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Modeling of voids in colloidal plasmas
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A two-dimensional fluid model for a dusty argon plasma in which the plasma and dust parameters are solved
self-consistently, is used to study the behavior of voids, i.e., dust-free regions inside dust clouds. These voids
appear in plasma crystal experiments performed under microgravity conditions. The ion drag force turns out to
be the most promising driving force behind these voids. The contribution of the thermophoretic force, driven
by the temperature gradient induced by gas heating from ion-neutral collisions, can be neglected in the
quasineutral center of the plasma.
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INTRODUCTION particle, and the electrostatic forde,.=Q4E with Qq the
charge on the dust particle, akdthe electric field. On earth,
Plasma crystal experiments performed under microgravitghe gravitational force reduces the crystal to consist of only a
conditions have shown three-dimensional structures, whicfew horizontal lattice planes above the electrd8é This
exhibit stable voids surrounded by a crystalline region. Inforce has been neglected in our microgravity simulations.
their PKE chamber Morfillet al, for instance, observed a  Also a number of drag forces are present. The drag ex-
centimeter-size void that was usually stapld. Other au- erted by collisions with the neutral gas is opposite to the
thors have reported on various theoretical studies of the crgelative velocity. In the model the neutral flow is neglected,
ation of these void§1-3]. None of these, however, fully therefore, the neutral drag is a damping force. It is approxi-
explain the mechanism behind the appearance of the void.mated by
Theoretical and numerical studies up to now have basi-
cally followed single dust particles in the electric field and ﬁndz —gwrgndﬁdvthmnz —mdymdl;d, (1)
particle fluxes of an undisturbed discharge. An important as-
pect not covered is the influence of the dust on the dischargévheren,, is the neutral densityn, the neutral mass;4 the
For this a fully self-consistent model is needed. We havejrift velocity of the dust particley,, the average thermal
developed such a model for a dust containing radio frevelocity of the gas, and,,q4 is the neutral-dust collision fre-
quency(rf) discharge in argon and used it to investigate thequency. The neutral drag force is described in more detail by
behavior of voids. Graveset al.[6]. The ion drag, as discussed by Bare¢sl.
In this two-dimensional fluid model the particle balances,[7], results from the positive ion current that is driven by the
the electron energy balance, and the Poisson equation aggectric field. It consists of two components. The collection

solved, including the transport of the dust fluid. Problemsforce represents the momentum transfer of all the ions that
related to the huge difference in the timescale of the dusgre collected by the dust particle and is given by

motion (1-10 9 and the rf period100 ns have been solved

b_y timesplitting and an iterative_ procedure. Ior_1-neutral coIIi_- [fic: ngnivsmilji ’ )
sions have been included to simulate a possible gas heating

mechanism. For a dust-free argon d_ischarge the model giv%hereni is the ion densityy s the mean speed of the ions,
the same results as the two-dimensional model of Bp&Lf the ion drift velocity, and, the collection impact parameter.

The charge on a dust particle is calculated by using thepe second component is the orbit force, caused by deflected
orbital-motion-limited (OML) probe theory. This OML i?ns. It given byp I I » cal y
a

theory assumes a uniform charge distribution on a spheric
dust particle and is only valid if y<<\, , wherery is the
radius of the dust particle and =[(1/\g)?+ (1/2\;)?] 2
the linearized Debye lengtf2], which is a combination of
the electron Debye lengtk,, and the ion Debye lengtk .
The (constank charge on the dust particle is obtained from
the balance of thé€OML) electron and ion currents collected
by the particle. Recombination of ions and electrons on the I'=1n
dust particle surface is also taken into account. 2
Forces acting on a dust particl@he dust particle motion
is affected by the gravitational forc&y=myg, whereg is When a temperature gradient is present in the discharge,
the gravitational acceleration amdy the mass of the dust for instance, due to cooling or heating of the electrodes or
due to ion-neutral collisions, the thermophoretic force will
act upon the dust. Atoms impinging from the hot side have
*Email address: goedheer@rijnh.nl more momentum than their companions of the cold side, this

|5i0=47rbi/21—‘nivsmil;i ’ (3)

with b, the impact parameter that corresponds to a deflec-
tion anglew/2 andI' the Coulomb logarithm,

2., 12
A +DZ,

2 2 '
bc+ b7T/2
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FIG. 1. A schematic drawing of the PKE chamlpét.

results in a force pointing in the direction VT. For large
Knudsen numbers Talbet al. derived the following expres-
sion[8]:
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where k1 is the translation part of the thermal conductivity. FIG. 2. The average potential in the discharge.

The thermal accommodation coefficient of the gais taken

equal to 1. Neglecting inertia, the balance of all forces lead@mount of dust in the reactor. Eventually a total amount of
to the fo”owing expression for the flux of dust particles: between 0.94 and 3.8 million dust pal’tlcleS is reached. The

electrodes are both driven by a radio-frequency power source

. R R Ng - NgMivs 5 at a frequency of 13.56 MHz. The peak-to-peak voltage is 35
Py= =~ mandE—DaVNng———g+ ———(4mb7,I V, this results in a power dissipation of about 0.04 W. The
md d”md pressure is 40 Pa. The dust particles have a diameter of
bom 32 ndrg - 15 um. The equation of motion for the dust particles, Eq.
bl - e kv T (6) (@), is solved for the time-averaged electric field, plasma
d¥md”th densities, and fluxes.
whereT 4 is the flux of dust particlesyq the mobility of the Figure 2 shows the time-averaged potential distribution

dust,ny the dust density, anB the diffusion coefficient of V(r,2). The potential has its maximum in the bulk of the

the dust. Diffusion is added, using Fick's law and the Ein-Plasma between the electrodes, so the electric field points in
stein relation to couple the electrical mobility and the diffu- the direction of the electrodes. This means that the negatively
sion coefficient. The internal pressure of the crystal due t¢harged particles will be trapped due to the electrostatic
the interparticle interaction has been included by means of £rce, while the positive ion flux, pointing toward the elec-

density dependence of the diffusion coefficient for the dusti’0des results in an ion drag force that expels the particles.
Plasma crystal experimenf&] have shown an interparticle Figure 3 shows the charge on a dust particle as a function of

distance of about 300 microns. This results in an averag® Position. Dust particles that are in the presheath regions
“crystal” density N,y of 3.7x 10" m~2, The diffusion co- have a maximum number of electrons on their surface. The

efficient of the dust is increased by a factor exgN,) charge decreases toward the center because the average elec-
where the reference densily, is chosen such that the dust tron energy decreases and toward the electrode because the

density saturates at a valié, This models the incom- €lectron density becomes less than the ion density in the
rys: .

pressibility of the crystal. Actually, the/et unknown equa- space charge sheaths. The number of electrons varies be-

tion of state of the dust crystal should be used to account fopveen 0 and 55 000. <ol o

the internal pressure. Since we were not primarily interesteq " Fig- 4 the gas temperature is plotted. We have assumed

in the precise structure of the crystallized regions, we hav&at the power consumed by the ions is completely trans-

chosen for the simple and computationally robust exponenf-e”ed to the gas by ion-neutral collisions. This overestimates
tial increase oD, the heating, as the ions will take part of this power to the

electrodes. The wall is assumed to have a constant tempera-
ture of 273 K. The results show that ion-neutral collisions
DISCUSSION AND RESULTS give rise to a temperature gradient in the discharge of 2 K/cm
The PKE chamber used by Morfibt al. [1] has been at maximum. The temperature profile is almost uniform in
modeled(Fig. 1). The reactor is cylindrically symmetric. The the bulk. This results in a thermophoretic force in the bulk
simulation starts with a quadratic initial dust density profilethat is insufficient to explain the appearance of the void in

that has a maximum in between the electrodes orztinds.  the plasma crystal experiments.

A number of times during the simulation the dust density The dust particles will accumulate at positions where the
profile is multiplied with a certain factor to increase the forces are in balance and the velocity of the dust fluid van-
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FIG. 3. The number of electrons on a dust particle. FIG. 5. The normalized dust density. The maximum is 1.6

% 10, The total amount of particles is 940 000.

ishes. From Fig. 5, it can be seen that the dust particles
accumulate in the bulk of the discharge. The electrostatic The simulation results above cannot explain the appear-
force is dominant and forces the particles to move to the bullance of the void in the plasma crystal experiment. To study
of the plasma. the conditions that are needed to create a void, we have
The linearized Debye length is in the order of 30m in  artificially enhanced the ion drag force. There are several
the bulk of the plasma, thus the OML theory becomes quesreasons why one may expect an ion drag exceeding that of
tionable in the bulk, which has consequences for the contriEgs. (2) and (3). The OML theory does not account for
bution of the ion drag force. The small Debye length resultgrapped iong9] and the particles are not isolated, but inter-
from the very small ion contribution in the bulk, where the act, which influences the screening length. The ion drag had
ions have a small drift velocity because of the low electricto be scaled up with at least a factor 10 before a void with a
field. In the sheaths, however, the ions gain energy from theeasonable size appeared. After the void has appeared the
high electric field. This results in a linearized Debye lengthscale factor can be decreased again. This is due to the large
of the same order of magnitude as the electron Debye lengttemperature gradient between the sheaths and the electrodes
(Fig. 6). that causes the thermophoretic force to act in the same direc-
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FIG. 4. Gas temperature profile. FIG. 6. The linearized Debye length in microns.
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the experiments, however, the dust particles are injected
through the electrodes.

CONCLUSIONS

The numerical simulation results show that the ion-neutral
collisions increase the gas temperature by a maximum of 1 K
and that the thermophoretic force plus the ion drag force can
not fully explain the appearance of the void. The OML
theory becomes questionable in the bulk of the plasma, be-
cause of the small linearized Debye length. Enhancement of
the ion drag by replacement af, by the electron Debye
length results in the appearance of a void. Enhancing the ion
drag instead of replacing the linearized Debye length, re-
quires a factor of at least 10. After the void has appeared, the
scaling factor can be decreased until it equals 5. This is due
\ to the temperature gradient between the sheaths and elec-

\—— trodes, which causes the thermophoretic force to act in the

000 T T T T T same direction as the ion drag force. A further decrease of the
0:00 01 602 008 004 0.08 scaling factor results in a collapse of the void. The ion drag
r(m) force can be seen as the most promising driving force behind

) . . . the appearance of the void. Possibly a different dust injection

F'?‘ /- T.he normalized qUSt density. The maximum is 1.5 cheme will lead to a large dust density in the bulk and a
X 10%, Five times enhanced ion drag force. The total amount ofs . 2o . .
particles is 3.5 1P, self-su_stalned crystal baseo_l on recombination and_ inversion

of the ion flux. Thus, there is need for more experiments to
verify the model. A systematic scan, varying the power, pres-
tion as the ion drag force. The scale factor can be decrease@re, and rf frequency would show the behavior of the void
to a value of 5, if it is decreased further the void collapses.while changing the various forces. A strongly electronegative

The results presented in Fig. 7 are obtained for the dudbackground gas may lead to a change of sign of the ion drag
density profile. Also in case only the electron Debye length ign the plasma bulk, as the result of recombination with nega-
used in Eq(4), a void appears. The electron Debye length istive ions.
of the order of the 200um that is the screening length
needed to explain the interparticle distance observed in the ACKNOWLEDGMENTS
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