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Sheath structure and formation of dust voids in cylindrical plasma discharges
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Using a self-consistent two-dimensional fluid model the structure of the plasma sheath in a cylindrical
system is investigated. The results show that there is a bumping potential in the central axis resulting in the
larger outward directing ion drag force with respect to the opposite electric field force. And the process of the
formation of dust voids is studied in the sheath by molecular-dynamics simulation.
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I. INTRODUCTION

In the past decade there has been much experimental and
theoretical interest in the formation of dust voids in plasmas
containing dust grains [1-21]. A dust void is a centimeter-
sized region completely free of dust particles and it has a
sharp boundary that oscillates at the dust-acoustic wave time
scale of several hertz [1].

Samsonov and Goree [2,3] suggested that dust voids are
formed because of balance of the ion drag and electrostatic
forces on the dust grains. Morfill et al. [4] showed that the
thermophoretic force on the grain can also play a role. Avi-
nash er al. [16] proposed a time-dependent fluid model for
the void formation process that is initiated by the ion drag
force and saturated by ion-neutral collisions. Hu er al. [17]
extended the model of Avinash er al. [16] by including the
effect of ionization and found that the obtained void charac-
teristics are consistent with that from the experiments
[2,3,6—8]. Denysenko er al. [9-12] considered in more detail
the electron kinetics and other kinetic effects in dusty plas-
mas and showed that balance of forces on the dusts can af-
fect the spatial electron distribution, the plasma temperature,
the discharge potential, as well as the plasma transport prop-
erties, which can in turn govern the dust dynamics. Huang et
al. [6,7] found experimentally that voids in a dusty discharge
can have domelike and shell-like structures, which together
with even more exotic forms relevant to material structures
have been obtained from molecular-dynamics (MD) simula-
tions where the dust grains are trapped in different potentials
[19-21]. In this paper, we consider the process of dust for-
mation in more detail by first obtaining the sheath potential
of the discharge plasma using a fluid model for the dust
grains. The effects of the sheath electric field and ion drag
force, as well as the experimental discharge configuration,
are included [6,7,9-12]. The resulting electrostatic potential
in the plasma sheath is then used to investigate the formation
of dust voids by MD simulation. Our results agree qualita-
tively well with those of the experiments.
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II. MODEL OF THE SHEATH

In the standard steady-state fluid model of a plasma
sheath, the electrons are assumed to obey the Boltzmann
density profile n,=n,, exp(e®/T,), where n,, —e, and T, are
the electron density, charge, and temperature and 7, is the
electron density in the unperturbed plasma where the elec-
trostatic potential ® vanishes, that is, far from the discharge
boundary. The ions are described by the continuity equation
V-(nu)=0 and the momentum equation mn,(u-V)u
=—en;VO-V(n,T)—vmmnu, where the last three terms are
the electrostatic, pressure, and frictional forces on the ions,
respectively. Here, u is the ion fluid velocity and v=uN,o, is
the ion-neutral collision frequency, with N, being the neutral
gas number density, o, being the total collision cross section
[24], and u=|u|. The system is closed by the Poisson equa-
tion V’®d=—4me(n;—n,).

A schematic of the vertical cylindrical discharge with a
disklike center electrode and a ringlike edge electrode at its
bottom, as in the experiments of Huang et al. [6,7], is given
in Fig. 1(a). The height L of the upper boundary is much
larger than the sheath thickness, so that the upper part of the
discharge plasma is quasineutral, n,,=n;y=ny, and we can
assume ¢|,_; =0. An extrapolative inflow boundary condition
is used to determine the inlet velocity u, of the ions on the
upper discharge surface at z=L. That is, the ion inflow ve-
locity is determined from the ion velocities at the interior
nodes of the simulation grid: uy=2u;—u,, where u; and u,
are the first two nodes [22]. Because of symmetry, d,=0 is
assumed on the axis r=0, as well as at the boundary r=R of
the discharge. The voltage of the center electrode at the dis-
charge bottom is kept constant at ®|._y=V),. The potential of
the outer bottom electrode, whose width is much larger than
the electron Debye length, is obtained from the ion- and
electron-flux balance conditions [23]. Similarly, the extrapo-
lative outflow condition [22] is used to obtain the ion veloc-
ity at the inner surface of the outer bottom electrode, as well
as the outer and upper surfaces of the center bottom elec-
trode. The radial ion velocity u, on the axis r=0 as well as on
the discharge boundary r=R is set to zero. Note that the
conditions at the outer discharge boundary are not crucial
since the radius and width of the outer electrode EE are
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FIG. 1. (a) Sketch of the cylindrical discharge. Here, CE and EE
denote center and edge electrodes, respectively, ro=1.0 cm, r;
=12 ecm, R=2.0 cm, zp=0.40 cm, z;=0.45 cm, and L=2.4 cm
(=60\,). (b) The potential at different heights in the sheath region.
(c) The relative potential (with respect to that on the axis) in the
sheath region. (d) The electric field in the sheath region. The legend
in (b) also applies to (c) and (d).

much larger than the Debye length, and the rarefied plasma
above it is far from the region of interest, which is just above
the center electrode CE. In fact, the self-consistent plasma
region where the dust structures are found is determined
mainly by the conditions on the axis, as well as the bottom
boundary where the Boris outflow condition is applied.

Following the experimental conditions [6,7], we set the
upper boundary of the discharge at z=L=60\;=2.4 cm, the
radius of the center electrode (lower left in Fig. 1) at the
bottom of the discharge at r=ry=1.0 cm, the inner side of
the outer electrode (lower right in Fig. 1) at r=r;=1.2 cm,
the radial boundary of the discharge at r=R=2.0 cm, and the
heights of center and outer electrodes at z;,=0.40 cm and
71=0.45 cm, respectively. We also consider a weakly ion-
ized argon plasma. The electron and ion temperatures are 3.0
and 0.025 eV, respectively. The density of the plasma at the
upper boundary is 7=1.0 X 10° cm™ and the pressure of the
neutral argon gas is 300 Pa. The voltage of the center elec-
trode is =20 V and the outer electron is grounded. In the
simulation, the space is normalized by the electron Debye
length N,,, which for the given parameters is 0.04 cm and
much less than any of the characteristic lengths.

III. NUMERICAL RESULTS

We are interested in the sheath region near the electrodes,
that is, the lower part of the discharge. Figure 1(b) shows the
potential at different values of z. We see that the potential
remains radially constant for each z until »>0.8, where a
bump occurs because of the outer (ringlike) electrode at the
bottom. On the other hand, careful inspection shows that
there is a small potential dip in the region 0.1 <r<<0.7 cm,
as can be seen more clearly in Fig. 1(c) for ¢(r)—@(0) ver-
sus r. The magnitude of the potential dip decreases as z in-
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FIG. 2. The ion drag force, electric field force, and the total
force acting on the test grain.

creases. The corresponding electric field in this region is
given in Fig. 1(d), where one can see a rather large peak in
the sheath (smaller z) region for r<<0.2 cm near the axis.
The field is radially outward and it decreases with the height,
in contrast to that in the region 0.4<r<1.0 cm.

Figure 2 shows the ion drag force Fy,,, the electric force
F,=0,E, and their sum Fy,,+F,, acting on a dust grain of
radius r;=0.4 pm in the sheath at different heights. The
local dust charge Q,~ O(=500¢) is obtained from the stan-
dard orbit-motion-limited theory and the ion drag force is
calculated including Debye shielding, finite grain size, and
local grain-charging effects [11-16,25-28]. We see in Fig.
2(a) that for r=<0.3 cm the total force Fg,,+F, is directed
radially outward, that is, in the same direction as Fy,, since
|Fdragl >|F,|. In the region 0.3=<r=<0.8 cm, one can see that
as r increases, Fy,, increases faster than F,, so that eventu-
ally the total force Fy,,+F, becomes directed inward as well
as increases with r, as shown in Figs. 2(c) and 2(d). The
overall properties of the curves in the latter figures as well as
in Fig. 2(b) are similar to that of Fig. 2(a) for r<<0.8 cm, but
one can see that for r=3.0 cm the magnitudes of the forces
diminish with increasing height. Furthermore, at r
=0.26 cm the total force Fypy+F,=0 remains almost un-
changed. The local force-balance results here determine the
location and properties of the dust void in the discharge, as
shall be confirmed by MD simulation of the evolution of dust
voids in the next section.

IV. MD SIMULATION OF VOID FORMATION
The equation of motion of the dust grain j is
mdjdvdj/dt=—QjV Vj+Fdragj+FEj+mdjg’ (1)

where Myjs U gjs and Q; are the mass, velocity, and charge of
the dust grain j; g is the gravitational acceleration; V;
=EI,§:11V,.k¢ 10,0k exp(—'rjk/ )‘dé)/ rjy is the sum of the intergction
potentials of the grain j with the other (k) grains; N is the
total number of grains; rjk=|rj—rk; and Fypi=mn;yyu;
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FIG. 3. Process of void formation at z=0.48 cm in the sheath,
from MD simulation.

[27,28] and Fy=QE; are the ion drag and electric forces
acting on the dust grain j, respectively. In the simulation, the
dust-grain radius is r;=0.4 wm and the dust density is n,
=10°-10* cm™. The time is normalized by the inverse dust
plasma frequency w‘}l~0.05 S.

At different heights in the sheath, the z components of the
ion drag, electric, and the (screened) Coulomb intergrain
forces acting on the dust grain j have the following ordering:
Fpji;~107 dyne, Fypgj.~107"" dyne, and Fy,~107"2
dyne, or Fpgj;> Fy,j.> Fy .. Thus, in the vertical direction
the electric and gravitational forces are much larger than the
other forces, so that the positions of the dust grains in the z
direction are determined by the local balance of these forces
on a time scale much shorter than that in the horizontal di-
rection. Accordingly, the dust dynamics in the horizontal di-
rection can be separated from that in the vertical direction
and the problem can be considered as two dimensional (2D),
as has been noticed and invoked in the existing theoretical
and experimental studies of dusty plasmas [1-8,13-21,29].

In order to investigate the dust-void formation process,
the dust system is slowly heated from 7;=0.001 to 0.01 eV.
Annealing at a rate of ~3.33X 107 eV/step is then applied
until the system reaches a low-temperature (~107% eV) state
and a stable dust void emerges [19-21].

A typical scenario of void formation in the sheath is
shown in Fig. 3. The MD simulation is initiated with a uni-
form spatial distribution and a random velocity distribution
of the dust grains. After the system is heated to 0.01 eV at
t=6000, as shown in Fig. 3(b), the spatial grain distribution
becomes disordered. Because of the intergrain repelling force
and the large ion drag force at the center and the opposite ion
drag force for r>0.3 cm, the grains become confined in the
region r~ 0.4 cm. As the grains are cooled, their distribution
becomes more orderly and a void begins to form. At ¢
=56 000, a highly symmetrical (circular) void with a sharp
boundary appears. Its center is completely free of dust
grains.

Figure 4 shows the final states of the dust grains at differ-
ent heights. We can see that the diameter of the circular void
region decreases with the increase in the height in the sheath.
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FIG. 4. Voids at different heights in the sheath, from MD
simulation.

For example, the void diameter at z=0.48 cm is about 0.6
cm, but it becomes 0.20 cm at z=0.65 cm. Such a behavior
is also observed in the experiments [6,7]. Moreover, the
voids at the heights z=0.48—0.65 cm have sharp boundaries
and the grains in the dusty region are distributed in a lattice-
like manner, which has also been observed in the experi-
ments [2,4,6,7].

The MD simulation results shown in Fig. 4 for the forma-
tion of the void can be explained in terms of the local force
balance. As mentioned, in the vicinity of the discharge axis
the outward ion drag force on a dust grain is larger than the
inward electric force; the grains in this region will be pushed
out and a void will be formed. The ion drag force on the dust
grain decreases with its height in the sheath in the center
region r<<(0.3 cm. As a result, the grains are less pushed out
and the diameter of the void becomes smaller. On the other
hand, for larger r values the force balance at different heights
remains almost the same, so that the positions of the outer
boundary of the dusty regions do not change much with the
sheath height. The lattice structuring of the grains in the
dusty region can be attributed to the intergrain force and the
high value of the Coulomb coupling parameter
(T'=n)?Q%/T,) of the dusts [30]. Our 2D MD simulation is
valid for the low dust density system considered since, as
discussed, the force-balance time in the vertical direction is
much shorter than that in the horizontal direction. For higher
dust densities, say n,=10" cm™>, three-dimensional effects
may have to be included because of the stronger interaction
among the dusts.

If we reverse the annealing process after a void is formed,
defects and asymmetry can appear in the latticelike dust
structure enclosing the void. Figure 5 shows such an asym-
metric structure at z=0.50 cm when the system correspond-
ing to Fig. 4(b) is gradually heated from 1078 to 0.10 eV.
Asymmetry can appear because the ion drag force on the
grains is velocity dependent, so that the initial azimuthal
symmetry in the dust momentum-vector distribution is not
strictly preserved during the annealing and reverse anneal-
ing. As a result, for long simulation runs, there can be a
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FIG. 5. A noncircular void at z=0.50 cm, from MD simulation
at higher dust temperature.

gradual shift of the center of mass of the system together
with loss of its symmetry. Asymmetric structures have also
been observed in the experiments [6,7], but they are probably
due to imperfections of the walls.

In the analysis and simulations presented here, the voltage
of the center electrode is kept constant at =20 V. We have
also investigated a wide range of other voltage values and
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found that the results are physically similar, in particular the
profile of the electric potential near the center and near the
outer boundary of the cylindrical discharge, as well as the
variation of the location of the voids with the grain size.
Thus, the formation process and properties of the dust-void
structures are rather robust.

V. SUMMARY

In this paper we first obtained the potential of the plasma
sheath by solving self-consistently the fluid model for a
dusty plasma similar to that investigated experimentally by
Huang et al. [6,7]. It is shown that the presence of a radial
structure of the electric potential in the sheath region favors
void formation because of the local balance of forces on the
dust grains. MD simulation of the void formation process is
used to verify the predicted location and properties of the
dust voids. The latter also qualitatively agree with that ob-
served in the dust-void experiments [6,7].
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