PHYSICAL REVIEW E 67, 056405 (2003
Modeling of self-excited dust vortices in complex plasmas under microgravity
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A two-dimensional hydrodynamic model for a dusty argon plasma in which the plasma and dust parameters
are solved self-consistently has been supplemented with a separate dust particle tracing module to study the
behavior of dust vortices. These coherent vortices appear in plasma crystal experiments performed under
microgravity conditions. The nonconservative total force exerted by the discharge on the dust particles is
responsible for the generation of the vortices. The contribution of the thermophoretic force driven by the gas
temperature gradient plays an insignificant role in the generation of the vortices, even when the gas heating via
the dust particles is taken into account. The forces related to the electric field, including the ion drag force, are

dominant.
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INTRODUCTION FLUID MODEL

In the fluid part of our two-dimensional model, the par-

e balances, the electron energy balance, and the Poisson
quation are solved, including the transport of the dust fluid.
For each particle a density balance can be written as

Plasma crystal experiments performed under microgravit)ﬁcl
conditions have shown dust vortices which usually appea,
outside the crystalline regions. In their PKElasmakristall-
Experiment chamber(Fig. 1) Morfill et al. usually observed
two stable dust vortices near the edges of the electr@égs
2), one rotating clockwise and the other counterclockwise ﬂ
[1,2]. dt

Other authors have reported various theoretical and nu-
merical studies of the driving mechanisms behind these vor- R
tices[3,4]. None of these, however, fully explain the mecha-Wheren; is the particle’s densityl’; the flux of the species,

nism behind their creation under microgravity. andsS; the sink or source terms. o
Theoretical and numerical studies up to now have basi- 1h€ momentum balance is replaced by the drift-diffusion

cally followed dust particles in the electric field and particle 2PProximation, where the particle flux consist of a diffusive

fluxes of an undisturbed discharge. An important aspect ndfé™m and a drift term,

covered is the influence of the dust on the discharge. For this,

a fully self-consistent model is_ r?eeded._ We have de\(eloped I _Mjnjé_DjV*nj ’ )
such a model for a dust containing radio frequengy dis-
charge in argon and used it to investigate the behavior of dust
particles. The model contains a dust-argon fluid part whichwhereu; andD; are the mobility and diffusion coefficient of
has been described in a previous art{@gand an additional specieg. E is the electric field.

part that takes the inertia and the screened Coulomb interac- The flux of the dust particles can also be written as a
tion between the dust particles into account to trace duddrift-diffusion expression. Setting the friction force exerted
particles in a dusty argon discharge. In existing mofi&/g], by the neutral gas equal to the sum of the other forces, in-
the influence of the dust particles on the discharge due téluding the force term from the dust pressure gradient, re-
recombination on their surface or the motion of the dust isSults in

neglected. If a discharge contains a considerable amount of

dust, as in the PKE experiments, this approximation is not Ground Dust dispenser

correct. Our model accounts for the influence of the dust X
fluid on the plasma and for its transport as a fluid. This
makes it a sophisticated tool for studying dusty discharges

The dust-argon fluid model provides the input data for asggem £ Q 5.40 cm
. . . [T} B
separate module which calculates the dust particle trajecto Insulator| >
ries in the force field present in a dusty discharge. In this K-
paper we describe the particle tracing module and the result “
obtained with it, studying in particular the generation of Dust dispenser =
vortices. P— -
| 4.20 cm |
- 10.00 cm
*Email address: goedheer@rijnh.nl FIG. 1. A schematic diagram of the PKE chamber.
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FIG. 2. A dust crystal in a PKE experiment under microgravity
conditions[2]. The vortices usually appear at the outer edges.
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with my the mass of the dust particle angly the momentum
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dust particle’s surface. Further details about the algorithms
used to solve the above mentioned equations can be found in
[8]. Problems related to the huge difference in the time scale
of the dust motion1-10 3 and the rf period100 ng have
been solved by time splitting and an iterative procedure. The
charge on a dust particle is calculated by using the orbital-
motion-limited (OML) probe theory{9]. The charge on the
dust particle is assumed to be constant in time during a rf
cycle and is obtained from the balance of the log@aML)
time-averaged electron and ion currents collected by the par-
ticle. Recombination of ions and electrons on the dust par-
ticle surface is also taken into account. lon-neutral collisions
have been included to simulate a possible gas heating mecha-
nism. For this we have used a simple approximation by as-
suming that the energy taken up from the electric field by the
ions is dissipated locally in collisions with the ggd]. We
have extended this gas heating mechanism by taking the
heating of the dust particle surface into account. The dust
particle (surface temperature can affect the gas temperature,
which in turn could affect the other elementary processes in
the discharge relevant for the formation of vortices. The ther-
mal balance of the particles can be written as an equality

loss frequency due to friction. The diffusion coefficient is petween the thermal influg;, and the outfluxQ,,,. For a
enhanced at high dust densities in order to model the crystakationary situation the thermal influx is given W9,

formation[5].

=Jiec, Wherel, . is the energy flux of the recombining ion

For ions the characteristic momentum transfer frequencyng electron flux arriving at the dust particle surface. For a

is only a few megahertz. To use the drift-diffusion approxi-

Maxwellian electron energy distribution functiod,.. is

mation for ions for rf frequencies higher than a few mega-gjyen py

hertz the electric field in Eq2) is replaced by an effective

electric field; by using this effective electric fiel%eff, iner-
tia effects are taken into accourd].

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

AV

(4)

e
— —(Nj—ne—QqgNg),
€0

E=-VV, (5)
where e is the elementary charge, the permittivity of
vacuum space), the electron density); the ion densityQq
the charge on a dust particle, anglthe dust density.

The electron energy density.=n.e (i.e., the product of
the electron density and average electron enejgg calcu-

3 [ keTe eVy
rec= NdNe 27Tmeex kBTe
whereT, is the electron temperature, the electron mass,
Vs, the floating potential, anB; the ionization energy, which
is 15.7 eV for argon. The outflux is given b®,u=Jin
+J,aq- For the pressure range in the PKE experiments, the
thermal conduction of the gaky, is governed by the Knud-
sen theory11]. J,,q4 is the radiative coolingl;;, is given by

(Ei+eVy), (8

Jyp=—— [ —
th 16(y—1) T, V 7mq

a(Tp—Tg), 9)

where y=c,/c, is the heat capacity ration, the gas mol-

lated self-consistently from the second moment of the Bolt£cule massp the gas pressurd,, the dust particle surface

zZmann equation:

dwe - - .
T +V.I'y,=—el'¢-E+S,, (6)
wherefW is the electron energy density flux:
. 5 - -
1—‘W:§:"LeWeE_ §DeVWey (7

and u. andD, are the electron mobility and electron diffu-
sion coefficients. The ter§,, in the electron energy balance

temperatureT, the gas temperature, adthe accommoda-
tion coefficient.

The radiative cooling ternd, 4 follows directly from the
Stefan-Boltzmann law:
(10)

Jrad= EO‘(TS—T;‘V ,
wheree is the emissivity,o the Stefan-Boltzmann constant,
andT,, the reactor wall temperature. For an argon discharge
v=5/3 anda=0.86 have been suggested in the literature
[12]. The emissivity of the melamine-formaldehyde particles
that are used in the PKE experiments is supposed to be 0.9

equation is the loss of electron energy due to electron impagtL3]. Equation(9) and Eq.(10) are coupled to the tempera-
collisions, for instance, recombination of electrons on theture balance for the gas and solved with an iterative method.
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DUST PARTICLE TRAJECTORIES

In the fluid model[5], the transport of the dust fluid is 0.05
solved by assuming that the forces acting on the dust par
ticles are in balance with the neutral drag force. In that case
the inertia of the dust particles is neglected and a so-callec
drift-diffusion expression is obtained for the flux of dust par-
ticles. This makes the fluid model useful only to study the
steady state behavior of dust clouds. To study the vortices _
that have been seen in the PKE experiments, the inertia an_ 0.03
the interaction between the dust particles should be taker%
into account. The fluid model provides the force field and the
linearized Debye length present in a dusty discharge. Thes: g go
are used by the dust particle trajectory model to solve the
equation of motion of the dust particles. Neglecting the
screened Coulomb interaction with the background dust

crystal, the equation of motion is given by 0.01
O F Bt Rt 11
mdﬁ_E+l+T+N+SC' (1D 0.00 TT T T T T T T 1T T 11

0.00 0.01 0.02 0.03 0.04 0.05
wherem, is the mass of the dust particle, its velocity, Fg r{m]

the elgctrlc forcéeF' the ion drag forceFr the }hermo' FIG. 3. Simulated dust density profile in an argon discharge,
phoretic force, Fy the neutral drag force anérsc the  normalized by a factor 1610 m™3.
screened Coulomb force between the dust particles which are

tracked in the dust particle trajectory module. For detailshe recombination on the dust particle surface, which leads to
about the expressions used for the above mentioned forcgs|ower electron density and a higher electron temperature.

we refer to previous articlel$,14]. Figure 6 shows the gas temperature in a dusty discharge.
The gas temperature profile has two maxima of 274.1 K in
DISCUSSION AND RESULTS the sheaths, which is abbli K higher than the reactor wall

) temperature, which is kept at 273 K. In the regions where the
The PKE chamber used by Morfidt al. has been mod- ot yortices have been observed in the PKE experiments

eled. The reactor is cylindrically symmetric. The simulation(Fig_ 2) the thermal gradient is about 0.1 K/cm. This shows
starts with a zero dust density profile. During the simulation

dust is injected from both electrodes by adding source terms
in the dust particle balances for the first grid points below
and above the electrodes; the injection rate is about 250 00!
particles per second. Eventually, a total amount of 0.7 mil-
lion dust particles is reached; after that the sources are
switched off. The electrodes are both driven by a radio fre-
guency power source at a frequency of 13.56 MHz. The
peak-to-peak voltage is 70 V. This results in a power dissi-
pation of about 0.04 W. The pressure is 40 Pa. The dus
particles have a diameter of bm. The equation of motion
for the dust fluid[5] is solved for the time-averaged electric
field, plasma densities, and fluxes.

Figure 3 shows the steady state dust density profile. In the
center of the discharge a dust-free region, the so-called void
appears, surrounded by a crystalline region of dust with an
average density of 1:610°° m~3,

Figures 4 and 5 show the time-averaged potential distri-
bution V(r,z) in the dust-free and the dusty argon dis-
charges. In both cases the potential has its maximum at th
center of the plasma between the electrodes. Comparing th  p.00 R LA A
potential distributions, a significant difference in the plasma 0.00 0.01 0.02 0.03 0.04 0.05
potential can be observed. The plasma potential decreases
the center of the discharge in the case of a dusty plasma. This
shows the importance of taking into account both the contri- FIG. 4. Time-averaged potenti®(r,z) in the dust-free argon
bution of the charge on the dust in the Poisson equation andischarge.

rim]
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FIG. 5. Time-averaged potenti®l(r,z) in the dusty argon dis- FIG. 7. Dust particle surface temperature in the dusty argon
charge. discharge.

that the contribution of the thermophoretic force to the totaldust particle surface. Note that the difference between the
force on the dust particles is negligible, typically 30 timesgas and dust particle temperatures is a8 at thecenter
smaller than the other forces. In Fig. 7 the dust partisle-  of the discharge.

face temperature has been plotted. It can be observed that a Figure 8 shows the dust particle trajectories of 12 par-
dust particle would get a maximum temperature in the centeticles which have been injected from the lower electrode in a
of the plasma if it settled there. This is due to the maximumdusty argon discharge. Apart from the negligible thermo-
in the ion and electron density in the middle of the dischargephoretic force(typical value 2< 102 N), the forces acting
giving a maximum recombination energy flux toward theon a particle ar¢1) the ion drag force (¥ 10~ 2 N), which
tends to push the particles up or down, away from the plane
of symmetry ¢=0.027), and radially outward, an@) the
electric force (7 10712 N), which acts in the opposite di-
rection. The total force is their sum. At a certain radius in the
plane of symmetrywhere all axial forces are zercahere is

a point where the total radial force becomes zero. This is

0.05

0.04 o L
qﬂ\ g : 0.032 T T T T T
& L
N - 0.028- i
_.0.03 o~ —
E o N
N r& N B 0.024 - 4
o B !
0.02 & - E, 0.020 J
B N
L 0.016 J
0.01 r 0.012 4
- 0.008
= 0.000 0.005 0.010 0.015 0.020 0.025 0.030
0.00 T T T T T TTTTUTTT r[m]
0.00 0.01 0.02 0.03 0.04 0.05
rim] FIG. 8. Trajectories of dust particles injected from the lower
electrode in the dusty argon discharge. Two symmetric stable vor-
FIG. 6. Gas temperature in the dusty argon discharge. tices are generated.
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FIG. 9. The axial position of the fourth dust particle injected . . ) .
from the lower electrode at the positior= 0.012 m as function of FIG. 10. Positions of dust particles in the dusty argon discharge

time, in the dusty argon discharge. The dashed line is the axial axi@_t different time _step§, represented by growing dots. The solid
of symmetry. circles show the direction of rotation of the dust cloud. The dashed

line is the axial axis of symmetry.

where a single particle will go. The repulsive screened COUinost dominant forces all depend on the particle charge and
lomb force (510 3 N) prohibits this in the case of more gravity is not included.

particles. The particles are then forced to stay in the lower or
upper half of the reactor and/or inside or outside the radius
where the total radial force vanishes. In these regions the CONCLUSIONS

total force is not conservativef - ds#0) and the par- The numerical simulation results show that self-consistent
ticles start to rotate in the direction dictated by the Sign Ofmode"ng of the p|asma parameters in a dusty argon dis-
VXF,,. The neutral drag force (510 14 N) causes the charge is important. Both the contribution of the charge on
particles to move in a closed orbit. These coherent vorticethe dust in the Poisson equation and the recombination on
are permanently driven by the forces resulting from thethe dust particle surface must be taken into account. The
plasma and therefore keep on turning for time scales mucHust-plasma interaction results in a significant difference in
longer than the average rotation time. After injection, thethe time-averaged potential distributiok4r,z) between a
system first has an irreguldchaotio character, where par- dust-free and a dusty argon discharge. Comparing the gas
ticles can even jump from one cloud to the ottigig. 9), and ~ €Mperature and dust particle surface temperature in the cen-
then it relaxes toward a self-organized state. Figure 10 showl§" Of the discharge shows a considerable difference of 9 K,

the dust vortex motion after relaxation in more detail. EachPUt this does not affect the gas temperature profile. In the
dust cloud consists of six particles, of which five follow the [€9ion where the dust vortices appear, the thermal gradient of

same orbit and one in the middle has a small elliptic orbit."® 9as is small; the thermophoretic force is about 30 times

The vortices rotate in opposite directions: this has also beefimaller than the other forces acting on the dust particles.
observed in the PKE experiments. The rotation in our case i$ S fact lets us conclude that the dust vortices are generated
mainly determined by the combination of ion drag and elecPY @ combination of the ion drag force, electric force,
tric force acting on the dust particles. The ion drag force an@nd screened Coulomb force acting on the dust particles
the electric force are such that they push the particles axiall$d not by the thermophoretic force. Our simulations show
toward the midplanez=0.027 m and radially toward the 9°0d agreement with the PKE experiments done under
planer =0.0245 m through the centers of the vortices. TheMicrogravity.

screened Coulomb force, however, keeps the dust particles

away from each other: The calculatio_ns made by Va_ulina ACKNOWLEDGMENTS

et al.[3] show that negligible macroparticle charge gradients
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