PHYSICAL REVIEW E 67, 066407 (2003

Modeling the effect of dust on the plasma parameters
in a dusty argon discharge under microgravity
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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 7.5um show that a double space charge layer is created around the sharp boundary of the dust
crystal. A central dust-free regigmwoid) 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.
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[. INTRODUCTION model[7], of which only the most important aspects will be
summarized here. It consists of particle balance equations for

Plasma crystal experiments performed under microgravitghe different specieglectrons, ions, and metastablasd an
conditions have shown dust particles that arrange in &nergy balance equation for electrons. lon-neutral collisions
crystal-like structure. In their plasmakristall experimenthave been included to simulate a possible gas heating mecha-
(PKE), chamber Morfill and co-worker§l,2] usually ob-  nism. For this we have used a simple approximation by as-
served a stable void with two dust vortices near the edges afuming that the energy taken up from the electric field by the
the electrodes. Also, an increase of light emission emergingpns is dissipated locally in collisions with the gg&. This
from the center of the discharge has been observed. gas heating mechanism has been refined by taking the heat-

Theoretical and numerical studies up to now have basiing of the dust particle surface into accoif10]. The dust
cally followed dust particles in the electric field and particle particle (surface temperature can affect the gas temperature,
fluxes of an undisturbed discharge. An important aspect nawhich, in turn, could affect the other elementary processes in
covered is the influence of the dust on the discharge. For thishe discharge.
a fully self-consistent model is needed. We have developed In the model the density balance for each spefiss
such a model for dust containing radio-frequericly dis-
charge in argon and used it to investigate the behavior of dust ﬂ +V.F =S 1)
particles. The model contains a dust fluid part which has dt e
been described briefly in Rdf3]. In existing model§4—6],
the influence of the dust particles on the discharge due twheren; is the particle’s density}’; is the flux of the species,
recombination on their surface or the motion of the dust as and S; is the local sink or source.
fluid is neglected. In case discharges contain a considerable The momentum balance is replaced by the drift-diffusion
amount of dust, as in the PKE experiments, this approximaapproximation, where the particle flux consists of a diffusive
tion is not correct. Our model accounts for the influence ofterm and a drift term,
the dust fluid on the plasma and for its transport as a fluid.
This_makes it a sophis_ticated tool to stud_y dusty discharges. fj ZMjHJE— Djv*nj , )
In this paper we describe the results obtained with the argon-
dust fluid model, studying, in particular, the dust-plasma in+itp u; andD; being the mobility and diffusion coefficient

teraction. of specieg. E is the electric field.

For ions the characteristic momentum transfer frequency
is only a few megahertz. To use the drift-diffusion approxi-
mation for ions for rf frequencies higher than a few mega-
A. Fluid model for the plasma species hertz the electric field in Eq2) is replaced by an effective

To model the dynamics of a dusty plasma, we have useglectric field. Using this effective electric fieﬁeff, inertia
an extension of a previously described two-dimensionagffects are taken into account. An expression for the effective
electric field is obtained by neglecting the diffusive transport
and inserting expressiﬁizuiniﬁeff in the simplified mo-
*Electronic address: goedheer@rijnh.nl mentum balance

Il. DESCRIPTION OF THE MODEL
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Ground Dust dispenser the sources as a function ef tables are generated using the
“ R I two-term Boltzmann solver for the electron energy distribu-
EEIECHOUT tion function. Via the surface charge on the electrodes, the
plasma can be connected to a resistance-inductance-
5.40 cm capacitance(RLC) circuit. Further details about the algo-
rithms used to solve the above mentioned equations can be
found in Ref.[7].

g
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Dust dispenser B. Implementing dust as a fluid

: d20em ' 1. Charging of dust
10.00 cm
o When a dust particle exceeds a certain size it can collect
FIG. 1. Schematic diagram of the PKE reactor. more than one electron and be charged up to the floating
. potential relative to the surrounding plasma. This potential
dar';y en. . depends on the local ion and electron density and energy
at EE_VWF“ (3 distribution. For a spherical dust particle with radiug,

much smaller than the linearized Debye length, the orbital-
wherev,; is the momentum transfer frequency of the argonmotion-limited theory{11] predicts a positive ion and elec-
ions and is given by tron current:

e
=— 4 kgT; eVﬂ
Vm,i i (4) Ii:47rr§eni \/%(1—5), (10
i i

Here e is the elementary charge amg is the mass of the

argon ion. The effective electric field is then obtained by ) / KgTe eV
solving le=4mrgeng 27Tm@exp{ kBTe) . (11
dEeff,i _ = = . N e .
TR vm,i(E—Eetti)- (5) Here,n, is the electron density); is the positive ion density,

eis the elementary chargkg is Boltzmann’s constant]; is
the positive ion temperaturé, is the electron temperature,
m; is the ion massm, is the electron mass, and, is the
floating potential. All species are assumed to have a Max-
e wellian energy distribution. The influence of neighboring
AV=——(nj—Nng—=QqgNy), (6)  dust particles is neglected.
€o When the ions enter the plasma sheaths near the elec-
trodes, they get a directed velociiy due to the electric field.
Therefore, we have replacégT; in the expression for the
ion current by the mean ener@y, which is

The electric fieldE and potentiaV are calculated using
the Poisson equation:

E=-VV, 7)

wheree is the permittivity of vacuum space, is the elec-

tron density,n; is the ion densityQ is the charge on a dust

particle, andng is the dust density. E_:4kBTgas+ Em-v-z (12
The electron energy density.=n.e (i.e., the product of : T 2

the electron density and average electron enejgg calcu-

lated self-consistently from the second moment of the BoltEquation(12) is obtained by using the mean speed expres-

zmann equation: sion of Barnest al.[13] given by
dwe - - L
“e L V.T = —el.. 8kgT 12
g TV Tw= el BT S, ® US:<—:m9aS+ 3) . (13)
i

with fw being the electron energy density flux,
By caIcuIating%mivg, Eqg. (12 is obtained. The directed
) - 5 velocity v; is the drift velocity of the iongEq. (2)].
Pw=3HeWeE— 3 DeVWe, ©) In the model the charg®q=4meorqV; on the dust is
calculated from the equilibrium of the currents in E¢K0)
and u. andD, are the electron mobility and electron diffu- and(11).
sion coefficients. TernS, in the electron energy balance  The floating potential of the dust is assumed to be con-
equation is the loss of electron energy due to electron impaditant during a rf cycle. This assumption is justified by the
collisions, including excitation, ionization, and recombina-fact that the currents towards the dust particle surface are too
tion of electrons on the dust particle’s surface. To computesmall to change the charge significantly during a rf cycle.
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FIG. 2. Dust density profile in ®, normalized with a factor of
1.55x 10%.

2. Recombination on dust particles
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kgT eV,
R=4mringng\/ me:} ex;{ kB'Ifl
e e

3. Forces acting on a dust particle

. (14

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

Fo=37r3pag, (15
wherer 4 is the dust particle radiugy is the mass density,
and g is the gravitational acceleration. For the often used
melamine-formaldehyde dust particlgy is approximately
1.51x 10° kg/nr.

When a dust particle has a velocity relative to the neutral
gas, it will experience a drag force due to momentum trans-
fer from (to) the gas. This neutral drag force has been dis-
cussed in detail by Gravest al.[12]. It can be approximated
by

ﬁn:—%wrﬁnn(ﬁd—ﬁn)vmmn: (16

wheren,, is the density of the neutral with mass,, vy is
the drift velocity of the dust particle;,, is the velocity of the
gas, andv, is the average thermal velocity of the gas. Be-

When a dust particle becomes negatively charged, it wilcause advection of the neutral gas is not included in the

attract positive ions, these will recombine with an electronmodel,s,,=0, this force will only be present as a damping
that has to be replaced again by an electron from the disorce on the velocity of the dust particles.

charge to maintain the floating potential. As a result the equi-

Another force caused by momentum transfer is the ion

librium fluxes of positive ions and electrons arriving at thedrag. This force results from the positive ion current that is
dust surface will recombine and the released energy is usetdtiven by the electric field. It consists of two components.

to heat up the dust particle surfa@®10]. The electron flux
[Eq. (11)] results in a recombination rate:

z [m]
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The collection force represents the momentum transfer of all
the ions that are collected by the dust particle and is given by
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FIG. 3. Time-averaged electric potential in volts in dust-free disch@pgand for a dusty argon discharde).
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FIG. 4. Number of electrons on a dust particle with diameter of.1% in a dust-free discharg@) and for a dusty argon discharge).

A =[(1I\o)?+(1/\)?] Y2 is the linearized Debye length,
which is a combination of the electron Debye lengthand

the ion Debye lengthx;. The ion drag is discussed in more
detail by Barneset al. [13]. Previous calculations have
shown that the ion drag should be enhanced by at least a
factor 5 or the linearized Debye length in the Coulomb loga-

17

wherev is the mean speed of the ions, is the ion drift
velocity, andb,, is the collection impact parameter.
The second component is the orbit force given by

FiC: ngnivsmiﬁi ,

2o ) .
FP=4mbs ,I'njvimu;, (18 rithm [Eq. (19)] should be replaced by the electron Debye
with b_,, being the impact parameter that corresponds to éength, in order to generate a voi@]. This factor is also

included in the calculation presented here. Khragalal.
[14] have studied cases where the ion drag force is underes-
timated by using the ion drag expression of Barnes. These
cases are quite similar to ours. Lamgteal.[15] have shown
that collisions with the background gas may enhance the

deflection angler/2 andI’ being the Coulomb logarithm,

I‘*ll
_En

2,12
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2 2
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FIG. 5. Time-averaged electron density in frfor a dust-free discharge, normalized with a factor of X39'° (a) and for a dusty argon

discharge, normalized with a factor of 2610 (b).
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FIG. 6. Time-averaged ion density inthfor a dust-free discharge, normalized with a factor of X89' (a) and for a dusty argon

discharge, normalized with a factor of 2610 (b).

collection of ions. This could explain the factor 5 needed interm within the bracket is approximately 1 and the electric

our simulations. force is given by
Due to their charge, dust particles will experience an elec-
tric force. Daughertyet al. [16] derived the following ex-

pression: Fe=QqE. (21)

This expression holds for situations where the dust particles
are not shielded from the plasma by positive ions trapped in
orbitals around the dust partid#&5]. In that case the particle

. plus ion cloud will behave as some kind of dipole.

whereQyq is the charge on the dust particle,is the electric When a temperature gradient is present in a discharge, for
field, andk=1/\_ . In a discharge, the dust particle radius is instance, due to cooling or heating of the electrodes, a third
much smaller than the linearized Debye length, therefore théorce driven by momentum transfer will occur. This force is

14+ IiT’d) (20)

=31

= = KT4d
Fo=QF |14+ ———
e Qd ( + 3( )7

I I T O T
7
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FIG. 7. Time-averaged electron energy in eV for a dust-free dischaygand for a dusty argon discharge).
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FIG. 8. Time-averaged argon metastable density ir? flor a dust-free discharge, normalized with a factor of 4007 (a) and for a
dusty argon discharge, normalized with a factor of 4387 (b).

called the thermophoretic force. Atoms impinging from theit is possible to define a “drift-diffusion” expression for the
hot side have more momentum than their companions of théux of the dust particles,
cold side, this can result in a force pointing in the direction

~-VT.
For large Knudsen numbers, Talkeital.[17] derived the . - R Ng - Ng
following expression: Fy= _MdndEeff_DdV”d_fmg md (47Tb wtol’
R 32 rﬁ( 57 ) . 32 ngr3
=—— —|1+—==(1—a) |k{VT, 22 b e dd
h= " 5y, | 1T a3zt K (22 L~ I8 o g TV T (26)

vih=[8KgTgas/(mm) ]2 is the average thermal velocity of

the gasx is the translation part of the thermal conductivity.
«, the thermal accommodation coefficient of the gas is taken

equal to 1.

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

To obtain a suitable expression for the flux of dust par-mobility of the dust particles the effective fiel is ap-
ticles, we assume that the neutral drag force is in equilibriunProximated by the time-averaged rf field. The diffusion origi-
with the sum of the other forces. This assumption is validnates from the pressure gradiekT4Vny. The Einstein
when the final steady state is approached, but should be reelation couples the diffusion and the mobility coefficients,
laxed, for instance, when the dust is injected at a high velocsee Eq(25).
ity. In that case the inertia of the dust should not be ne- The drift velocity and the diffusion coefficient of the dust
glected. With the introduction of a momentum loss frequencyjyids are much smaller than those of the ions and electrons.
and a mobility and diffusion coefficient for the dust particles Therefore it would require a large computational effort to

given by

Ptot 18kBTga5
Vmd™ \/E kBTgas r 7de

where p;o; is the static pressure andy the dust particle’s

mass,
Qq
Md= ’
MyVmd
kBT as
Dy=pa—= 0,
Qq

achieve a steady state solution for the dust when it is fol-
lowed during a rf cycle. We, therefore, have developed a
(23 method to speed up the convergence toward the steady state
solution by introducing a different calculation cycle with a
different time step for the dust. Our model thus consists of
two calculation cycles. In the first, the transport equations of
the ions, electrons, and the Poisson equation are solved dur-
ing a number of rf cycles; during the rf cycles the dust does
(24) not move. After that, the transport equation of the dust is
solved with a greater time step, using the time-averaged elec-
tric field, and electron and positive ion fluxes. During the
(25) second calculation, space charge regions are created, because
the electron and positive ion densities do not change. These
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FIG. 9. (a) Time-averaged net space charge in°nfior a dust-free argon discharge in elementary charges, normalized with a factor of
1.42x 10", (b) Time-averaged positive space charge in’for a dusty argon discharge in elementary charges, normalized with a factor of
2.16x 10" (c) Time-averaged negative space charge it for a dusty argon discharge in elementary charges, normalized with a factor of
5.78x 10",

space charge regions will lead to instabilities in the solutioncretion schemes can be found in Rief].

of the Poisson equation and the electron transport. To solve The internal pressure of the crystal due to the interparticle
this problem, we correct the artificially generated spacdnteraction has been included by means of a density depen-
charge by adapting the positive ion density distributions prioidence of the diffusion coefficient for the dust. The diffusion
to the next series of rf cycles, in which the ion and electroncoefficient of the dust is increased by a factor &kgl.),
density profiles adapt themselves to the new dust densitwhere the reference densily;, is chosen such that the dust
profile. With this method the required speed-up is estabdensity saturates at a valid,ys. This models the incom-
lished. Both for the plasma species and for the dust fluids thpressibility of the crystal. Actually, théyet unknown equa-
transport equations are solved using the Sharfetter-Gumm#bn of state of the dust crystal should be used to account for
exponential schemg7]. To model the reacto(Fig. 1), we  the internal pressure. Since we were not primarily interested
have used a grid of 24 radial gridpoints times 48 axial grid-in the precise structure of the crystallized regions, we have
points. We make use of a nonequidistant grid. The radiathosen for the simple and computationally robust exponen-
spatial resolution is 0.21 cm and the axial resolution betweetial increase ofDy. Plasma crystal experimenfd] have

the electrodes is 0.09 cm. More details about the used dishown an interparticle distance of about 3@t for a dust
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T T T T T T particles per second. Eventually a total amount ofQL?P

1'0. dust particles is reached, after that the sources are switched
0.8 1 off. Both electrodes are driven by a radio-frequency power
0.6 ] source at a frequency of 13.56 MHz. The peak-to-peak volt-

] age is 70V, this results in a power dissipation of about 0.04
£ °-4j 1 W. The pressure is 40 Pa. The dust particles have a diameter
> 024 i of 15 um. Comparisons of the plasma parameters are made
£ 1 for a dusty and a dust-free argon discharge.

°'°j T Figure 2 shows the steady state dust density profile. In the
0.2 ] center of the discharge, a dust-free region, the so-called void,
1 1 appears, surrounded by a crystalline region of dust with an
044 1 average density of 1.5510° m~3. This gives an interpar-
0.00 0.1 0.02 0.03 0.04 0.05 ticle distance of about 40Qm.
r [m] Figures 3a) and 3b) show the time-averaged potential

) . ~distribution V(r,z) in the dust-free and dusty argon dis-
dF'G'f 10. D“dSt ddensny profuledgnc:]the net Sﬁace _cllwarge profile fopharges. In both cases the potential has its maximum in the
a dust-free and a dusty argon discharge at the axial symmetry axiy, . “of the plasma between the electrodes. Comparing the
The thick curve represents dust density profile of theuhs-sized tential distribution ignificant chanae in the plasm
dust particles, normalized with a factor of 14&0'°. The dashed po e, lal distributions, a significant change ', . € plasma po-
gntial can be observed. The plasma potential in the center of

curve represents the net space charge in a dusty argon dischar% s )
normalized with a factor of 5371013 The dotted curve represents the dusty discharge has decreased compared with the dust-

the net space charge for a dust-free discharge at the axial symmetiig€ case. This shows the importance of taking into account
axis, normalized with a factor of 1.84103. both the contribution of the charge on the disgs. 4a) and
4(b)] in the Poisson equation and the recombination on the
particle of 15.m diameter. This results in an average “crys- dust particle surface. It can also be seen that if a dust particle
tal” density N¢,ys Of 3.7x10° m3, would settle in the center of the discharge it would get a
higher charge in a dusty discharge. This is mainly due to a
higher electron energy. The nonuniform charge distribution is
the result of the spatial distribution of the ions, electrons, and
In this section, the results obtained with the two- electron energy. The enhanced ion density in the dust cloud
dimensional argon-dust fluid model are presented. The PKEeduces the dust charge.
chamber used by Morfilet al. has been modeleFig. 1). Comparing Figs. &) and gb), it can be seen that indeed
The reactor is cylindrically symmetric. The simulation startsthe recombination on the dust particle surface acts as a sink
with a zero dust density profile. During the simulation thefor the electrons. The same is observed for the argon ions
dust is injected from both electrodes by adding source termgigs. §a) and &b)]. Due to a decrease in the electron and
in the dust particle balances for the first grid points belowion densities, the remaining electrons can gain more energy
(above the electrodes. The injection rate is about 250 000rom the larger oscillating electric field, this gives rise to a

IIl. RESULTS AND DISCUSSION

z [m]
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rT T T T T T T T TTTT rT T T T T T T T TTTT
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FIG. 11. Gas temperature in Kelvin for a dust-free dischdeyend for a dusty argon discharge).
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FIG. 12. Dust particle surface temperature in Kelvin for a dust-free disclargand for a dusty argon discharge).

higher electron temperature in a dusty dischdfgigs. 71a)  in a dusty plasma has two maxima of 274.1 K in the sheaths,
and qb)]. This increase in electron temperature enhances thehich is about 1 K higher than the reactor wall temperature
production of the argon metastables by almost 25%. This ighat is kept at 273 K. In Figs. 18 and 12b) the dust par-
shown in Figs. &) and 8b). In the experiments the en- ticle (surfacé temperature is shown for the dust-free and
hanced electron temperature is seen via an increase in sty discharges; it can be observed that a dust particle
intenSity of the |Ight emitted from inside the void due to would get a maximum temperature in the center of the
excited argon atoms. However, the metastables density coulglasma if it would settle there. This is due to the maximum in
be used as an indirect indicator for the light emerging fromthe jon and electron densities in the middle of the discharge,
the void. giving a maximum recombination energy flux towards the
Figure 9a) shows the net space charge in a dust-free argyst particles surface. Note that the difference between the
gon plasma. As expected, positive space charge regions agas and dust particle surface temperature is about 9 K at the
pear only close to the electrodes and the reactor wall. At thgenter of the discharge. Comparing the gas temperatures for
center between the electrodes, a quasineutral region can Bedust-free and a dusty discharfigs. 11a) and 11b)]

observed. For the dusty discharge case an interesting phghows that the effect of the dust on the gas temperature pro-
nomenon can be observed. Figurék)99(c), and 10 show a fjje s negligible.

double space charge layer that appears around the sharp
boundary of the dust crystal. This double space charge layer
inside the void has been described by Annaratetna. [18].
The positive space charge layer in front of the dust crystal
boundary is caused by the recombination on the dust parti- The numerical simulation results show that self-consistent
cle’s surfaces of ions and electrons entering the crystal. As imodeling of the plasma parameters in a dusty argon dis-
front of an absorbing wall, the difference in mobility be- charge is important. Both the contribution of the charge on
tween the ions and the electrons results in a net positivéhe dust in the Poisson equation and the recombination on
space charge that enhances the electric field, which, in turthe dust particle surface must be taken into account. Recom-
accelerates the ions from the center of the void towards thbination on the dust particle’s surface results, for instance, in
dust crystal to compensate for the mobility difference. Thea significant difference in electron and ion densities between
negative space charge region appears very close to the shapdust-free and a dusty argon discharge. Also the other
edges inside the dust crystal. It appears due to the fact thalasma parameters are affected, such as the electron tempera-
the diffusion of the argon ions prohibits a full compensationture, the electric potential, and the charge on the dust par-
of the fast rising negative charge of the dust crystal. Thesécles. An interesting phenomenon is the appearance of a
double space charge layers could explain the repulsion effectouble space charge at the edge of the dust crystal, which is
of the generated dust clouds during the first stages of injedormed by the difference in mobility between the ions and
tion, which slows down the mixing of the dust clouds seen inelectrons and the diffusive transport of the ions caused by the
the PKE experimentEgl]. steep density gradients. The modeling results also show an
Figures 11a) and 11b) show the gas temperature for the increase in the density of the argon metastables inside the
dust-free and dusty discharges. The gas temperature profi®id, illustrating in an indirect way the increased light emis-

IV. CONCLUSIONS
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