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In this paper we consider the behavior of the dust particles around the electric probe with a negative potential.
The size of the dust-free region , which depends on the probe potential, was experimentally determined. Theo-
retical calculation of the size of the dust-free region based on the energy balance was performed. Comparison
of theoretical estimations with experimental results was made.

Also in this work the results of the theoretical investigation of the oscillations of the dust particles based on
the Fourier analysis of the velocity autocorrelation functions are presented.It is shown that real and imaginary
parts of the spectral function have maximum near the plasma frequency of the dust particles at large values of
coupling parameter and small values of friction coefficient.

c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

A dusty plasma is an ionized gas which contains the micrometer-size charged grains of solid matter.This type
of plasma is often found in nature and in many laboratory and technological devices. Experiments with dusty
plasmas are carried out mostly in the gas discharges of various types. In a gas discharge plasma grains acquire
a significant electric charge, and can form the dust structures similar to a liquid or to a solid. Also dusty plasma
can be found in astrophysical objects such as comet tails and planetary rings. In space dust particles have charge
due to the radiation impact.

Present time the intensive experimental and theoretical researches of dusty plasma properties are carried out.
So, experimental study of the properties of dusty plasma near an electric probe gives interesting results. The
study of the behavior of dust particles near an electric probe (or near electrode) with a negative potential gives the
possibility to diagnose the buffer plasma properties by the visual easily measured experimental characteristics of
dust structures obtained in these regions [1,2]. In work [3] the experimental observations of different trajectories
of dust particles in the disturbed region around the electric probe had been carried out, on this basis a mathe-
matical model of the interaction of the particles with the probe was constructed. In work [4] the same model
was developed with taking into account the ion drag and the neutral friction forces. Part 2 of this paper presents
data of the measuring of the dust-free region size around the electric probe in the experiments under different
discharge conditions for various values of the electric potential applied on the probe. On the basis of the equality
of the thermal energy of the dust particles and the energy of the electrostatic interaction between the particle and
the probe the radius of the dust-free region was theoretically estimated. It was shown that the theoretical results
are in a good agreement with experimental data.

Due to large different between size and mass of the dusty plasma components the computer simulation on the
basis of the Langevin dynamics can be used. Langevin dynamics gives the opportunity to investigate microscopic
and dynamic properties of the dusty particles. Recently the velocity autocorrelation functions and diffusion
of the dust particles on the basis of the Langevin dynamics were investigated. As was shown, the velocity
autocorrelation functions of the dust component in liquid state had oscillations around zero, which was interpreted
as the localization of the particles. ”Positive” oscillations appeared due to the collective effects in the strongly
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coupled system. In Part 2 of this work we present the results on the oscillation frequencies of the dust particles
obtained based on the Fourier analysis of the velocity autocorrelation functions.

2 Study of the dust-free region near an electric probe in dusty plasma

The experiments were performed in the positive column of a glow DC discharge of argon. Discharge was obtained
in a glass tube with length of 550 mm, and a diameter of 46 mm. Single cylindrical Langmuir probe was
introduced to plasma perpendicularly to positive column.The probe is made of tungsten wire and has a length
of 1 mm, diameter of about 150 microns. When the probe circuit had been turned on a potential Up, which is
negative relatively to the plasma, was applied on the probe. Dust particles of Al2O3 with diameter 10 microns
were injected into the plasma through the container, which is located on the top of the discharge tube. After
inserting the probe in the discharge gap, the positive space-charge layer was formed around it. The dust particles
fell down until they reached region near probe. Then particles with a relatively high kinetic energy to overcome
barriers of ion layer moved toward probe along different trajectories in this region. Some of them performed
rotations around probe and fell on probe surface [5,6]. But the particles that had a low thermal energy remain to
levitate in some distance over probe. So, some region near probe was free from dust particles. Dimensions of
this region depend on the voltage on the probe and the parameters of the surrounding plasma. When the absolute
value of the voltage increases, the distance between the probe and a cloud of dust particles increases, too. The
experimental results are shown in Figure 1.

a) b) c)

Fig. 1 Dust free region in the dependence on the voltage on the probe. a) Up= -260 V ;b) Up= -100 V; c) Up= -60 V;

The experimental data were obtained under different conditions of discharge. It was observed that with the
increasing of the discharge current or (and) decreasing of the gas pressure in the discharge tube the distance
between the probe and the dust particles decreases. The experimental curves of dependencies of dust-free region’s
radius on the probe voltage obtained at different pressure are shown in Figure 2.

Fig. 2 Dependence of the dust-free region’s radius on the
probe potential Up at the different values of gas pressure.
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In work [7], the distance between the probe and the dust particles was calculated by the balance of electric and
ion-drag forces. We calculated the radius of dust-free region on the basis of the equality of thermal energy of the
dust particles and the energy of the electrostatic interaction of the particles with the probe:

kBTd = ZdeU(r) (1)

where kBTd and Zde -temperature and charge of dust particles,U(r) is the electric field of probe. In the case of
an isotropic, weakly ionized and rarefied plasma, when the mean free path of the charged particles is much larger
than the characteristic dimensions of the probe, the electric field is determined by the Poisson equation

ΔU(�r) = −4π(ni(�r)− ne(�r)) (2)

According to work [8] there is an absorbing surface, which differs from the probe surface. Radius of the absorbing
surface is the limitation radius rl which defines the local maximum of the effective potential energy of the ions:

Ueff (r) =
l2

2mir2
+ eU(r) (3)

where mi is the mass of ions, l is the angular momentum of ions. Then for large cylindrical probe (R0 >> rd)
when λ >> R0 one can obtain [6]:

ni = n0

{
1− 1

π
arcsin

rl
r

[
E0 + eU(rl)

E0 + eU(r)

]1/2}
(4)

when r > rl

ni =
n0

π
arcsin

rl
r

[
E0 + eU(rl)

E0 + eU(r)

]1/2
(5)

when r < rl (here and below the potential is taken as absolute values).
We introduced the following dimensionless parameters:

x =
r

rl
, γ =

E0

kTe
, ϕ =

eU(r)

kTe
(6)

For the electron numerical density the Boltzmann distribution was taken. Then the Poisson equation in dimen-
sionless variables can be written as:

(
rd
rl

)2
π

x

d

dx

(
x
dϕ

dx

)
= arcsin

1

x

(
1 + ϕl

γ

1 + ϕ
γ

)1/2

− πe−ϕ (7)

One should take the following boundary conditions: ϕx=1 = ϕ, (dϕ/dx)x=1 = −2(γ+ϕ), ϕx=0 = eUp/kBTe.
The equation for connection of ϕl with rl one can find by substitution of the first and second derivatives of
Ueff (rl) at r = rl into the equation (8), then

1− 2e−ϕl = 8

(
rd
rl

)2

(γ + ϕ) (8)

The equation (7) can be solved by the ”shooting method”: searching of such limitation potential ϕl, at which the
curve of potential passes through known point x = 0, ϕ = eUp/kBTe (the potential on the probe surface). In the
case of r > rl solution can be approximated by an analytical function (see [6]):

ϕ =
1

x2
(γ + ϕl)− γ (9)

In order to compare the theoretical estimation with experimental one the equations (7) and (8) were solved for the
following discharge conditions: pressure in the discharge tube P=0.3 torr, Te=5 eV, ne=7·1011cm−3, rd=0.002
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cm, Zd=6000 and different values of Up. Thus, we constructed the curves of the dependencies of ZdeU(r) on
the potential on the probe surface, see Figure 3. Straight dotted line corresponds to the thermal energy of the dust
particles, in this experiment Td=5 Te. Dust temperature was determined on the basis of the velocity distribution
function measured in the experiment. The points of intersection of the dotted lines with the potential curves give
us the distances between the dust cloud and the electric probe. These results were compared with experimental
results at pressure in discharge tube P=0.3 torr, and at the values of the discharge current I1=0.7 mA, I2=1.3 mA,
I3=1.9 mA, which showed good agreement.

Fig. 3 Interaction energy of the dust particles and electric
probe. The dotted line corresponds to the thermal energy of
the dust particles.

Fig. 4 Comparison of experimental data with theoretical re-
sults for different values of the discharge current. The pres-
sure in the discharge tube P=0.3 torr.

3 On the diffusion and oscillations of the dust particles in the gas discharge

plasmas

The method of the Langevin dynamics found its recent wide application in studies of dusty plasma properties.
Simulation of the dust particles space-time trajectories was made on the basis of the following equations:

md
d2

⇀
r i

dt2
=
∑
j

Fint(rij)
�ri − �rj
|�ri − �rj | −mdνfr

d�ri
dt

+ �Fbr(t), (10)

where Fint(rij) = −∂Φ/∂r is a force acting on a selected i-th particle due to interaction with j-th particle,
rij = |�ri − �rj | is a distance between two grains, �Fbr(t) is the stochastic force due to interactions with neutrals,
νfr is the friction coefficient dependent on buffer plasma pressure, md is mass of a dust particle. The Yukawa
potential was chosen as interaction potential; in the dimensionless form it looks as:

Φ(R) =
Γ

R
e−κR (11)

here Γ = (Zde)
2/(akBTd) is the coupling parameter, κ = a/rD is the screening parameter, a = (3/4πnd)

1/3 is
the average distance between dust particles, Zde and nd are the charge and numerical density of the dust particles,
respectively; Td is temperature of the dust component. Set of 1024 dust particles were randomly distributed
within a 3D cubic cell that was extended by periodical boundary conditions. Time is taken in the units of reverse
plasma frequency of dust component ωd = (4πnd(Zde)

2/md)
1/2. Number of the time steps Nt = 30000.

Some performed tests of the temporal characteristics showed the validity of these parameters. The dimensionless
friction parameter is θ = νfr/ωd. Simulations were performed for the dust particles system according to usual
scheme [9-16].

On the basis of data obtained in computer simulation one can investigate the possible oscillation processes in
dusty plasma. So called the velocity autocorrelation function

A(t) = 〈ϑ(0)ϑ(t)〉
c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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can give the answer on the question about the oscillations presence [9]. In Figs. 5 and 6 one can see the velocity
autocorrelation functions obtained for different values of the friction parameter in the regimes of strong and
week coupling. As it is shown in Fig. 5 that the return movements of dust particles take place at large coupling
parameter but the increase in the friction parameter decays it. On the contrary at small coupling parameter the
increase in the friction parameter can cause the appearance of the week return movements (see Fig. 6). It can
be explained by the buffer plasma fast decelerates the dust particles on the distances near initial position, so, the
return force, which appears according to fluctuation dissipation theorem, is enough to make particle move a little
back.

Fig. 5 The velocity autocorrelation function of the dust par-
ticles in regime of strong coupling Γ = 100, k = 2

Fig. 6 The velocity autocorrelation function of the dust par-
ticles in regime of week coupling Γ = 5, k = 2

To obtain the oscillation frequencies of the dust particles the spectral function was investigated. According to
work [17], spectral function f(ω) completely determines the behavior of the system under the action of a given
perturbation:

f(ω) =

∞∫
0

f(t)eiωtdt, (12)

here f(t) is some function, which depends on the microscopic properties of the system.
One of the alternative methods for calculating f(ω) is the formalism of the dynamic autocorrelation functions.

In this case, for example, the velocity autocorrelation function calculated on the basis of the computer simulations
can be taken as a quantity characterizing the microscopic state of the system. So, spectral function of dust particles
can be obtained by the Fourier transformations of the velocity autocorrelation function obtained in work [9]:

f(ω) = 1/2π

∞∫
0

A(t)e−iωtdt (13)

The real part of the spectral function of the velocity autocorrelation function like the dynamic structure factor
gives the possibility to determine the frequencies of the particles oscillations by the presence of the peaks in their
charts. There is the connection between these functions, as noted in the book [18] the velocity autocorrelation
function is associated with the autocorrelation part of the dynamic structure factor. The dynamic structure factor
is determined by the correlations between the density fluctuations with the given wave vector. Based on data from
the molecular dynamics method, it is calculated by the coordinates of the particles, and the theoretical methods of
the dynamic structure factor obtaining are based on the structural characteristics of the particles, such as the direct
correlation function. The velocity autocorrelation function is calculated based on the computer simulations data
using the velocities of the same particles. An example of how to define the same value with a set of coordinates
or a set of velocities is the diffusion coefficient, which can be obtained by the mean square displacement or on

www.cpp-journal.org c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



424 K.N. Dzhumagulova et al.: Study of the dust-free region near an electric probe in dusty plasma

the basis of the Green-Kubo relations by the velocity autocorrelation function:

D =
1

3

∞∫
0

A(t)dt. (14)

From equation (14) one can see that lim
ω→0

Re(f(ω)) equals to the diffusion coefficient with accuracy within a
numerical factor.

Imaginary part of the spectral function characterizes the energy dissipation in the system.

Fig. 7 The real part of the spectral function of the dust par-
ticles

Fig. 8 The imaginary part of the spectral function of the
dust particles

Fig. 9 The real part of the spectral function of the dust par-
ticles for different values of the coupling parameter

Fig. 10 The real parts of the spectral function of the dust
particles for different values of the friction coefficient

Real and imaginary parts of the spectral function at Γ = 2 are presented in Figs. 7, 8. It is shown, that at
low values of the coupling parameter the real parts of the spectral function are monotonic and there are no any
oscillations in the system. As one can see from Fig. 7 values lim

ω→0
Re(f(ω)) reduce with increase in friction coef-

ficient. In work [9] the decrease in the diffusion coefficient with increase in friction coefficient was shown. Real
parts of the spectral function at large values of coupling parameter are presented in Figs. 9,10. Fig. 9 indicates
the reduction of the diffusion coefficient at rising of coupling parameter, theoretically up to zero (crystal state).
In this figure it is seen too, that at increase in the value of the coupling parameter a maximum rises on the curve
of the spectral function, which is approximately located at the frequency near the plasma frequency of the dust
component ωd. But in Fig. 10 one can see, that even at high values of the coupling parameter with increase in the
value of the friction coefficient the maximum disappears.

Imaginary parts of the spectral function at large values of coupling parameter are presented in Fig. 11. This
figure shows that a maximum of the energy absorption approximately is located at frequency near the plasma
frequency of the dust particles.
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Fig. 11 The imaginary parts of the spectral function of the dust
particles for different values of the friction coefficient

4 Conclusion

The radius of the dust-free region around of electrical probe was experimentally determined. Dependence of
size of the dust free region area on the potential applied to the probe was investigated. Experimental results
are in a good agreement with the results of the theoretical estimations. So, on the basis of the equality of the
dust particles thermal and the electrostatic interaction energies of the particle with electric probe, it is possible to
correctly describe the size of the area of the dust-free region around the probe. Thus, the theoretical results can be
used hereafter for diagnostics of the dusty plasma parameters by experimentally observable and easily measured
size of dust-free region.

The main result of computer simulation of the dust plasma presented in this work is the result of the spectral
analysis of the velocity autocorrelation functions of the dust particles. It has shown that in the dusty system
there are oscillations with frequency near plasma frequency of the dust component at large values of the coupling
parameter and small values of the friction coefficient. Maximum of the energy absorption approximately is
located at frequency near the plasma frequency of the dust particles too. Also it was shown that at small coupling
parameter increase in friction parameter can cause the appearance of the return movement of dust particle.
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