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Abstract — This paper presents the results of the analysis of the experimentally measured width
of the dust-free region around a single electric probe in a dusty plasma of glow discharge. The
experimental results were compared with the data of a theoretical study on the basis of the
balance equation of the dust particles thermal energy and their electrostatic interaction energy
with the probe. An alternative method for the determination of the buffer plasma parameters
was developed by measuring the dust-free region area around the probe. Using this method the
temperature and the concentration of electrons in an argon glow discharge plasma in the pressure

range from P = 0.6 to P = 0.8 torr were determined.

Copyright © EPLA, 2014

Introduction. — A single electric probe is an univer-
sal tool for the diagnostics of the low-temperature gas-
discharge plasma. The list of the physical properties,
measured by the Langmuir probe, is quite large and this
method is easier than other methods of diagnostics. For
these reasons it is still of great interest and finds new ap-
plications. Among them the application of an electrical
probe in dusty plasmas should be noted. Dusty plasma is a
usual plasma, which contains small particles of condensed
matter [1]. The presence of the relatively large particles,
which acquire in the plasma environment the charge of
thousands of electrons, strongly modifies the properties of
the buffer plasma [2,3]. Therefore, the diagnostics of such
systems requires a new approach.

In ref. [4], the trajectory of a single dust particle in the
disturbed region around the probe on a strict theoreti-
cal basis was firstly considered. Equations for the mo-
tion of the individual dust grain in the double layer of the
negatively charged cylindrical probe in a glow discharge
plasma were derived and solved numerically. The trajec-
tories of grains with different initial energies and impact
parameters were considered. An analysis of the grain tra-
jectories showed that high-energy grains can be recharged;
i.e., at a certain distance from the probe the grain charge
can change sign. Experimental confirmation of this phe-
nomenon and the comparison with the numerical results
are presented in ref. [5]. In this work in the equations of
the dust particle motion only the electrostatic force acting

on the particle from the probe was taken into account.
In [6] the ion drag and the neutral friction forces were
introduced. In order to determine the effect of the ion
drag force and the neutral friction force the experiments
were carried out in different discharge conditions, in par-
ticular at different values of the pressure in the discharge
tube. The analysis of the experimental data showed that,
with increase in pressure, the particles are more strongly
attracted to the Langmuir probe, and even stick to the
probe. Trajectories calculated with taking into account
the ion drag and neutral friction forces in the equations
of motion are in good agreement with the experimentally
obtained trajectories of dust particles at high pressures.
Based on the above-mentioned results, in ref. [7], a new
method for the determination of the particle charge was
constructed. The method is based on the analysis of the
trajectories of dust particles around an electrical probe.
The experimental tracks of charged particles were digi-
tized and by solving the inverse problem the charge of the
dust particles was found. This method allows to deter-
mine the charge of the dust particles in the disturbed area
and outside of it.

Apart from the study of the interaction of the electric
probe with individual dust particles there is great inter-
est in the investigation of the interaction of the plasma-
dust structures with the electrical probe. In [8] the radius
of the dust-free region around an electrical probe in the
high-frequency discharge under microgravity conditions

15002-p1



Y. A. Ussenov et al.

was measured. It was noted that the dust particles had
levitated at some distance from the probe due to the
balance between the electrical and ion drag forces. The
formation of the dust-free region was compared with
the formation of “voids” in the complex plasma under
microgravity [9,10].

The radius of the dust-free region was also measured in
a dusty plasma of argon glow discharge [11]. The free re-
gion has a cylindrical shape. In this paper the dependence
of the dust-free region size on the negative potential of
the electrical probe has been considered. A mathematical
model describing this phenomenon was based on the bal-
ance between the electrical interaction force of the charged
dust particles with negatively charged probe and the ion
drag force.

The correct analysis of the behavior of the plasma-dust
structures [12] near the electrodes regions allows to use
them as diagnostic tools for complex plasmas. In [13-15]
the dust particles were used as thermal, electrical, and
force probes. Using a conventional method, such as the
visual identification of the dust particles, the dust compo-
nent temperature, local electric field, momentum of high
ion flux and power flow on the particles were estimated on
the basis of simple calculations.

In all these works very interesting results were obtained.
They are important and useful not only in the study of the
characteristics of complex plasma and plasma-dust forma-
tion, but can be also used in the determination of the
characteristics of the background plasma.

In this paper the method for determination of the tem-
perature and concentration of the buffer plasma on the
basis of the experimental measurement of the radius of
the dust-free region around an electrical probe in the
positive column of a glow discharge is presented. The
novelty is the use of equations based on the equality
of the thermal energy of the dust particles and the en-
ergy of the electrostatic interaction of particles with the
probe and further use of a theory of the probe potential
for plasma diagnostics based on measuring the dust-free
region.

Experiment. — The experiments have been performed
in the positive column of a glow discharge in argon. The
discharge was obtained in a glass tube with a length of
550 mm, and a diameter of 46 mm. The measurements
have been carried out on an experimental setup (fig. 1),
it includes: a special discharge tube, which provides in-
serters for the anode (1) and cathode (2), probe (3), the
container with the particles (4), a laser for illumination
(5), a PC (6), the systems of observation and visualiza-
tion (7,8). The typical experimental value of the discharge
voltage is in the range 0.9-1.2kV, the discharge current is
0.5-3 mA in the pressure range 0.6-0.8 torr. A single cylin-
drical Langmuir probe has been inserted in the plasma
perpendicularly to the positive column. The probe was
made of a tungsten wire with a length of 1 mm and a di-
ameter of about 150 pum. Recording is carried out using a

Fig. 1: (Colour on-line) Experimental setup: anode (1), cath-
ode (2), probe (3), container with the dust particles (4), laser
for illumination (5), PC (6), the systems of observation and
visualization (7,8).

CCD camera at 25 frames per second. The measurement
error of the width of the dust-free region is about 8-10%.

Once the probe circuit had been turned on, a voltage
U,, which was negative relatively to the plasma, was ap-
plied on the probe. The probe field is screened by the
plasma charged particles around the probe and the screen-
ing length is much smaller than the size of the discharge
tube. Therefore, we assume that in general the discharge
parameters do not change significantly upon introducing
the probe. Dust particles of AloO3 with diameter 10 pm
were injected into the plasma from the container, which
had been located on the top of the discharge tube.

After inserting the probe a layer of positive charge was
formed around it. The dust particles fell down until they
reached the region near the probe. Then the particles with
a relatively high kinetic energy overcame the barriers of
the ion layer moving toward the probe along different tra-
jectories in this region. Some of them performed rotations
around the probe and fell on the probe surface [5,6]. The
particles that had a low thermal energy kept levitating at
some distance from the upper probe. So, some region near
the probe was free from dust particles. The dimensions of
this region depend on the voltage, on the probe, and on
the parameters of the surrounding plasma. When the ab-
solute value of the voltage U, decreases, the distance be-
tween the probe and the cloud of dust particles decreases
too. At a certain potential in the circuit diagram of the
probe, dust particles were attracted by the probe and fell
on the probe surface. Photos of the probe and dust struc-
ture on the probe, which were taken at different values of
the probe potential U, and constant pressure, are shown
in fig. 2. Here, the potential at which the dust particles
fall on the probe surface is equal to U, = —80V.
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C)

Fig. 2: Dust-free region around the electric probe. The dis-
tance between probe and dust particles is (A) r; = 5.02mm,
probe potential U, = —580V; (B) ry = 3.80 mm, probe po-
tential U, = —420V; (C) ry = 3.38 mm, probe potential
Up = —280V. Pressure in the discharge tube P = 0.6 torr.

The experimental data were obtained under different
conditions of discharge. It was observed that with the
increase in the discharge current or (and) decrease in the
gas pressure the distance between the probe and the dust
particles decreases: the radius of the dust-free region in-
creases from 6.5 mm to 8 mm with an increase in pressure
in the discharge tube from 0.3 torr to 0.42 torr [16]. Usu-
ally, the particles follow the sheath in front of the electrode
which decreases with increasing pressure (see, for exam-
ple, [17]). But in our case, the increase of the dust-free re-
gion size with the growth in gas pressure in the discharge
tube is probably due to the increase in particle charge,
which leads to a strong repulsion between the negatively
charged microparticles and the probe. The temperature
of the dust particles T; was determined using the video
recording of the experiment. After processing the video
files the distribution function of the dust particles levitat-
ing above the probe had been built. Then, on the basis
of the maximum of the velocity distribution function the
most probable velocity of the dust particles ¥, which was
used to obtain their temperature, was determined accord-
ing to the following formula:

2%kpT,
ﬂpz,/%. (1)

Here, kp is the Boltzmann constant, Ty is the dust par-
ticles temperature, my is the mass of the dust particles. It

should be noted that the temperature Ty in eq. (1) is a
thermodynamic temperature. According to the works [18—
20] in the plasma-dust structures formed in the gas dis-
charges a Maxwellian velocity distribution of dust parti-
cles was observed. In our experiments we found that the
velocity distribution was Maxwellian too. The observed
large temperature in energetic units is due to the rela-
tively large mass mg of dust particles.

Theory. — In work [11], the distance between the probe
and the dust particles was calculated by the balance be-
tween electric and ion-drag forces. We have calculated the
radius of the dust-free region on the basis of the equality
of the thermal energy of the dust particles and the energy
of the electrostatic interaction of particles with the probe:

(2)

where Zje is the charge of the dust particles, U(r) is the
electrostatic potential around the probe and r¢ is the ra-
dius of the dust-free region. In order to correctly describe
U, it is necessary to obtain and solve the equation of the
plasma layer. In the case of an isotropic, weakly ion-
ized and rarefied plasma, when the mean free path of the
charged particles is much larger than the characteristic di-
mensions of the probe, the electrostatic potential around
the probe is determined by the Poisson equation:

]fBTd = ZdeU(rf),

AU(7) = —4mw(n;(7) — ne(7)). (3)

According to work [21] there is an absorbing surface,
which differs from the probe surface. The radius of the
absorbing surface is the limitation radius, which defines
the local maximum of the effective potential energy of the

ions:
2

l
Uepy(r) = Iz T elU(r), (4)
where m; is the mass of the ions, [ is their angular momen-
tum. Then for a large cylindrical probe (r, > Aq) when
A > 1, one can obtain [21]

. 1 .o E0+6U(Tl) 3
n; = ng {1 —aresin [Eo—l—eU(r) ., (5)

when r > r;

1

n ry [Eo+eU(r)]?
n; = ?O arcsin?l [E(Z)—:—ie[]((g] , (6)
when r < 7; (here and below the potential is described
by absolute values). Here r, is the probe radius, A is the
mean free path of the charged particles, Ay is the Debye
length, 7; is the limitation radius, Ey is equal to the av-
erage kinetic energy of the ions in the plasma, ng is the
ion concentration in the unperturbed plasma region. For
the electron numerical density the Boltzmann distribution
was taken. Thus, numerically solving eq. (3), we have ob-
tained the curves of the electrostatic potential near the
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Fig. 3: Interaction energy between the dust particles and the

electric probe. The dotted line corresponds to the thermal
energy of the dust particles.

O - Experiment (I=1.3 mA)
¢ —Theory (I=1.3 mA)

E | |
s \é 0
(S
4 - \l\ é @
5 = R
24
1 T T T T T T T T T
-500 -400 -300 -200 -100 0

Up, V

Fig. 4: Comparison of the experimentally measured radius of
the dust-free region with theoretical results.

probe for different boundary values of the probe potential
Up on its surface.

Figure 3 shows the distance dependence of the energy
of the interaction of the dust particles with the electric
probe obtained on the basis of eq. (3) for different values
of the probe potential U, on its surface. The dotted line
corresponds to the thermal energy of the dust particles,
which in this experiment equals 5 kgT.. The dust tem-
perature, as was mentioned above, was determined by the
velocity distribution function, which was measured in the
experiment. The points of the intersection of the dotted
line with the potential curves give us the distances be-
tween the dust cloud and the electric probe, that are the
radii of the dust-free regions r¢. In fig. 4 the theoretical
results were compared with experimental data at the pres-
sure in the discharge tube P = 0.6 torr, and for a value of
the discharge current I = 1.3mA. They showed a good
agreement.

Determination of the electron temperature and
density. — It was shown by the experimental and theoret-
ical results on the radius of the dust-free region that the

T T T T T T 1
'75 100 125 150

Fig. 5: The interaction energy of the dust particles with the
electric probe (solid line) at U, = —350V, the thermal energy
of the dust particles (dash-dotted line), and the experimentally
determined radius of the dust-free zone (dotted line).

distance between the probe and the dust particles depends
on the probe potential and discharge conditions. This
allows us to identify important parameters of the plasma,
such as temperature and numerical density of the elec-
trons. Let us remind that the distribution of the electric
potential around the probe depends on the Debye length,
which appears in the solution of the Poisson-Boltzmann
equation. To each potential curve in fig. 3 there corre-
sponds some value of the Debye length A\;. If one as-
sumes that the radius of the dust-free region is known
(since it can be easily measured in the experiment) the in-
verse problem of finding the electron Debye length can be
solved. The Debye length is determined by the well-known

formula
kB Te
g = .
d \V drn.e?

Here, T, is the temperature of the electrons, n. is the
numerical density of the electrons. Figure 5 displays a
graphical illustration of the inverse problem.

This illustration shows the thermal energy of the dust
particles, marked by a dash-dotted line. Knowing the ra-
dius of the dust-free region r¢, one can find the point of
the intersection of the line corresponding to the thermal
energy of the dust particles and the line corresponding to
ry. Then, the potential curve, passing through this point
and corresponding to a certain value of A4, can be easily
found. Thus, knowing, for example, the electron tempera-
ture, the electron numerical density can be determined by
eq. (7).

As an example, we can obtain the temperature of the
plasma electrons using the equation of the Orbit Motion
Limited (OML) theory [22,23]:

(7)

_1z41e? ng meT; |Zd|62
ale  — 4,/ (1 =0. 8
¢ ne V my;Te + aT; (8)
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Fig. 6: The temperature of electrons which has been deter-
mined by measuring the dust-free region (alternative method)
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Fig. 7: The numerical density of electrons which has been
determined by measuring the dust-free region (alternative
method) and by Langmuir probe measurements.

The ratio Z— ~ 1 for Ar plasma of the DC discharge due
to the quasi-neutrality of the plasma. The ion temperature
equals room temperature.

Dust charge was determined from the pair correlation
functions of dust particles according to refs. [24,25]. The
first maximum ¢4, of the pair correlation function de-
fined the coupling parameter I', then from the following
ratio the dust particle charge can be calculated:

r_ (Zae) )

aokpTy

Here, ag is the average interparticle distance.

Dust temperature and the average interparticles dis-
tance are easily determined in experiment. Below
the data used in one performed experiment are presented.
The pressure in the discharge tube was P = 0.6 torr,
and the discharge current was I = 1.5mA, the temper-
ature of the dust particles is T; = 22eV, the average

interparticle distance ap = 0.09cm and the nonideality
parameter I' = 33, the dust multiple charge Z; = 2.1-10%.

The solution of eq. (8) gives us the electron temperature,
which is equal to T, = 4.4eV. Thus, with the following
parameters: T, = 4.4eV, U, = =350V, r; = 3.65mm,
the Debye length, found by the above-described method,
is equal to Ay = 0.028 cm, and the electron density n. =
3.1-10%cm—3.

Figures 6 and 7 show the results of the determination
of the electron temperature and electron numerical den-
sity obtained by measuring the dust-free region near the
probe under different discharge pressures. As one can see
the estimated parameters are in good agreement with the
results of Langmuir probe method in DC glow discharges.

Conclusion. — A method for the diagnostics of the
buffer plasma based on the study of the dust-free re-
gion was proposed. The main deal is only measuring the
dust-free region and then applying the special software
which calculates the temperature and numerical density
of dust, and the electron temperature and numerical den-
sity. It should be noted that this method does not use the
voltage-current characteristics and can be applied when
the construction of the correct I-V characteristic in stan-
dard probe diagnostics is difficult.

For practical purposes, this method can be used in lab-
oratory to determine the complex plasma parameters, in
devices for coating the dust particles surfaces by special
materials, in microparticles synthesis in a gas discharge
plasma, during the separation of monodisperse powders
in a plasma-dust medium etc.

X K ok

This work has been supported by Ministry of Educa-
tion and Science of the Republic of Kazakhstan under the
Grant 1115/GF.

REFERENCES

[1] Forrov V. E., IVLEV A. V., KHRAPAK S. A., KHRAPAK
A. G. and MORFILL G. E., Phys. Rep., 1 (2005) 421.

[2] SUKHININ G. I., FEDOSEEV A. V., RamazaNov T. S.|
DzuumAacuLovAa K. N. and AMANGALIYEVA R. ZH., J.
Phys. D: Appl. Phys., 40 (2007) 7761.

[3] Ramazanov T. S. and DzHuMAGULOVA K. N., Contrib.
Plasma Phys., 48 (2008) 357.

[4] ANTIPOV S. N., SAMARIAN A. A., PETROV O. F. and
NErFeDOV A. F., Plasma Phys. Rep, 27 (2001) 340.

[5] Ramazanov T. S., Kobanova S. K., PETROV O. F.,
ANTIPOV S. N., DZHUMAGULOVA K. N., DOSBOLAYEV
M. K. and JUMABEKOV A. N., J. Phys. A: Math. Theor.,
42 (2009) 214026.

[6] RamazaNov T. S., BASTYKOVA N. KH., USSENOV Y. A.,
Kobanova S. K., DzHUMAGULOVA K. N. and DosBo-
LAYEV M. K., Contrib. Plasma Phys., 52 (2012) 110.

[7] Ramazanov T. S., KopaNova S. K., DZHUMAGULOVA
K. N. and Bastykova N. KH., EPL, 96 (2011) 45004.

[8] KLINDWORTH M., PIEL A., MELZER A., KONOPKA U.,
ROTHERMEL H., TARANTIK K. and MORFILL G. E.,
Phys. Rev. Lett., 93 (2004) 195002.

15002-p5



Y. A. Ussenov et al.

(9]

(10]

PRABURAM G. and GOREE J., Phys. Plasmas, 3 (1996)
1212.

MorriLL G. E.; THOMAS H. M., KONOPKA U., ROTHER-
MEL H., Zuzic M., IVLEV A. and GOREE J., Phys. Rewv.
Lett., 83 (1999) 1598.

THOMAS E. jr., AviNasH K. and MERLINO L., Phys. Plas-
mas, 11 (2004) 1770.

Ramazanov T. S., DzaumAGcuLovA K. N.; JUMABEKOV
A. N. and DosBoLAYEV M. K., Phys. Plasmas, 15 (2008)
053704.

SCHUBERT G., BASNER R., KERSTEN H. and FEHSKE H.,
Eur. Phys. J. D, 63 (2011) 431.

TROTTENBERG T., SCHNEIDER V. and KERSTEN H.,
Phys. Plasmas, 17 (2010) 103702.

MAURER H., BASNER R. and KERSTEN H., Rev. Sci. In-
strum., 79 (2008) 093508.

DzuumacuLova K. N.; Ramazanov T. S.; Ussenov Y.
A., DosBOLAYEV M. K. and MASHEEVA R. U., Contrib.
Plasma Phys., 53 (2013) 419.

[17]

18]
[19]
[20]
21]
[22]

23]
24]

[25]

15002-p6

KErsTEN H., DeuUTscH H., OTTE M., SWINKELS
G. H. P. M. and KrROESEN G. M. W., Thin Solid Films,
377 (2000) 530.

QUINN R. A. and GOREE J., Phys. Plasmas, 7 (2000)
3904.

SAMARIAN A. A., JAMES B. W., VLADIMIROV S. V. and
CRAMER N. F.; Phys. Rev. E, 64 (2001) 0254021.
VAauLINA O. S., REPIN A. Yu., PETrROV O. F. and
Apamovich K. G., JETP, 129 (2006) 1118.

KozrLov O. V., Electrical Probe in Plasma (Atomizdat,
Moskow) 1969.

ALLEN J. E.; Phys. Scr., 45 (1992) 497.

GOREE J., Plasma Sources Sci. Technol., 3 (1994) 400.
VAULINA O. S., PETROV O. F., ForTOV V. E., CHERNY-
SHEV A. V., GAVRIKOV A. V., SHAKHOVA I. A. and SE-
MENOV YU. P.,; Plasma Phys. Rep., 29 (2003) 642.
Lisin E. A., VauLiNa O. S.; PETROV O. F. and FoOR-
TovV V. E., Plasma Phys. Control. Fusion, 55 (2013)
124022.



