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The role of gas composition in plasma-dust structures in RF discharge
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The influence of a mixture of light and heavy gases, i.e., helium and argon, on plasma-dust
structures in the radiofrequency discharge has been studied. The dust chains in the sheath of the
radiofrequency discharge, the average distance between the dust particles and their chains, have
been analyzed. A significant effect of small amounts of argon on the correlation characteristics of
dust particles has been observed. The results of numerical simulation of ion and electron drift in
the mixture of helium and argon are presented. It is shown that even 1% of argon admixture to
helium produces such an effect that argon ions become the main components of the discharge, as
they drift with lightweight helium forming a strongly anisotropic velocity distribution function.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916566]

I. INTRODUCTION

Drift in a strong electric field can be accompanied by
considerable heating of ions, and in case of a large difference
in atomic masses of ions and atoms, the ion distribution
function may have a high degree of anisotropy. As the ani-
sotropy of the ion distribution function can, in turn, cause a
significant change in properties of dust structures in plasma,
the idea of experiments with dusty plasma in the discharge in
the mixture of light and heavy gases, i.e., helium and xenon,
was proposed.' The results of calculations for the mixture of
easily ionized heavy gases (and, probably, vapors of heavy
metals, i.e., mercury, cesium and some others, see a more
detailed analysis in Refs. 2 and 3), make it possible to predict
a strong effect of gas composition on the characteristics of
plasma—dust structures in discharges. More precisely, a
discharge in the mixture with a low concentration of easily
ionized heavy gas may acquire features caused by the super-
sonic nature of the flux, i.e., the Mach cone, anisotropy of
the interaction of dust particles, and others.

A small admixture to the working gases can cause a
considerable (and uncontrollable) change in the discharge
properties. No due importance is given to this circumstance
when analyzing experimental data, though observation of the
discharge for a few minutes after its ignition shows changes
in the glow behavior, which can be caused, e.g., by selection
of ions and atoms in the discharge.

Dust structures in the helium—argon mixture at a low
concentration of the latter were studied in Refs. 4 and 5;
structures in the helium—krypton mixture were studied in
Ref. 6 and the discharge in the helium-xenon mixture with a
longitudinal magnetic field was studied in Ref. 7.

As expected, the discharge in mixtures of atoms with
very different atomic masses offers new possibilities for
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formation of dust structures in the gas discharge. Due to the
decrease in the concentration of intrinsic gas atoms, the
frequency of ion—atom collisions with resonant charge
exchange abruptly decreases, hence, the ion mean free path
increases. Accordingly, the discharge parameters will also be
different, i.e., the increase in the ion drift velocity and the
diffusion coefficient causes a decrease in the ion density due
to rapid ion drift to walls.

Another interesting possibility of controlling the ion flux
characteristics is formation of a light ion drift among heavy
atoms (see Ref. 2). For dusty plasma, this means:

(1) suppression of the ion drag force exerted on a dust parti-
cle by ions;

(2) decrease in ion heating due to a significant decrease in
the drift velocity.

In studying of dust structures in the hydrogen—argon
mixture,® characteristics unusual for dusty plasma were
obtained, which can be directly associated with these effects.

Ion drag force arises when there is a difference between
the average velocity of ions and dust particles associated
with the transfer of momentum. The ion drag considerably
affects the location and configuration of dust structures in
the laboratory plasma devices,” it is responsible for rotation
of dust particles in the presence of a magnetic field,'®
initiates void formation,'' and influences the dispersion of
dust in the low-frequency plasma waves.'?

The influence of ion-atom collisions and closely located
dust grains on such processes as dust charging and ion drag
is well known." In particular, ion-atom collisions can cause
the difference of the ion distribution function from the
Maxwellian distribution. Collisions with charge exchange
between ions and atoms can lead to a new kind of forces.'*

In the experimental works,>™7 the influence of the
wake field on the structural properties of dusty plasma was
investigated. To study the role of the ion flux (focus) in

© 2015 AIP Publishing LLC
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formation of the vertical chain of dust particles, the authors
used a special trap in the discharge of a homogeneous gas. In
this paper, we present the results of experimental and theo-
retical investigations of the influence of plasma composition
on the structural properties of plasma-dust formations.

In the experiment, a mixture of helium and argon, with
97% concentration of light atoms (helium), was used as the
plasma-forming gas, whereas pure helium and argon were
used to compare the obtained results with those for pure
gases. The choice of such a gas mixture is explained by high
ratio of atomic masses of chosen gases, and, thus, a possibil-
ity to observe either a significant influence of the ion flux or
a proportional distribution of gas molecules in the plasma-
dust formations.

Il. RESULTS OF EXPERIMENTS
A. Experimental setup

The experiments were carried out in a conventional gas
discharge setup. The main part of the experimental setup was
the electrode system producing a high-frequency capacitive
gas discharge. Disk electrodes of 100mm diameter were
placed parallel to each other in the horizontal plane at a dis-
tance of 30 mm. The upper electrode was grounded and had
a small hole used for dust injection into the plasma and for
video-shooting. The dust particles were illuminated by a
0.4 mm laser knife, which enabled experimenters to obtain
cross sections of plasma—dust structures. The trajectories of
dust particles were registered by high-speed video camera
with frame frequencies up to 300 frames per second. The
lower electrode was connected to the RF generator providing
signals with a frequency f = 13.56 MHz."® In the experi-
ments, hollow spherical dust particles of average diameter of
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20-40 um were used. To prevent escape of the dust particles
in the radial direction, the annular trap was used. In all
experiments, the power supplied by the high frequency gen-
erator was equal to 16 W.

B. Experimental results

During the discharge in pure gases and He/Ar mixture,
the dust structures were formed, which were confined in the
lower sheath traps. To study the dependence of interparticle
distances and pair correlation distribution functions of dust
particles on gas pressure and gas percentage, the experiments
with pure gases, i.e., helium and argon, and argon mixture at
a content of 3% were performed. Figure 1 shows typical dust
structures at a pressure of 0.3 Torr. Figures 1(a) and 1(b) cor-
respond to the top view in pure helium and in helium-argon
mixture, respectively. Figures 1(c) and 1(d) show side views
of the same structures. Figures 2 and 3 show pair correlation
functions for dust particles g(r/a) (a is the Wigner-Seitz
radius), which determine the relative probability of finding a
particle at a distance r from the other particle. It means that
by the value of the ratio between the first and the second
peaks, it is possible to determine the type of bond between
particles, for example, Figure 2 shows that at a relatively low
pressure (0.28 Torr), the dust structure is in a liquid phase.
However, as the pressure increases, the coupling between
particles becomes stronger, and at sufficiently high pressures
(1.01 Torr) particles have a liquid-crystal structure. The com-
parison of Figures 2 and 3 shows that an addition of a heavy
gas to the light one causes significant changes in the proper-
ties of dust structures. At a low pressure (0.25 Torr) in the
helium-argon (Ar—3%) gas mixture, significant oscillations
in the curve of the pair correlation function are observed,

FIG. 1. Top view (a), (b) and side view
(c), (d) of dust structures in pure
helium and in the mixture of He (97%)
+ Ar (3%) at a gas pressure of
0.3 Torr. a- (He), b- (He+Ar), c- (He);
d- (He+Ar).
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FIG. 2. Pair correlation functions of dust particles in pure helium at different
pressures.

which indicate formation of a liquid crystal dust structure.
Figure 4 shows that at a rather low pressure of mixture and
argon, dust particles have a liquid-crystal structure, whereas
under the same conditions in the helium plasma, the dust has
gaseous structure.

Figure 5 shows the dependence of the average distance
between particles on the gas pressure. The distances between
the closest particles are determined by the analysis of the
pair correlation function. The images of dust particles are
considered separately in the horizontal and vertical planes.
In both cases, the dust system was illuminated by a laser
knife of 0.4 mm thickness.

The analysis of these dependencies shows that:

(1) In the horizontal plane, the average distance between
dust particles weakly depends on the gas pressure and is,
practically, the same in pure helium and mixture of
He+Ar;

(2) In pure helium, the mean distance between dust particles
along the chains (which is shown by a vertical plane)
sharply decreases with increasing pressure;

(3) The mean distance between dust particles along the
chains in the gas mixture is much shorter than that in the
pure gas, in addition, it considerably decreases with
increasing pressure.

3,0 . T : T : T "
He+Ar(3%) ~ p=0,25 torr
2,51 & —e—p=0,55torr -
] 4’# »—p=1 torr
2,0- ol ]
/ / s ]
T151 f/' .\.X:\ Ansrg |
k- 1 /.o \.g ;‘*‘:ﬁ g |
1,04 A W
' o ]
0,54 /s 4
0.0 1= gt

o
-
N._
w
N

r/a

FIG. 3. Pair correlation functions of dust particles in the mixture of helium
(97%) and argon (3%) at different pressures.
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FIG. 4. Pair correlation functions of dust particles in pure argon (square), in
pure helium (triangle) and in the mixture of helium (97%) and argon (3%)
(circle).

The above results show that the anisotropy of the inter-
action more clearly manifests itself in the vertical direction,
which is in agreement with the theoretical and numerical
analysis of the problem.'®™!

lll. CHARACTERISTICS OF A DISCHARGE IN THE GAS
MIXTURE

A. Electron drift

During the drift in an electric field, electrons gain energy
from the electric field; due to Joule heating the electron gains
the average energy Qrw = eEW per unit time, where e is the
electron charge, E is the electric field strength, and W is the
drift velocity. The energy gained by the electron is lost in
elastic collisions with atoms, is expended on excitation of
atomic levels and ionization; furthermore, electrons
take away or gain energy during recombination, Qgw = Q.4
+Qe: + Qion + Orec. The right-hand side is the sum of the
corresponding average energy losses of one electron per unit
time (during recombination, the electron can also gain
energy, e.g., triple electron-ion recombination).**

The electron energy distribution function (EEDF) in an
alternating electric field with amplitude E, approximately
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FIG. 5. The average distance between the nearest particles as a function of
gas pressure in the horizontal and vertical planes in pure helium and helium-
argon mixture.
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corresponds to the distribution function in a constant field
E=E,/ \/i.26 Therefore, we analyze EEDF with a drift in a
homogeneous constant field. If the increase in the electron
velocity between elastic collisions exceeds the velocity of
atoms, then the solution to the Boltzmann equation in the
two-term approximation can be written as*>>*

2V
fo(v) = Aexp ( ) cha ;M
0

where constant A is determined by the normalization condi-
tion. When a,/(c) = ao(c/co)", the integral in Eq. (1) can be
calculated. If the frequency of collisions is constant,
ou(c) = ao(c/c0)71/2 , the distribution (1) becomes a
Maxwellian distribution; if a,./(c) = g¢, the distribution (1)
becomes a Druyvesteyn distribution.

The electron energy equation for an electron drift in a
mixture of gases is written as

dc

()
m O'()N()C dc
2

Introducing the cross section of elastic collisions
between electrons and atoms as oy = Zk o and denoting
the fractional concentration of the k-th species as
or = N¢/Ny, where the total number density of atoms is
No = > N (the sum runs over all gas species), we rewrite
Eq. (2) as

mefy Z‘—N"+ oNoe(c?) 2o

(V2 +(c?) % = 3mfp > Z"wk 3)

where V = eE /maoNyc is the increase in the electron energy
between elastic collisions. The solution to this equation has
the form

v

. _ oywr  3cdce
fo(v) =Aexp| —m J Zk: soM V2 + (C |- @)

The calculation was performed using the Monte Carlo
method similar to that used in Ref. 8. After each collision,
the electron equation of motion in the constant field was inte-
grated and, according to known cross sections of elastic and
inelastic processes, the probability of either event was deter-
mined. It was assumed that:

(1) Gas atoms have the Maxwellian velocity distribution and
do not change their temperature due to collisions with
electrons.

(2) Elastic electron—atom collisions occur as hard sphere
collisions, i.e., isotropic scattering in the center-of-mass
system occurs during collision, and the collision cross
section depends on the energy of relative electron and
atom motion.

(3) The loss of electrons for atomic level excitation is irre-
placeable, i.e., it is assumed that excited atoms lose the
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excitation energy in the mode of volume de-excitation
and metastable atoms diffuse across the boundaries of
the volume under consideration.

(4) During electron-impact ionization, the electron incident
on the atom loses the energy equal to the sum of the
ionization energy and the kinetic energy of the second
electron. Hence, its energy after an ionization event is
¢) =¢ — 1 —¢. The energy of the first electron equi-
probably takes all possible values: where 0 <R < 1isa
random number; accordingly, the energy of the second
electronis &, = (¢ —I)(1 —R).

(5) The processes of electron and atom recombination,
excited level quenching, and resonant radiation transport
do not change electron energies.

Table I presents kinetic characteristics of electron drift
in pure helium (run No.l), helium—argon mixtures (runs
2-5), and pure argon (run 6). The table presents the drift
velocity, the average energy, and energy balance characteris-
tics, i.e., energy expenditure on excitation and ionization of
different gas components.

Computer simulations show that the energy expenditures
on ionization of helium and argon are comparable at 0.2% of
argon concentration, and at 1% of argon the energy expendi-
ture on argon ionization is 6 times higher than that on helium
ionization. The change in argon concentration does not sig-
nificantly affect the mean electron energy, but in the energy
balance, the energy expenditure on excitation of helium
atoms is significant. Therefore, it is necessary to keep in
mind the possibility of a rather strong influence of metastable
helium atoms on the electron velocity distribution due to
super elastic collisions with excited helium atoms.

Figure 6 shows EEDF for various concentrations of
argon atoms in the helium-argon mixture: the solid curve
corresponds to the drift in pure helium; the solid curve with
bold dots corresponds to pure argon, the dashed curve with
circles—to helium with 0.1% argon concentration, the
dashed-and-dotted curves— to argon concentration of 1%,
3%, 10%, and 100%, respectively. In all calculations
E/N =20 Td. In the top figure, the EEDF is drawn in the log-
arithmic scale to demonstrate the “EEDF tails,” in the bot-
tom figure the linear scale is used to demonstrate the effect
of argon concentration on the “EEDF body.” In the insert,
the mean kinetic energies of electrons K = (&) are shown.

The results of calculations give a rather complete picture
of the mechanism of influence of small argon additions on
the characteristics of electrons in the gas discharge.

TABLE 1. Drift characteristics of electrons at E/N =20 Td.

Run 1 2 3 4 5 6
He, % 100 999 99 97 90 0
Ar, % 0 0.1 1 3 10 100
Drift velocity, km/s 440 440 428 405 355 187
Average energy, eV 7.80 7.77 1.5 7.1 6.5 5.7
Percentage of He ionization, % 2.8 2.6 1.7 09 0.07 0
Fraction to Ar ionization, % 0 1.3 104 21.8 272 1.36
Fraction to He excitation, % 762 738 56.5 316 6.02 0
Fraction to Ar excitation, % 0 1.06 893 2.19 43.0 90.0
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FIG. 6. EEDF for various argon concentrations in helium—argon mixtures.

The most interesting and important fact from practical
point of view is a strong increase in the frequency of ioniza-
tion at low addition of argon (several fractions of a percent).
In this case, most argon atoms are ionized, hence, the dis-
charge will mainly contain argon ions.

B. lon drift

By analogy with the hydrodynamic approximation, it is
often assumed that ion drift is described by the shifted
Maxwellian distribution function

fov) = 2T, o, (5)

( m )3/2 ml(u — W) +12 4+ w?]
exp| —

This distribution has two parameters, the average ion

velocity W (drift velocity) and the ion temperature 7;, which

determines thermal spread of ion velocities Vy = (T;/m)"?.
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Here, the direction of the field and drift coincides with the x
axis.

The most important practical characteristic of the ion
flux is the average kinetic energy of ions connected with the
effective ion temperature by the relation

Sm(v?) =S Ty, (6)

The effective temperature of ions must be taken into
account when determining macroscopic characteristics of
plasma, e.g., the Debye length.

The introduction of the ion temperature different from
the atom temperature can be insufficient to describe the ion
distribution function, as the average energies of chaotic
motion of ions along and across the field differ in strong
fields. Therefore, it is reasonable to introduce two different
ion temperatures, i.e., temperatures along 7, and across T
the field. In this case, the average ion energy is given by

<s)—lmW2+§T~—lmW2+lT +T (7)
2 27172 T

The Mach number defined in gas dynamics as the ratio
of the gas velocity to the speed of sound M = u/c; is the
most important flux characteristic. As the ion flux character-
istic, let us also introduce the effective Mach number
M? iy =mW /T;, where the ion temperature is determined by
the equation 3 T; = (¢) — %m(u)z

In the strong field, the drift velocity exceeds the thermal
velocity of atoms, and the ion and atom temperatures differ
significantly. In this case, the use of the thermal velocity of
atoms in calculating the Mach numbers of the ion flux leads
to a principally incorrect conclusion on the flux nature. In
particular, in most studies on dusty plasma, the supersonic
ion flux is considered, while as a result of ion heating the ion
flux in the intrinsic gas becomes subsonic in case of a signifi-
cant effect of collisions with charge exchange. The effective
Mach number during ion drift in the intrinsic gas turns out to
be bounded from the above, as the chaotic motion velocity
increases proportionally to the drift velocity. As estimations
and calculations show®?’ (see also the results of calculations,
presented below), Mach numbers cannot be larger than two
due to ion heating during drift in the intrinsic gas.

Table II presents kinetic characteristics of ion drift,
which demonstrate a possibility of achieving large Mach
numbers in the case of heavy ion drift in light gas. It was
found that the use of mixture of light and heavy gases under
typical conditions of experiments with dust structures in
plasma makes it possible to suppress ion heating in the elec-
tric field and to obtain a supersonic flux with large Mach
numbers.

It should be noted that in this case there is a big differ-
ence between the temperatures of ions in the distributions
parallel (a) and perpendicular (b) to the field. The average
kinetic energy of ions is maximal at 3% concentration of
argon.

Our calculations lead to the following conclusions about
changes in ion drift characteristics caused by addition of
helium to argon:
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TABLE II. Ion drift characteristics: helium (calculation No. 0) and argon (calculations Nos. 1-6) at E/N =41 Td.

Run No. — ion type 0-He" 1-Ar" 2-Ar" 3-Art 4-Art 5-Art 6-Ar"
Ar fraction, % 0 0 0.1 1 3 10 100
Drift velocity, km/s 0.94 1.39 1.37 1.24 1.04 0.70 0.16
Temperature 7,,, K 529 609 700 959 1115 972 363
Temperature T, K 345 470 472 479 478 441 314
Temperature T, K 549 3635 3577 3121 2436 1407 371
Mach number M 1.21 5.65 5.57 5.04 4.23 2.84 0.64
Mach number M, 1.03 4.26 4.07 3.41 2.75 1.96 0.61

(1) The drift velocity of argon ions increases by a factor of
up to 8.7.

(2) The highest temperature T, is reached at a fractional
helium concentration of approximately 97%.

(3) The energy of argon ions (including drift energy)
increases by a factor of up to 10.

(4) The effective Mach number of argon ion flow increases
by a factor of up to 7.

(5) The effect of the parent gas is observed until its concen-
tration is reduced to 0.1%.

The characteristics of ion velocity distribution are also
shown in Fig. 7, where the distributions of argon ion veloc-
ities along and across the field are presented for several
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FIG. 7. Ion velocity distribution functions along the field direction for vari-
ous argon concentrations in the helium—argon mixtures.

values of helium concentration in the helium—argon mixture.
The results of these calculations suggest a strong influence
of gas composition on dust structures in discharge plasmas,
making it possible to predict their characteristics due to a
supersonic flow regime (Mach cone, anisotropy of interac-
tion between dust grains, etc.).

IV. CONCLUSION

The influence of gas composition on plasma parameters
and plasma dust structures in the radiofrequency discharge
has been studied. The results of experimental studies of dust
structures in the RF discharge plasma in the mixture of two
types of gases, “light” He and “heavy” Ar, have been ana-
lyzed. It has been found that the admixture of a small amount
of argon (3%) to helium causes an increase in the interaction
anisotropy of dust particles, which is most clearly expressed
in a large difference in distances between dust particles in
the chain and between chains. The dependence of the mean
distance on the gas pressure is presented. It is shown that an
increase in gas pressure most strongly affects the distance
between dust particles in the chain of the discharge in the
mixture. The numerical results show that the ion composition
in the discharge is mainly represented by argon ions even if
there is only 1% of argon in helium. The drift of argon with
lightweight helium gives a strongly anisotropic velocity
distribution function. This result is caused by the hypersonic
nature of the ion flux in the extrinsic gas. Experimental and
numerical results show that even a small admixture of a
heavy gas to the light gas drastically changes all characteris-
tics of the plasma, especially the influence of the ion compo-
nent on dust structures in the plasma.

A more detailed analysis requires calculations of dis-
charge characteristics as a whole, i.e., determination of the
electron density and consideration of nonlocality in the
electric field distribution. It is also necessary to reconsider
the kinetics of dust particle charging, taking into account
deviations of the electron distribution function from the
Maxwellian distribution function and a decrease in the num-
ber of bound ions (due to a decrease in the frequency of ion
collisions with intrinsic gas atoms). These problems will
be considered in the following studies together with new
experimental results.

The results of numerical simulation and theoretical
analysis of characteristics of ion and electron drift in gas
mixtures enable us to make a conclusion that the use of the
discharge in mixtures of various gases offers new prospects
in the study of dusty plasma.'?
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