
Simulation of dust voids in complex plasmas

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2008 Plasma Phys. Control. Fusion 50 124022

(http://iopscience.iop.org/0741-3335/50/12/124022)

Download details:

IP Address: 129.62.49.168

The article was downloaded on 10/12/2009 at 16:05

Please note that terms and conditions apply.

The Table of Contents and more related content is available

HOME | SEARCH | PACS & MSC | JOURNALS | ABOUT | CONTACT US

http://www.iop.org/Terms_&_Conditions
http://iopscience.iop.org/0741-3335/50/12
http://iopscience.iop.org/0741-3335/50/12/124022/related
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/pacs
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact


IOP PUBLISHING PLASMA PHYSICS AND CONTROLLED FUSION

Plasma Phys. Control. Fusion 50 (2008) 124022 (8pp) doi:10.1088/0741-3335/50/12/124022

Simulation of dust voids in complex plasmas

W J Goedheer and V Land

FOM Institute for Plasma Physics ‘Rijnhuizen’, Association EURATOM-FOM, Trilateral
Euregio Cluster, PO Box 1207, 3430 BE Nieuwegein, The Netherlands

E-mail: W.J.Goedheer@rijnhuizen.nl

Received 2 June 2008, in final form 9 July 2008
Published 4 November 2008
Online at stacks.iop.org/PPCF/50/124022

Abstract
In dusty radio-frequency (RF) discharges under micro-gravity conditions often a
void is observed, a dust free region in the discharge center. This void is generated
by the drag of the positive ions pulled out of the discharge by the electric field.
We have developed a hydrodynamic model for dusty RF discharges in argon
to study the behaviour of the void and the interaction between the dust and the
plasma background. The model is based on a recently developed theory for the
ion drag force and the charging of the dust.

With this model, we studied the plasma inside the void and obtained an
understanding of the way it is sustained by heat generated in the surrounding dust
cloud. When this heating mechanism is suppressed by lowering the RF power,
the plasma density inside the void decreases, even below the level where the
void collapses, as was recently shown in experiments on board the International
Space Station. In this paper we present results of simulations of this collapse.

At reduced power levels the collapsed central cloud behaves as an
electronegative plasma with corresponding low time-averaged electric fields.
This enables the creation of relatively homogeneous Yukawa balls, containing
more than 100 000 particles. On earth, thermophoresis can be used to balance
gravity and obtain similar dust distributions.

1. Introduction

The study of complex plasmas under micro-gravity [1, 2] revealed that for micrometre sized
particles the dust distribution contained a dust free center, a so-called void. Thermophoresis
and the ion drag force were believed to be responsible for its generation. However, the
thermophoretic force was too small to play a role, and the ion drag, based on the screened
Coulomb interaction with the linearized Debye length also turned out to be insufficient. The
ion drag had to be enhanced by a factor of 5–10, a factor that could be realized by using
the electron Debye length [3]. Since the first observations, the theoretical description of the
interaction of the ion flow with the dust particles has shown significant evolution. It was
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realized that the high floating potential of the dust causes deflection of the ions beyond the
Debye length, while ion–neutral collisions enhance the probability for ion capture, reducing
the dust charge and enhancing the drag as compared with the electric force. Also the
influence of the ion drift was included [4–9]. The expression for the ion drag including
these improvements turns out to yield a force that is large enough to explain the generation of
the void.

Based on the understanding of the ion drag force discussed above, we have developed
a model for a dusty radio-frequency (RF) discharge. Other important aspects of the model
are the loss of plasma on the dust and the influence of the dust charge on the distribution of
the electric potential. This makes the model fully self-consistent. In the following sections,
we will first describe the model in more detail. Applications address the sustainment of
the void and ways to obtain a homogeneous dust distribution. Experiments on board the
International Space Station have shown that it is possible to close the void by reducing the
power applied to the discharge [10]. Simulation results of these experiments are presented,
as well as results for a discharge containing fewer particles. This enabled a study of the
transition, back and forth, from a homogeneous dust distribution to a fully developed void.
Finally, simulations are discussed for a discharge on earth, where gravity is balanced by
thermophoresis.

2. Model description

The model is described and discussed in detail in [11], here we only give the main features,
concentrating on the model for the dust fluid. The description of the plasma is based on
the particle balance for electrons and positive ions, with drift–diffusion expressions for the
fluxes, ��j :

∂nj

∂t
+ �∇ · ��j = Sj , ��j = njµj

�E − Dj
�∇nj . (1)

Here, µj is the mobility and Dj the diffusion coefficient for species j . The source, Sj , contains
plasma recombination on the surface of the dust particles. The electric field, �E, is found from
the Poisson equation, which includes the dust particle charge:

�V = − e

ε0
(n+ − ne − Zdnd), �E = −�∇V. (2)

Here, Zd is the dust particle charge number, and ni, ne and nd are the positive ion, electron and
dust particle densities, respectively. To account for the inertia of the ions, an effective field
replaces the actual field. The energy balance for the electrons is solved using a similar drift–
diffusion approximation for the average electron energy density w = neε, with ε the average
electron energy. The power input is Ohmic heating and the losses, computed with a two-term
Boltzmann solver, come from inelastic collisions with the background gas and recombination
on the dust. The ions are assumed to dissipate their power locally in collisions with the gas.
This and the transfer of heat from the surface of the dust particles to the background gas set
up a temperature gradient in the gas, leading to thermophoresis.

Dust particles introduced in a plasma collect ions and electrons and charge up to the floating
potential. When the surface of the dust particle is at floating potential, the currents of electrons
and ions toward the surface of the dust particles are equal. The current of ions and electrons
to a spherical dust particle of radius a is obtained from the orbital motion limited (OML)
theory [12]. A correction of the ion current due to ion–neutral collisions [5] is added, but can
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be switched off during a simulation. The currents are given by:

I+ = −4πa2en+

√
E+

2m+

eV (a)

E+

(
1 − 0.1

eV (a)

E+

λD

lmfp

)
, (3)

Ie = 4πa2ene

√
kTe

2πme
exp

(
eV (a)

kTe

)
, (4)

where E+ is the energy of the ions, consisting of the thermal energy (assuming a Maxwellian
distribution) and the kinetic energy from the drift velocity u+ in the electric field:

E+ = 4kTgas

π
+

1

2
m+u

2
+. (5)

In the above equations a is the dust particle radius and Te the electron temperature. λD and lmfp

are the linearized Debye length and the mean free path for ion–neutral collisions. Equating
I+ = Ie gives the equilibrium floating potential, Vfl(a), and the dust charge is then given by
eZd = 4πε0aVfl(a).

At the floating potential, the electrons and ions arriving at the dust particle will recombine
at a rate ndIe/e. The energy released is used to heat up the particle surface, and is mostly cooled
away in collisions with the atoms of the background gas. This heats the gas, establishing a
temperature gradient.

Regarding the forces, the electrostatic force and gravity follow directly from the charge, the
time-averaged electric field, �Eav and mass of the particles, mD, �Fel = eZd �Eav and �Fg = md �g.

The background gas is assumed to be at rest, so the neutral drag acting on the dust
particles moving through the background gas is proportional to the dust drift velocity, �vd. The
temperature gradient in the background gas causes a thermophoretic force.

�Fn = −4

3
πa2ρgasvth �vd, �Fth = −32

15

a2

vth
κT �∇Tgas. (6)

Here ρgas is the mass density, and vth the average thermal velocity of the background gas. κT

is the translation part of the thermal conductivity. Ions deflected and collected by the particles
transfer momentum to the dust, leading to the so-called ion drag force. Here we give the
expression; for a discussion we refer to [11].

�Fid = �F c
id + �F o

id,

= n+m+vu+ ×
(

σc(v) + πρ2
0 (v)

[

(v) + K

(
λD(v)

lmfp

)])
, (7)

with

K(x) = x arctan(x) +

(√
π

2
− 1

)
x2

1 + x2
−

√
π

2
ln (1 + x2), (8)

m+v
2 = 8kTgas/π + m+u

2
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1 +
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ub

/ (
0.5 + 0.05 ln
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Z+

)
+

√
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))3 , (9)


(v) = ln

[
ρ0(v) + λD(v)

ρ0(v) + a

]
. (10)

In these expressions σc(v) is the collection cross section, K comes from the influence of ion–
neutral collisions, 
 is the Coulomb logarithm, corrected for scattering beyond the Debye
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(a) (b)

Figure 1. Dust density distribution (in 1010 m−3) for 500 k particles of 3.4 µm, at an RF voltage
of 32 V (a) and the plasma densities along the axis (b). Also shown is the ion density in a dust free
discharge.

length, and the kinetic energy, m+v
2 is adapted such that the Coulomb logarithm fits the results

of particle-in-cell simulations for flowing ions [9].
Assuming that the damping neutral drag force balances all the other forces, we can derive

a drift–diffusion expression for the dust particle flux:

��d = nd(
4
3πa2ρgasvth)

−1[ �Fel + �Fth + �Fid] − Dd �∇nd. (11)

The incompressibility of the dust fluid, due to the screened Coulomb interaction between
the particles is incorporated by enhancing the dust diffusion coefficient according to the model
discussed in [13].

3. Sustainment and closure of the void

We have simulated discharges in the PKE-Nefedov reactor [2]. This reactor is up–down
symmetric, with an electrode separation of 3 cm. The total radius is 5 cm, the radii of the
electrodes and the electrode shield are 2.1 cm and 2.4 cm, respectively. The discharge is driven
at 13.56 MHz, in push–pull mode. The pressure is 27 Pa and the mono-disperse particles have
a radius of 3.4 µm. The volume-integrated amount of dust is 500 000 particles.

Figure 1(a) shows the resulting dust density distribution at an RF voltage of 32 V. The
corresponding electron and ion density, total charge on the dust, and net space charge are
presented in figure 1(b). Drawn are the profiles along the axis (r = 0), between the electrodes,
positioned at 12 and 42 mm. The plasma density peaks inside the void and the electron density
is depleted inside the dust cloud. The plasma density exceeds that of a dust free discharge
driven at the same voltage. The mechanism causing this increase in the central density is
heating of the electrons inside the cloud, where depletion requires a larger electric field to
generate the RF current. The inward pointing electric field transports the heat into the void,
where it is used for ionization. A detailed discussion of this mechanism can be found in [14].

In the experiment discussed in [10], the RF voltage was gradually decreased, resulting in
a decrease in the size of the void. The experiment was analyzed with a model for a dust free
discharge, studying the behaviour of the so-called virtual void, that is the region inaccessible to
a dust particle. We have simulated the experiment with our self-consistent model, considering
the contour with 109 particles per cubic meter as the void edge. Figure 2(a) summarizes the
results obtained. The void size for a number of cases, as a function of the applied voltage is
shown.
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(a) (b)

Figure 2. Calculated void sizes (a) and plasma densities (b). ‘virt’ refers to the void size for a
vanishing amount of dust, ‘no/with coll’ refers to the effect of charge exchange collisions on the
dust charge. The error bars indicate the uncertainty in the determination of the real void size due
to the interpolation. The star symbols represent experimental points taken from [10].

First there is the virtual void size for the case with and without the influence of collisions
on the charge. It is obtained from the point where the net force is zero along the discharge
axis, thus measuring its height. The reduced charge and the enhanced losses on the dust shift
the curve to higher voltages. Next, there is the real void size, obtained from the dust contour,
for a simulation with 500 000 particles, again with and without collisions. The case without
collisions matches the experimental data given in [10] very well, ending in a closed void at
18.2 V, against 18.3 V in the experiment. With the effect of collisions the curve shifts again,
away from the experimental data. An analysis of the effect of the collisions is complicated
by the associated changes, both in the forces and in the plasma density. Since, as in the
experiment, the plasma is operated near to extinction when the void closes, we have also done
simulations with fewer particles (130 000), to be able to study the complete transition from a
closed Yukawa system to a fully developed void. This case is also presented.

The explanation for the closure, given in [10], is that the ratio between the outward ion
drag force and the inward electric force contains the ion density. At a sufficiently low ion
density, the electric force is larger, and the particles can reach the center. Figure 2(b) shows
the behaviour of the central density for the cases presented in figure 2(a). Clearly the closure
of the void is accompanied by a strong decrease in the ion and electron densities. At low power
the presence of the dust decreases the density even below that of a dust free discharge, while
at high power, in the case of a fully developed void, the density exceeds that of a dust free
discharge, as discussed before. Combining figures 2(a) and 2(b), for the cases with the effect
of collisions on the charge, shows that the void in all cases closes at the same ion density, in
agreement with theory (figure 3).

The dust distributions with 130 000 particles could also be reproduced by a procedure in
which we start with a low power, where the virtual void does not exist, so the dust immediately
accumulates in the center. Gradually enhancing both the power and the amount of dust then
yielded the same profiles as obtained by starting at a high power, injecting all the dust, and
reducing the power to close the void.

Figure 4 shows the dust density distribution for 130 k particles, at 20 V, with the effect of
collisions on the charge included. The distribution is very homogeneous. This is caused by the
strong reduction of the forces. As shown in figure 5(a), the forces are less than in the dust free
case. The electric field is strongly reduced by the electronegative character of the discharge,
and the ion drag force is small because of the low ion density. As shown in figure 5(b), in the
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Figure 3. Void size versus central ion density. In agreement with theory, the void in all cases closes
at the same central density.

Figure 4. Dust density distribution (in 1010 m−2) at 20 V, with 130 k particles, showing the
homogeneity of the resulting Yukawa ball.

case of a fully developed void the opposite happens, the enhanced ion density results in an ion
drag that exceeds the one in the dust free discharge.

On earth, gravity can be balanced by means of the thermophoretic force, for one particle
size. The 3.4 µm particles in this study require a temperature gradient of 2.23 K mm−1.
This can be established by cooling of the upper electrode, for instance. Figure 6 shows
the dust density distribution for a total of 125 000 particles when the upper electrode is
at 233 K, while all parts of the wall are kept at 300 K. This gives a thermophoretic force
that compensates gravity in the axial direction, but at the same time confines the dust cloud
radially.

4. Conclusions

The theoretical insight in the ion drag force exerted on a dust particle has reached a level
where realistic simulations of complex plasmas are possible. The simulations presented in
this paper show good agreement with experiments on closure of the dust free void inside a
dust cloud under micro-gravity conditions. Using the fact that at a low ion density the inward
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(a) (b)

Figure 5. The resulting net force in the dust free case and with 130 k particles, at low power (a)
and with a fully developed void (b).

(a) (b)

Figure 6. Dust density distribution (in 1010 m−3) at 20 V, with 125 000 particles, when gravity is
balanced by the thermophoretic force (a) and the temperature profile producing the force (b).

electric force exceeds the outward ion drag force, the formation of large homogeneous dust
distributions, Yukawa balls, exceeding 100 000 particles, is possible. Balancing gravity by the
thermophoretic makes this regime accessible on earth as well.
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