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Modeling the effect of dust on the plasma parameters
in a dusty argon discharge under microgravity

M. R. Akdim and W. J. Goedheer*
FOM-Institute for Plasmaphysics, Rijnhuizen, P.O. Box 1207, 3430-BE Nieuwegein, The Netherlands

~Received 18 December 2002; published 27 June 2003!

A dusty radio-frequency argon discharge is simulated with the use of a two-dimensional fluid model. In the
model, discharge quantities, such as the fluxes, densities, and electric field are calculated self-consistently. The
charge and density of the dust are calculated with an iterative method. During the transport of the dust, its
charge is kept constant in time. The dust influences the electric potential distribution through its charge and the
density of the plasma through recombination of positive ions and electrons on its surface. Results are presented
for situations in which the dust significantly changes the discharge characteristics, both by a strong reduction
of the electron density and by altering the electric potential by its charge. Simulations for dust particles having
a radius of 7.5mm show that a double space charge layer is created around the sharp boundary of the dust
crystal. A central dust-free region~void! is created by the ion drag force. Inside this void a strong increase of
the production of argon metastables is found. This phenomenon is in agreement with experimental observa-
tions, where an enhanced light emission is seen inside the void.

DOI: 10.1103/PhysRevE.67.066407 PACS number~s!: 52.65.2y, 52.25.Vy, 52.27.Lw
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I. INTRODUCTION

Plasma crystal experiments performed under microgra
conditions have shown dust particles that arrange in
crystal-like structure. In their plasmakristall experime
~PKE!, chamber Morfill and co-workers@1,2# usually ob-
served a stable void with two dust vortices near the edge
the electrodes. Also, an increase of light emission emerg
from the center of the discharge has been observed.

Theoretical and numerical studies up to now have b
cally followed dust particles in the electric field and partic
fluxes of an undisturbed discharge. An important aspect
covered is the influence of the dust on the discharge. For
a fully self-consistent model is needed. We have develo
such a model for dust containing radio-frequency~rf! dis-
charge in argon and used it to investigate the behavior of
particles. The model contains a dust fluid part which h
been described briefly in Ref.@3#. In existing models@4–6#,
the influence of the dust particles on the discharge due
recombination on their surface or the motion of the dust a
fluid is neglected. In case discharges contain a consider
amount of dust, as in the PKE experiments, this approxim
tion is not correct. Our model accounts for the influence
the dust fluid on the plasma and for its transport as a flu
This makes it a sophisticated tool to study dusty discharg
In this paper we describe the results obtained with the arg
dust fluid model, studying, in particular, the dust-plasma
teraction.

II. DESCRIPTION OF THE MODEL

A. Fluid model for the plasma species

To model the dynamics of a dusty plasma, we have u
an extension of a previously described two-dimensio
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model@7#, of which only the most important aspects will b
summarized here. It consists of particle balance equations
the different species~electrons, ions, and metastables! and an
energy balance equation for electrons. Ion-neutral collisi
have been included to simulate a possible gas heating me
nism. For this we have used a simple approximation by
suming that the energy taken up from the electric field by
ions is dissipated locally in collisions with the gas@8#. This
gas heating mechanism has been refined by taking the h
ing of the dust particle surface into account@9,10#. The dust
particle~surface! temperature can affect the gas temperatu
which, in turn, could affect the other elementary processe
the discharge.

In the model the density balance for each speciesj is

dnj

dt
1¹W •GW j5Sj , ~1!

wherenj is the particle’s density,GW j is the flux of the species
andSj is the local sink or source.

The momentum balance is replaced by the drift-diffusi
approximation, where the particle flux consists of a diffusi
term and a drift term,

GW j5m jnjEW 2D j¹W nj , ~2!

with m j andD j being the mobility and diffusion coefficien
of speciesj. EW is the electric field.

For ions the characteristic momentum transfer freque
is only a few megahertz. To use the drift-diffusion appro
mation for ions for rf frequencies higher than a few meg
hertz the electric field in Eq.~2! is replaced by an effective
electric field. Using this effective electric fieldEW e f f , inertia
effects are taken into account. An expression for the effec
electric field is obtained by neglecting the diffusive transp
and inserting expressionGW i5m iniEW e f f in the simplified mo-
mentum balance
©2003 The American Physical Society07-1
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dGW i

dt
5

eni

mi
EW 2nm,iGW i , ~3!

wherenm,i is the momentum transfer frequency of the arg
ions and is given by

nm,i5
e

m imi
. ~4!

Here e is the elementary charge andmi is the mass of the
argon ion. The effective electric field is then obtained
solving

dEW e f f,i

dt
5nm,i~EW 2EW e f f,i !. ~5!

The electric fieldEW and potentialV are calculated using
the Poisson equation:

DV52
e

e0
~ni2ne2Qdnd!, ~6!

EW 52¹W V, ~7!

wheree0 is the permittivity of vacuum space,ne is the elec-
tron density,ni is the ion density,Qd is the charge on a dus
particle, andnd is the dust density.

The electron energy densitywe5nee ~i.e., the product of
the electron density and average electron energye) is calcu-
lated self-consistently from the second moment of the B
zmann equation:

dwe

dt
1¹W •GW w52eGW e•EW 1Sw , ~8!

with GW w being the electron energy density flux,

GW w5
5

3
meweEW 2

5

3
De¹W we , ~9!

andme andDe are the electron mobility and electron diffu
sion coefficients. TermSw in the electron energy balanc
equation is the loss of electron energy due to electron imp
collisions, including excitation, ionization, and recombin
tion of electrons on the dust particle’s surface. To comp

FIG. 1. Schematic diagram of the PKE reactor.
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the sources as a function ofe, tables are generated using th
two-term Boltzmann solver for the electron energy distrib
tion function. Via the surface charge on the electrodes,
plasma can be connected to a resistance-inducta
capacitance~RLC! circuit. Further details about the algo
rithms used to solve the above mentioned equations ca
found in Ref.@7#.

B. Implementing dust as a fluid

1. Charging of dust

When a dust particle exceeds a certain size it can col
more than one electron and be charged up to the floa
potential relative to the surrounding plasma. This poten
depends on the local ion and electron density and ene
distribution. For a spherical dust particle with radiusr d ,
much smaller than the linearized Debye length, the orbi
motion-limited theory@11# predicts a positive ion and elec
tron current:

I i54pr d
2eniA kBTi

2pmi
S 12

eVf l

kBTi
D , ~10!

I e54pr d
2eneA kBTe

2pme
expS eVf l

kBTe
D . ~11!

Here,ne is the electron density,ni is the positive ion density,
e is the elementary charge,kB is Boltzmann’s constant,Ti is
the positive ion temperature,Te is the electron temperature
mi is the ion mass,me is the electron mass, andVf l is the
floating potential. All species are assumed to have a M
wellian energy distribution. The influence of neighborin
dust particles is neglected.

When the ions enter the plasma sheaths near the e
trodes, they get a directed velocityvW i due to the electric field.
Therefore, we have replacedkBTi in the expression for the
ion current by the mean energyEi , which is

Ei5
4kBTgas

p
1

1

2
miv i

2 . ~12!

Equation~12! is obtained by using the mean speed expr
sion of Barneset al. @13# given by

vs5S 8kBTgas

pmi
1v i

2D 1/2

. ~13!

By calculating 1
2 mivs

2 , Eq. ~12! is obtained. The directed
velocity v i is the drift velocity of the ions@Eq. ~2!#.

In the model the chargeQd54pe0r dVf on the dust is
calculated from the equilibrium of the currents in Eqs.~10!
and ~11!.

The floating potential of the dust is assumed to be c
stant during a rf cycle. This assumption is justified by t
fact that the currents towards the dust particle surface are
small to change the charge significantly during a rf cycle
7-2
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the ions that are collected by the dust particle and is given by
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2. Recombination on dust particles

When a dust particle becomes negatively charged, it
attract positive ions, these will recombine with an electr
that has to be replaced again by an electron from the
charge to maintain the floating potential. As a result the eq
librium fluxes of positive ions and electrons arriving at t
dust surface will recombine and the released energy is u
to heat up the dust particle surface@9,10#. The electron flux
@Eq. ~11!# results in a recombination rate:

FIG. 2. Dust density profile in m23, normalized with a factor of
1.5531010.
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R54pr d
2ndneA kBTe

2pme
expS eVf l

kBTe
D . ~14!

3. Forces acting on a dust particle

In a plasma, dust particles undergo a wide variety
forces. Assuming that a dust particle is a perfect sphere,
gravitational force can be written as

FW g5 4
3 pr d

3rdgW , ~15!

wherer d is the dust particle radius,rd is the mass density
and gW is the gravitational acceleration. For the often us
melamine-formaldehyde dust particle,rd is approximately
1.513103 kg/m3.

When a dust particle has a velocity relative to the neu
gas, it will experience a drag force due to momentum tra
fer from ~to! the gas. This neutral drag force has been d
cussed in detail by Graveset al. @12#. It can be approximated
by

FW n52 4
3 pr d

2nn~vW d2vW n!v thmn , ~16!

wherenn is the density of the neutral with massmn , vW d is
the drift velocity of the dust particle,vW n is the velocity of the
gas, andv th is the average thermal velocity of the gas. B
cause advection of the neutral gas is not included in
model,vW n50W , this force will only be present as a dampin
force on the velocity of the dust particles.

Another force caused by momentum transfer is the
drag. This force results from the positive ion current that
driven by the electric field. It consists of two componen
The collection force represents the momentum transfer o
FIG. 3. Time-averaged electric potential in volts in dust-free discharge~a! and for a dusty argon discharge~b!.
7-3
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FIG. 4. Number of electrons on a dust particle with diameter of 15mm in a dust-free discharge~a! and for a dusty argon discharge~b!.
o

,

e
e
st a
a-

ye

res-
ese

the
FW i
c5pbc

2nivsmivW i , ~17!

wherevs is the mean speed of the ions,vW i is the ion drift
velocity, andbc is the collection impact parameter.

The second component is the orbit force given by

FW i
o54pbp/2

2 GnivsmivW i , ~18!

with bp/2 being the impact parameter that corresponds t
deflection anglep/2 andG being the Coulomb logarithm,

G5
1

2
lnS lL

21bp/2
2

bc
21bp/2

2 D , ~19!
06640
a

lL5@(1/le)
21(1/l i)

2#21/2 is the linearized Debye length
which is a combination of the electron Debye lengthle and
the ion Debye lengthl i . The ion drag is discussed in mor
detail by Barneset al. @13#. Previous calculations hav
shown that the ion drag should be enhanced by at lea
factor 5 or the linearized Debye length in the Coulomb log
rithm @Eq. ~19!# should be replaced by the electron Deb
length, in order to generate a void@3#. This factor is also
included in the calculation presented here. Khrapaket al.
@14# have studied cases where the ion drag force is unde
timated by using the ion drag expression of Barnes. Th
cases are quite similar to ours. Lampeet al. @15# have shown
that collisions with the background gas may enhance
FIG. 5. Time-averaged electron density in m23 for a dust-free discharge, normalized with a factor of 2.5931015 ~a! and for a dusty argon
discharge, normalized with a factor of 2.6131015 ~b!.
7-4
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FIG. 6. Time-averaged ion density in m23 for a dust-free discharge, normalized with a factor of 2.5931015 ~a! and for a dusty argon
discharge, normalized with a factor of 2.6131015 ~b!.
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collection of ions. This could explain the factor 5 needed
our simulations.

Due to their charge, dust particles will experience an el
tric force. Daughertyet al. @16# derived the following ex-
pression:

~20!

whereQd is the charge on the dust particle,EW is the electric
field, andk51/lL . In a discharge, the dust particle radius
much smaller than the linearized Debye length, therefore
06640
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e

term within the bracket is approximately 1 and the elect
force is given by

FW e5QdEW . ~21!

This expression holds for situations where the dust partic
are not shielded from the plasma by positive ions trapped
orbitals around the dust particle@15#. In that case the particle
plus ion cloud will behave as some kind of dipole.

When a temperature gradient is present in a discharge
instance, due to cooling or heating of the electrodes, a t
force driven by momentum transfer will occur. This force
FIG. 7. Time-averaged electron energy in eV for a dust-free discharge~a! and for a dusty argon discharge~b!.
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FIG. 8. Time-averaged argon metastable density in m23 for a dust-free discharge, normalized with a factor of 4.0131017 ~a! and for a
dusty argon discharge, normalized with a factor of 4.9231017 ~b!.
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called the thermophoretic force. Atoms impinging from t
hot side have more momentum than their companions of
cold side, this can result in a force pointing in the directi
2¹W T.

For large Knudsen numbers, Talbotet al. @17# derived the
following expression:

FW th52
32

15

r d
2

v th
S 11

5p

32
~12a! DkT¹W T, ~22!

v th5@8kBTgas/(pm)#1/2 is the average thermal velocity o
the gas.kT is the translation part of the thermal conductivit
a, the thermal accommodation coefficient of the gas is ta
equal to 1.

To obtain a suitable expression for the flux of dust p
ticles, we assume that the neutral drag force is in equilibri
with the sum of the other forces. This assumption is va
when the final steady state is approached, but should be
laxed, for instance, when the dust is injected at a high ve
ity. In that case the inertia of the dust should not be
glected. With the introduction of a momentum loss frequen
and a mobility and diffusion coefficient for the dust particl
given by

nmd5A2
ptot

kBTgas
pr d

2A8kBTgas

pmd
, ~23!

where ptot is the static pressure andmd the dust particle’s
mass,

md5
Qd

mdnmd
, ~24!

Dd5md

kBTgas

Qd
, ~25!
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it is possible to define a ‘‘drift-diffusion’’ expression for th
flux of the dust particles,

GW d52mdndEW e f f2Dd¹W nd2
nd

nmd
gW 1

ndmivs

mdnmd
~4pbp/2

2 G

1pbc
2!GW i2

32

15

ndr d
2

mdnmdv th
kT¹W T, ~26!

and treat them with the same numerical procedures as
other charged particles in the fluid model. Because of the

mobility of the dust particles the effective fieldEW e f f is ap-
proximated by the time-averaged rf field. The diffusion orig

nates from the pressure gradient,kBTd¹W nd . The Einstein
relation couples the diffusion and the mobility coefficien
see Eq.~25!.

The drift velocity and the diffusion coefficient of the du
fluids are much smaller than those of the ions and electro
Therefore it would require a large computational effort
achieve a steady state solution for the dust when it is
lowed during a rf cycle. We, therefore, have developed
method to speed up the convergence toward the steady
solution by introducing a different calculation cycle with
different time step for the dust. Our model thus consists
two calculation cycles. In the first, the transport equations
the ions, electrons, and the Poisson equation are solved
ing a number of rf cycles; during the rf cycles the dust do
not move. After that, the transport equation of the dust
solved with a greater time step, using the time-averaged e
tric field, and electron and positive ion fluxes. During t
second calculation, space charge regions are created, be
the electron and positive ion densities do not change. Th
7-6
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FIG. 9. ~a! Time-averaged net space charge in m23 for a dust-free argon discharge in elementary charges, normalized with a fac
1.4231014. ~b! Time-averaged positive space charge in m23 for a dusty argon discharge in elementary charges, normalized with a fact
2.1631014. ~c! Time-averaged negative space charge in m23 for a dusty argon discharge in elementary charges, normalized with a fact
5.7831013.
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space charge regions will lead to instabilities in the solut
of the Poisson equation and the electron transport. To s
this problem, we correct the artificially generated spa
charge by adapting the positive ion density distributions p
to the next series of rf cycles, in which the ion and electr
density profiles adapt themselves to the new dust den
profile. With this method the required speed-up is est
lished. Both for the plasma species and for the dust fluids
transport equations are solved using the Sharfetter-Gum
exponential scheme@7#. To model the reactor~Fig. 1!, we
have used a grid of 24 radial gridpoints times 48 axial gr
points. We make use of a nonequidistant grid. The ra
spatial resolution is 0.21 cm and the axial resolution betw
the electrodes is 0.09 cm. More details about the used
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cretion schemes can be found in Ref.@7#.
The internal pressure of the crystal due to the interpart

interaction has been included by means of a density dep
dence of the diffusion coefficient for the dust. The diffusio
coefficient of the dust is increased by a factor exp(Nd /Nc),
where the reference densityNc is chosen such that the du
density saturates at a valueNcrys . This models the incom-
pressibility of the crystal. Actually, the~yet unknown! equa-
tion of state of the dust crystal should be used to account
the internal pressure. Since we were not primarily interes
in the precise structure of the crystallized regions, we h
chosen for the simple and computationally robust expon
tial increase ofDd . Plasma crystal experiments@1# have
shown an interparticle distance of about 300mm for a dust
7-7
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particle of 15mm diameter. This results in an average ‘‘cry
tal’’ density Ncrys of 3.731010 m23.

III. RESULTS AND DISCUSSION

In this section, the results obtained with the tw
dimensional argon-dust fluid model are presented. The P
chamber used by Morfillet al. has been modeled~Fig. 1!.
The reactor is cylindrically symmetric. The simulation sta
with a zero dust density profile. During the simulation t
dust is injected from both electrodes by adding source te
in the dust particle balances for the first grid points bel
~above! the electrodes. The injection rate is about 250 0

FIG. 10. Dust density profile and the net space charge profile
a dust-free and a dusty argon discharge at the axial symmetry
The thick curve represents dust density profile of the 15-mm-sized
dust particles, normalized with a factor of 1.4831010. The dashed
curve represents the net space charge in a dusty argon disch
normalized with a factor of 5.3731013. The dotted curve represen
the net space charge for a dust-free discharge at the axial symm
axis, normalized with a factor of 1.8431013.
06640
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0

particles per second. Eventually a total amount of 0.73106

dust particles is reached, after that the sources are switc
off. Both electrodes are driven by a radio-frequency pow
source at a frequency of 13.56 MHz. The peak-to-peak v
age is 70 V, this results in a power dissipation of about 0
W. The pressure is 40 Pa. The dust particles have a diam
of 15 mm. Comparisons of the plasma parameters are m
for a dusty and a dust-free argon discharge.

Figure 2 shows the steady state dust density profile. In
center of the discharge, a dust-free region, the so-called v
appears, surrounded by a crystalline region of dust with
average density of 1.5531010 m23. This gives an interpar-
ticle distance of about 400mm.

Figures 3~a! and 3~b! show the time-averaged potenti
distribution V(r ,z) in the dust-free and dusty argon di
charges. In both cases the potential has its maximum in
bulk of the plasma between the electrodes. Comparing
potential distributions, a significant change in the plasma
tential can be observed. The plasma potential in the cente
the dusty discharge has decreased compared with the
free case. This shows the importance of taking into acco
both the contribution of the charge on the dust@Figs. 4~a! and
4~b!# in the Poisson equation and the recombination on
dust particle surface. It can also be seen that if a dust par
would settle in the center of the discharge it would ge
higher charge in a dusty discharge. This is mainly due t
higher electron energy. The nonuniform charge distribution
the result of the spatial distribution of the ions, electrons, a
electron energy. The enhanced ion density in the dust cl
reduces the dust charge.

Comparing Figs. 5~a! and 5~b!, it can be seen that indee
the recombination on the dust particle surface acts as a
for the electrons. The same is observed for the argon i
@Figs. 6~a! and 6~b!#. Due to a decrease in the electron a
ion densities, the remaining electrons can gain more ene
from the larger oscillating electric field, this gives rise to

r
is.

rge,

try
FIG. 11. Gas temperature in Kelvin for a dust-free discharge~a! and for a dusty argon discharge~b!.
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FIG. 12. Dust particle surface temperature in Kelvin for a dust-free discharge~a! and for a dusty argon discharge~b!.
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higher electron temperature in a dusty discharge@Figs. 7~a!
and 7~b!#. This increase in electron temperature enhances
production of the argon metastables by almost 25%. Thi
shown in Figs. 8~a! and 8~b!. In the experiments the en
hanced electron temperature is seen via an increase in
intensity of the light emitted from inside the void due
excited argon atoms. However, the metastables density c
be used as an indirect indicator for the light emerging fr
the void.

Figure 9~a! shows the net space charge in a dust-free
gon plasma. As expected, positive space charge regions
pear only close to the electrodes and the reactor wall. At
center between the electrodes, a quasineutral region ca
observed. For the dusty discharge case an interesting
nomenon can be observed. Figures 9~b!, 9~c!, and 10 show a
double space charge layer that appears around the s
boundary of the dust crystal. This double space charge la
inside the void has been described by Annaratoneet al. @18#.
The positive space charge layer in front of the dust cry
boundary is caused by the recombination on the dust p
cle’s surfaces of ions and electrons entering the crystal. A
front of an absorbing wall, the difference in mobility be
tween the ions and the electrons results in a net pos
space charge that enhances the electric field, which, in t
accelerates the ions from the center of the void towards
dust crystal to compensate for the mobility difference. T
negative space charge region appears very close to the s
edges inside the dust crystal. It appears due to the fact
the diffusion of the argon ions prohibits a full compensati
of the fast rising negative charge of the dust crystal. Th
double space charge layers could explain the repulsion e
of the generated dust clouds during the first stages of in
tion, which slows down the mixing of the dust clouds seen
the PKE experiments@1#.

Figures 11~a! and 11~b! show the gas temperature for th
dust-free and dusty discharges. The gas temperature pr
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in a dusty plasma has two maxima of 274.1 K in the shea
which is about 1 K higher than the reactor wall temperat
that is kept at 273 K. In Figs. 12~a! and 12~b! the dust par-
ticle ~surface! temperature is shown for the dust-free a
dusty discharges; it can be observed that a dust par
would get a maximum temperature in the center of
plasma if it would settle there. This is due to the maximum
the ion and electron densities in the middle of the discha
giving a maximum recombination energy flux towards t
dust particles surface. Note that the difference between
gas and dust particle surface temperature is about 9 K a
center of the discharge. Comparing the gas temperature
a dust-free and a dusty discharge@Figs. 11~a! and 11~b!#
shows that the effect of the dust on the gas temperature
file is negligible.

IV. CONCLUSIONS

The numerical simulation results show that self-consist
modeling of the plasma parameters in a dusty argon
charge is important. Both the contribution of the charge
the dust in the Poisson equation and the recombination
the dust particle surface must be taken into account. Rec
bination on the dust particle’s surface results, for instance
a significant difference in electron and ion densities betw
a dust-free and a dusty argon discharge. Also the o
plasma parameters are affected, such as the electron tem
ture, the electric potential, and the charge on the dust
ticles. An interesting phenomenon is the appearance o
double space charge at the edge of the dust crystal, whic
formed by the difference in mobility between the ions a
electrons and the diffusive transport of the ions caused by
steep density gradients. The modeling results also show
increase in the density of the argon metastables inside
void, illustrating in an indirect way the increased light em
7-9
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sion emerging from the void due to excited argon atoms
observed in the PKE experiments@1#.
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