the mean square
velocity V2=T/M were in accordance with the fitting of the
velocity distributions [¢(V,), ¢(V,)] by Maxwellian func-
tions (see Fig. 5). The difference between the values of V%
obtained by the two different methods did not exceed 5-7 %
and, in most cases, was within the limits of experimental
erTor.

The retrieved values of v, were in good agreement
with their theoretical estimations using the free-molecule
approximation that under experimental conditions (for argon
at room temperature) may be presented as vg (s7!)
~[1144P (Torr)]/[a, (um)Xxp, (g/cm?)] [16,17]. The
difference between the measured and theoretical values of vy,
was less than 12% for all experiments.

For direct examination of the accuracy of the retrieved
values for characteristic frequencies w,, we need information
on the form of the pair potential Upp [see Eq. (6)]. Neverthe-
less, as the data on the dust parameters (w,, V%, and [, in
Table I) allow one to estimate the value of the effective cou-
pling I'* and scaling £ parameters [see Egs. (6)—(8)], we can
compare the measured magnitudes of the maxima g, for
the pair correlation functions and of the diffusion coefficients
D with existing numerical data. The values of I'*, obtained
from solving Egs. (6) and (7), are presented in Table I. For
the case of a monolayer the value of I'*=1I",, was determined
in the 2D approach (ay=2.7, a;=1.5, a,=2). For multilayer
systems the estimations were performed for two limiting
cases: for the 3D case I'"=I"s, (ap=2, a;=a,=1), and for
the 2D case ["=I",p (ap=2.7, a;=1.5, a,=2).

A comparison of the experimental values of the maxima
gmax and of the normalized diffusion coefficient D*=viD(1
+&) M/ T with the results obtained via the numerical simula-
tion for the 3D problem [11] and the monolayer [12,13], is

PHYSICAL REVIEW E 77, 066404 (2008)
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FIG. 6. Maximum g, (a) of the g(/) function and the normal-
ized diffusion coefficient D*=D(vg+@*)M/T (b) vs I'* for (1) 3D
systems [11]; (2) monolayers [12,13]. The symbols are the experi-
mental results for grains of radius a, (O;®;®) 637 um,
(CJ]:; M ;X) 2.755 wm, that form a dusty monolayer (@;[ll) or
multilayer structure (O;[]; ® ;X). For the multilayer structure the
values of w* and I'* were determined for two cases: (O;[]) 3D
system, I"*=I"3p; (®;X) 2D system, I'"=T",p,.

shown in Figs. 6(a) and 6(b). (Here we note that the 2D and
3D systems were simulated in [11,12] for a wide range of
pair isotropic potentials, and in [13] for quasi-2D Yakawa
systems.) It is easy to see that the measured dependence
gmax(I'™) is in good agreement with the numerical data [see
Fig. 6(a)]. The difference between them is at the limits of the
experimental (~5%; see Sec. II) and numerical (~5%
[11-13]) errors in the determination of g,,.. The values of
the errors are shown in Fig. 6(a) as a 5% confidence interval.
The measured dependence D*(I') is also in good agreement
with the numerical data for all considered experiments [Fig.
6(b)]. The deviations between the experimental and numeri-
cal values of D* do not exceed the experimental (~10%; see
Sec. II), and numerical error, &, in the determination of D;
the &, value increases from 7% to 15% when I'* varies from
~100 to ~5 [11-13].

066404-6



EVOLUTION OF THE .... II. EXPERIMENTS IN ...

o

0.8 f

0.6

o --E'EE 7 .

0.2 .
0 100 200 300 400 500

FIG. 7. Calculated dependence of Z/Zgyy (lines) on Kn; for
various a,/\: (1) 0.07, (2) 0.023, and (3) 0.007. Symbols are the
Zumin/ Zom, values for grains of radius a, (O;@®) 6.37 um and
(C1;M) 2.755 pm that form a dusty monolayer (@ ;) or a
multilayer structure (O;[]).

The value of the minimum charge Z=Z_;, that a grain can
acquire in plasma may be obtained under the assumption that
the surrounding plasma does not screen the interaction be-
tween grains. Thus, in the case of a Coulombic interparticle
interaction, we obtain ZminEwC(WMlz/ 5.4)12 [see Eq. (6)].
The values of Z,,;, are presented in Table I. The error of this
estimation of Z;, is determined by the experimental errors
of w. and [, and is about 13%.

The ratio of Z,;, to the grain charge Zgy
~ (2.7apTe/e2) obtained in the orbital-motion-limited (OML)
approach is shown in Fig. 7 versus the Knudsen number
Kn;=[,/a, (in means ion-neutral). Here 7,=3 eV is the
electron temperature typical for rf discharge in argon [17,18],
l,,=[8T;/ (mm;;,)]"? is the ion mean free path between col-
lisions with the gas neutrals, v, (s7')=8X 10°P (Torr) is
the effective frequency of these collisions for single-charged
argon ions [17,18], 7;=0.026 eV is their temperature, and
m; is the mass. The results of numerical simulations [19] of
the charging of a single spherical particle in a weakly ionized
argon-discharge plasma when the drift ion velocity Vip is
neglected are also presented in Fig. 7 as the ratio Z/Zqyy for
various values of a,/1=0.07, 0.023, and 0.007; here A = \p;
=[T,/(4me’n;)]"* (Di means Debye-ion and marks the ion
Debye radius), and #; is the concentration of ions (~107-5
X 10 cm™). A simple quantitative comparison of the pre-
sented numerical results Z(Kn;) with the experimental data
Zmin(Kn,) is incorrect for at least two reasons. The first is the
neglect of the dust screening, whose presence can make the
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observed Z,;, much lower than the real grain charge. The
second reason is the neglect of the ion drift velocity Vi in
the numerical simulations [19], which may be not be appro-
priate for the conditions of the considered experiments in the
near-electrode area of a rf discharge. In spite of that, we
should note the good qualitative agreement between the nu-
merical Z(Kn;) and experimental Z,;,(Kn;) dependencies.

IV. CONCLUSION

The results of an experimental study of mass-transfer pro-
cesses are presented for dust systems formed in a laboratory
plasma of a radio-frequency capacitive discharge. The ex-
periments were carried out for macroparticles of various
sizes (a,~2.75 and 6.37 um) within a wide range of cou-
pling parameters of the dusty subsystem. The velocity auto-
correlation functions, mass-transfer functions, diffusion coef-
ficients, pair correlation functions, and concentration were
measured. For most experiments, the motion of grains has a
diffusive character. The diffusion coefficients D were deter-
mined from the Green-Kubo relation and from the mean
square displacement of particles. The difference between the
values of D obtained by the two different methods did not
exceed 5% and was within the limits of experimental error.

In all the cases a good agreement was obtained between
the direct measurements of the velocity autocorrelation and
mass-transfer functions and those functions calculated from
the mean square displacement of particles using Egs. (2a)
and (2b). This means that the stochastic model, given by the
system of Langevin equations, can be used for the correct
description of the motion of dust under experimental condi-
tions.

The method of simultaneous determination of dusty
plasma parameters, such as the kinetic temperature of grains,
their friction coefficient, and the characteristic oscillation fre-
quency is proposed. The parameters of the dust were ob-
tained by the best fitting of the measured velocity autocorre-
lation and mass-transfer functions, and the corresponding
analytical solutions for the harmonic oscillator. The coupling
parameters of the systems under study and the minimal val-
ues of the grain charges are estimated. The parameters of the
dusty subsystem obtained (diffusion coefficients, pair corre-
lation functions, charges, and friction coefficients of the
grains) are compared with the existing theoretical and nu-
merical data.
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