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Dust transport in a magnetized radio-frequency discharge under microgravity conditions
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Dust is found in plasmas used in industrial applications, such as microelectronics and solar cell manufac-
turing, in fusion plasmas, where it is usually the result of plasma-wall interactions, and in plasmas in space,
such as planetary atmospheres, cometary tails, planetary rings, interstellar molecular clouds, and star and planet
formation regions. In plasma applications, magnetic fields are occasionally used, mainly to confine the plasma.
In space, however, magnetic fields are very often present and they may strongly influence the behavior of dusty
plasma, for instance in the formation of stars and planets. We extended a fully self-consistent two-dimensional
fluid model for radio-frequency discharges by adding a homogeneous axial magnetic field and the effect it has
on the transport of plasma species in a low-temperature dusty discharge. We show that the magnetic field has
an important effect on the (ambipolar) diffusion of ions and electrons in the bulk of the discharge. This causes
an important change in the force balance of the dust particles and in the time scales of the formation of a
dust-free void. Finally, we compare the parameters of the modeled discharge with the parameters of a planet
formation region around a young stellar object (YSO). We conclude that a magnetic field in both low-
temperature rf discharges under micro-gravity conditions and dusty plasmas around YSO’s has an important

effect on the transport of dust and must be important for the formation of planets and stars.
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I. INTRODUCTION

Contrary to our everyday experience, almost all matter in
the visible universe consists of plasma [1]. In these plasmas,
ions and radicals can form small nanometer-sized clusters
through chemical reactions. The formation of these “nano-
particles” has been reported both in thin-film solar cell
manufacturing and in the microelectronics industry. The
nanoparticles seem to have negative as well as positive im-
pacts on the electronic properties of the manufactured de-
vices [2—4]. Recently, different models have been used to
study the formation of nanoparticles, while some of these
models included the transport of these nanoparticles through
the plasma [5,6].

Through a process that is not well understood, the nano-
particles coagulate to form larger particulates, usually in the
micrometer range. We will refer to these particulates as “dust
particles.” The Coulomb interaction for the nanoparticles is
not very important since their charge is low, for sizes up to a
few nanometers [5]. The coagulation process is therefore be-
lieved to involve impact coagulation by Brownian motion or
Van der Waals (or dipole-dipole) interactions [7]. The latter
force typically goes as «1/7° and is therefore important only
when the nanoparticles come very close to each other.

Once the size of the coagulate reaches the submicron or
micron range ~0.1-10 um, the plasma-dust and dust-dust
interactions become dominant and determine the transport of
the dust particles through the plasma. Micron-sized dust par-
ticles collect a significant amount of electrons and ions and
their charge can be tens of thousands of elementary charges.
Due to the high mobility of the electrons (compared to that
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of the ions), dust particles become mostly negatively
charged. The plasma-dust interactions include the electro-
static force, i.e., the acceleration of the charged dust particles
in the plasma potential, the neutral drag caused by friction
with the background neutral gas, the thermophoretic force
which is due to temperature gradients in the background gas
and which accelerates the dust particles towards the colder
regions, gravity and the ion drag force, which is caused by
the deflection and collection of ions by the charged dust par-
ticles, and the corresponding transfer of momentum from the
ions to the dust particles. Small dust particles have also been
observed to show gyromotion in the presence of a magnetic
field and for low background gas pressure [8]. The dust-dust
interaction is the mutual Coulomb interaction between the
charged dust particles.

Recent observations have shown that micrometer-sized
dust particles are present in plasmas around young stellar
objects (YSO’s) [9,10]. Since in this case the dust particles
are orbiting a heavy central object (we assume in Kepplerian
orbits), we can ignore the force of gravity, which in experi-
ments on Earth usually is the dominant force. Observations
of matter outflow and jets in YSO’s are connected to mag-
netic activity and magnetic fields. It is therefore important to
look at the effect of a magnetic field on the transport of dust
in such plasmas.

In this paper, we present numerical results on the effect of
an applied magnetic field on the plasma parameters and on
the transport of dust in a typical low-temperature, radio-
frequency (rf) plasma experiment such as the one used on the
International Space Station to study the transport of dust un-
der microgravity conditions [11,12]. We are therefore not
concerned with the actual coagulation process of nanopar-
ticles, but start with the introduction of micrometer-sized
particles to the plasma. In Sec. II, we describe the reactor
geometry and the model used. In Sec. III, we comment on
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FIG. 1. Sketch of the PKE experiment [11,12] showing the elec-
trodes between which the argon plasma is formed. The dust par-
ticles are introduced through both electrodes, with the use of dust
injectors or “shakers” placed in the center of the electrodes.

the ion drag force for the typical plasmas that are modeled.
Section IV shows the results for different magnitudes of the
applied magnetic field. In Sec. V, we will discuss the results
and go deeper into the transport of the dust particles. In Sec.
VI, we will discuss the role of (ambipolar) diffusion on the
transport of plasma particles and on the transport of dust
particles induced by the ion drag force. In Sec. VII, we com-
pare the experimental parameters with parameters for a dusty
plasma around a young stellar object, and finally in Sec. VIII
we will come to conclusions on the effect of the magnetic
field on the dust transport and discuss the importance of a
magnetic field on the planet formation process.

II. THE EXPERIMENT AND THE MODEL

The geometry we use in our model resembles that of the
PKE experiment discussed in [11,12]. Figure 1 shows this
geometry. Neutral argon gas is introduced at low pressures
between two electrodes powered with a high-frequency
(13.56 MHz) potential in push-pull mode and an argon
plasma is formed. When the plasma has become stationary,
dust particles are introduced through two shakers in the up-
per and lower electrode. The dust particles are illuminated by
a laser sheet and a CCD camera captures the light reflected
by the dust particles. The shape of the experiment is a rect-
angular “box,” but we assume that the walls are far away
from the plasma and do not influence the plasma properties
too much. This way, we can use cylindrical symmetry and
restrict ourselves to a two-dimensional (2D) model.

In our model, we use a neutral background pressure of
40 Pa at a peak-to-peak voltage of 100 V. For the simula-
tions presented in this paper, spherical particles with a radius
of 6.8 um are used. Due to the charging of the dust particles,
the plasma parameters change with respect to those in a dust-
free discharge. Therefore, the plasma and the dust parameters
have to be solved self-consistently. We have extended a 2D
fluid model for the transport of dust in low-temperature rf
plasmas [13] to include the effect of a homogeneous mag-
netic field on the plasma parameters. We will first describe
how the model self-consistently solves the plasma param-
eters and the dust parameters, then we will discuss the effect
of a magnetic field on the transport of plasma species and
how this is included in the simulation.
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A. The plasma transport equations

The particle balance for the electrons, ions (positive and
negative), and metastable atoms is solved using the drift-
diffusion approximation. This means that in the particle bal-
ance equations for each of the plasma species i,

dl’ll'
_+V'Fi=Si’ (1)
dt
the flux is given by a drift term due to the electric field and
a diffusive term due to density gradients,

Fl-=n[,U,,-E—D[Vn[, (2)

where w; is the mobility of species i and D; is the diffusion
coefficient. The electric field E is found from the Poisson
equation including the dust particle charge,

e
VV=-—(n,-n,—n_—Zpnp),
€

E=-VV. (3)

Zp is the dust particle charge number, and n,, n,, n_, and np
are the positive ion, electron, negative ion, and dust particle
densities, respectively. The momentum transfer frequency for
the argon ions is only several MHz, due to the high ion mass
(compared to a GHz for the electrons) and is less than the
applied rf. This means that the ions are unable to react to the
instantaneous electric field. Instead they “see” an effective
electric field E g, which is obtained by solving [13]

dEeff

dt = (E - Eeff) Vin,+ (4)

By using the effective electric field in Eq. (2), we include
inertia effects for the ions in their response to the applied
electric field. Note that we solve the ion and electron trans-
port separately and do not assume ambipolar diffusion. The
time-averaged fluxes in the shielded center of the discharge,
however, are “ambipolar” in the sense that there is no net
charge and no net current and that the fastest moving species
determines the particle fluxes. So throughout the discussion
in the rest of this paper, “ambipolar” diffusion implies the
diffusion in the quasineutral part of the plasma, resulting
from the coupled transport equations.

The energy balance is solved using a similar drift-
diffusion approximation for the average electron energy den-
sity w=n,€, with € the average energy per electron,

dw
E"‘V'FW:—EF.@'E‘FSW- (5)

The first term on the right-hand side is Ohmic heating of
electrons in the applied electric field, with the electron flux
found from Eq. (2), and the source term consists of electron
impact collisions, including ionization, recombination on the
surface of dust particles, and excitation. These terms are cal-
culated using a two-term Boltzmann solver for the electron
energy distribution function. The average electron energy
density flux I',, is given by
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I =

w

Wl

5
uWE — EDE Vw. (6)

For the ions we assume that the energy gained in the electric
field is locally dissipated in collisions with the background
gas [14]. Together with the heat originating from the surface
of the dust particles (see the next subsection), this provides
the heating of the background gas.

B. Charging and transport of the dust

Dust particles introduced in a plasma collect ions and
electrons and charge up to the floating potential. Once this
potential is reached, the currents of electrons and ions toward
the surface of the dust particles are equal. For a spherical
dust particle, these currents are taken from the orbital motion
limited theory (OML) [15]. For a negatively charged particle,
they are given by

E V
I, = 4ma’en, * (1 _erd (a)>’ (7)
2m, E,
kT, Vi
I, =4ma’en, < exp(e—(a)) , (8)
2mm, kT,

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,, calculated using Eq. (2),

4kT. 1
E,=— 4 —m?. 9)
T 2

In the above equations, a is the dust particle radius, which
should be much smaller than the (linearized) Debye length;
a<)\D,)\D:(\e"l/)\§+1/)\?)‘1. T, is the electron temperature
and Ty, is the gas temperature. Equating I, =1,, the equilib-
rium floating potential V(a) is solved using a Newton itera-
tion method. The dust charge is then given by

eZ,;=4meaV(a). (10)

The densities in the expressions for the current densities are
the time-averaged values. Occasionally, very close to the
wall, the ion density is much higher than the electron density
and the dust charge becomes positive. This results in a loss
of dust from these regions.

Once the equilibrium charge is reached, the electrons and
ions arriving at the dust particle will recombine at a rate
npl,/e. The energy released is used to heat up the particle
surface, and is radiated away. The dust surface temperature at
equilibrium is higher than the gas temperature and the gas
colliding with the dust will be heated [13]. This is a heat
source for the gas. The temperature profile of the gas, Ty, is
obtained by solving the heat conduction equation with heat
input from the ions and from the dust.

When the charge on the dust particles is determined, the
different forces acting on the dust particles can be calculated.
The electrostatic force is simply calculated as
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Fel = ZDeEeff' (1 1)

Since we do not include advection of the background gas, the
neutral drag acting on the dust particles moving through the
gas will simply be

4
Fn == EO-ngasUthD’ (12)
where o,=ma’ is the geometrical surface of the dust par-
ticle, pg, is the background gas mass density, vy, is the av-
erage thermal velocity of the background gas, and v, is the
drift velocity of the dust particle. The temperature gradients
in the background gas cause thermophoretic forces, pushing
the particles to cold areas (this is the principle of the “cold
trap”). It is calculated using
32 op

_KTV Tgas’ (13)

F,.,. =
th 15 TTU

where k7 is the translation part of the thermal conductivity.
Tons deflected and collected by the charged dust particles
transfer momentum to the dust particle, which experience the
so called ion drag force. In view of its importance, this force
and the assumptions made to calculate it will be discussed
separately in Sec. III. It depends on the charge of the dust
particle, the Debye length, and the ion flow.

Assuming that the damping neutral drag force balances all
the other forces, we can derive a drift-diffusion expression
for the dust particle balance, with the dust flux as
32 npop

I'p=-upnpEet—DpVnp—-——

15 Kr \Y% Tgas
mpVy, pTU

F.

+ npX¥ion drag . (14)
mDVm,D

up=eZp/mpv, p and the dust diffusion coefficient is taken

from [16]. It includes the effect of the mutual Coulomb in-

teraction and the possibility of the formation of crystalline

incompressible dust structures,

1 dP

= , 15
P LW)) an ( )
1+
Pcr = 35KNnnFPD eXp(_ BK) (16)

Here, I is the ratio of the Coulomb energy over the thermal
energy, ['=(eZ),)?/4meyAkT),, A=n}" is the mean distance
between dust particles, k=A/\p, and N,, and B are con-
stants depending on the lattice structure of the crystalline
dust [17].

The above set of equations is a closed set which allows us
to self-consistently solve the plasma parameters and the dust
parameters together. For the solution we regularly recalculate
the average plasma profiles, in agreement with the actual
dust density and charge profiles.

C. Magnetic field

An important extension to the model is the application of
a homogeneous axial magnetic field. Charged particles gy-
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rate around magnetic field lines, which reduces their mobility
and diffusion coefficient perpendicular to the field. The mea-
sure of how strong the charged particles are hindered to cross
magnetic field lines is given by the “Hall parameter,” B;
=w;/ v, (=u,;B) [18], where w;=¢q;B/m; is the cyclotron fre-
quency and v; is the momentum transfer frequency. The dif-
fusion across magnetic field lines is strongly reduced (we
call the particles “magnetized”) when B> 1. At a neutral
pressure of 40 Pa and at room temperature, the ion momen-
tum transfer frequency is about 3 MHz. The electron mo-
mentum transfer frequency is approximately 1 GHz. In our
simulations, we add a magnetic field B<0.5 T, so that w,
<9 GHz and w;<0.3 MHz. We see that the electrons are
magnetized, whereas the ions are not. Therefore, we rewrite
the mobility and diffusion coefficient for the electrons per-
pendicular to the magnetic field (thus in the radial direction)
as

252 |-t

ME,L(De,L) - |:1 + T:| X /‘Le,L(De,L)- (17)
Even though the ion diffusion coefficient and mobility are
not affected by the magnetic field, the ion flux also changes.
In the center of the discharge, quasineutrality and the particle
balances result in “ambipolar” conditions that couple the ion
flux to the electron flux via the average electric field that is
generated. Note that the “ambipolar” conditions include the
effect of recombination on the dust particles and that in the
vicinity of the walls and at the edge of a dust cloud charge
separation will occur.

III. THE ION DRAG FORCE

When an ion approaches a charged dust particle, it can be
either collected or deflected (scattered) or move along undis-
turbed when the distance between the ion and the dust par-
ticle is large enough. The momentum transferred from the
collected and deflected ions causes an acceleration of the
dust particle, called the ion drag force. The general expres-
sion for the ion drag force is [19]

Fign=m, f VUf+(V)[O'C(U) + O's(v)]dV, (18)

where f.(v) is the ion velocity distribution function, o.(v) is
the (velocity-dependent) collection cross section, and o,(v)
is the scattering cross section. The original approaches to
solve the above equation analytically [19,20] assumed that
the dust particle is at rest and a <Ap<<l,,A> N\, where [, is
the ion mean free path.

The collection term is solved from OML theory, which
gives the maximum collection cross section as

0. (v) = op(l +2pyla), (19)

where py=Zpe’/2mweym, v’ is the “Coulomb radius.” This
way, the collection cross section does not depend on the
specific form of the potential around the dust particle. In
order to determine the scattering cross section, one should
know the exact form of the potential around the dust particle.
The approach by Barnes er al. [20] assumes that only ions
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approaching the dust particle very closely are deflected. This
means that these ions are assumed to move only through the
unscreened Coulomb potential. The scattering cross section
can then be found as

Pmax Vi
0.(0) = 47 f __pdp
p,

1+ (plpo) 4mpid 20

with A the Coulomb integral,

L { P(L) + P (V) ]
n .

Aw=5 P5(V) + prin()

21

The minimum radius of approach is given by the collection
radius pi,=p.. The maximum radius, or cutoff radius, is
then chosen to be the linearized Debye length, p.=Np. It
was soon noticed [20,21] that by using the linearized Debye
length as the cutoff radius, the calculated ion drag force was
about an order of magnitude too low to explain experimental
results. Therefore, the electron Debye length was used as the
cutoff length instead of the linearized Debye length, which
increases the ion drag force with a factor of 5-10. However,
this choice of the electron Debye length is only a qualitative
improvement; there is no physical basis for this choice. Once
the ions are accelerated in the electrode sheath or in an in-
ternal sheath adjacent to a dense dust cloud, the ions obtain
an energy comparable to the thermal electron energy and the
linearized Debye length approaches the electron Debye
length. Problems exist mainly in the quasineutral central re-
gion, where the ion energy is low.

In [19] it was mentioned that the above approach is only
valid when a=py/\p<<1. They proposed to include scatter-
ing by ions with @>1, so called “large angle scattering.”
Using this approach, the cutoff radius is chosen as pp.x
=\p(1+2a)'?, leading to the revised Coulomb logarithm,

A=1n[p0(v)—+)\D}. (22)

po(v) +a

Solving Eq. (18) with Egs. (20) and (21) (Barnes et al.) or
Eq. (22) (Khrapak et al.) gives the ion drag force. Even
though there is more physics behind the approach by Khra-
pak et al., the qualitative result is very similar, which has led
to many discussions [22-24]. A recent paper about the for-
mation of a void around a probe performed in the PKE ge-
ometry during parabolic flight again shows that the approach
of [20] with the electron Debye length gives similar results
to the approach of [19], which both agree well with the ex-
perimental observations [25].

In these experiments, the neutral density was such that the
ratio of the Debye length and the ion mean free path Np/l,
~390 um/(y2X 170 wm)=1, in which case collisions do
not yet play an important role in the calculation of the scat-
tering ion drag force. Once the ion mean free path becomes
less than the Debye length, ion-neutral collisions may influ-
ence the ion drag force significantly. In [26,27], Ivlev ef al.
derived the appropriate forms of the ion drag force in the
case of subthermal ion flow (as was the case with the above
derivations) and suprathermal ion flow, where the thermal
Mach number is defined as My=u, /vy, vp=7\8kT,/wm;, and
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u, is found from Eq. (2). For subthermal ion flow and low «,
the ion drag force due to scattering is given as

—
2\2m A
Fion= T”+m+UTM+Po(UT) |:A + IC(TD> :| > (23)

+

where

2
K(x):xarctan(x)+<\/§— 1)1ix2 - \/gln(l +x9).

(24)

In order to assess the importance of the modifications of the
ion drag force, we have calculated the values of @, M, and
the ratio of \p//, for the profiles obtained in our simulation.
In the bulk of the discharge a becomes very large, due to the
fact that the ion flow speed is small, while the computed dust
charge is very high. Nevertheless, in [22,24,25] it was shown
that the results for the approach by Barnes ef al. and the
approach by Khrapak et al. both seem to be in good agree-
ment with experiment. Outside the plasma bulk, « drops to
zero rapidly, due to the increase in the ion flow speed (u,)
and a decrease in the computed dust charge resulting from
the high value of the ratio n,7,/n,T,, which means that ap-
plying the approach of Khrapak et al. there would give simi-
lar results to the approach of Barnes er al. with the electron
Debye length.

For our discharge settings and particle diameter, the ratio
of Ap/l, has to exceed a value of 3 in order for the collisions
to be important in the calculation of the ion drag force. In the
regions of the discharge where this condition is fulfilled, i.e.,
toward the outer walls of the experiment, where the ion flow
speed due to the electric field becomes important, « is much
less than unity, which means that the force given by Eq. (23)
stays close to the ion drag force calculated with Eq. (22),
which, as discussed above, for small « gives similar results
to the approach by Barnes e al. using the electron Debye
length. We have computed that the error we introduce in our
simulations by using the approach of Barnes et al. with the
electron Debye length instead of the approach by Ivlev et al.
stays within 25%. This error is even less for a higher mag-
netic field, because in that case the dust charge is lower. We
find this percentage acceptable.

The critical Mach number at which the collection force
dominates over the scattering force is given by M,
=[po(vy)/al?3. This can be as low as 6 for the low dust
particle charge computed (see Sec. IV) on the outside of the
discharge. This is in contrast to what is mentioned in [27]
and implies that the collection force becomes more important
than the effect of collisions for the larger part of the dis-
charge outside the bulk region. This force is calculated by
using the OML theory and is therefore independent of the
approach used to calculate the scattering ion drag force.
Therefore, we do not consider the solution by Ivlev et al. for
very high Mach numbers.

In view of the discussions in [22,24,25] and the above
conclusions about the importance of collisions in the simu-
lations presented here, we conclude that using the approach
by Barnes et al. [20] together with the electron Debye length
as the cutoff radius, which has proven itself computationally
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FIG. 2. Time-averaged ion density for a magnetic-field-free
dusty discharge. The plasma is mostly formed between the elec-
trodes. We can clearly see the bulk of the discharge as the central
maximum in the ion density. No dust particles have been added yet.

robust and useful [13,28], is still an acceptable approach. As
a final note we mention that here we do not consider nonlin-
ear effects due to ion trapping, which leads to a change in the
potential around a dust particle [29,30]. Also recent consid-
erations of changes in the potential due to collective behavior
of large numbers of dust particles [31] are not considered in
this paper. We now continue to discuss the results found from
the simulations.

IV. DUSTY DISCHARGES WITHOUT MAGNETIC FIELD
AND WITH A MAGNETIC FIELD OF B=0.25 T

In this section we compare the profiles for a magnetic-
field-free dusty discharge and a dusty discharge with a mag-
netic field of B=0.25 T. We use a background pressure of
40 Pa with a 100 V peak-to-peak potential at 13.56 MHz.
Please note that we did not consider negative ions (irrelevant
for argon) nor metastables in these calculations. We first
compare the potential and the ion density. In both discharges
the plasma is mainly created between the electrodes, which
are the gray-white striped rectangles in the figures.

Figures 2 and 3 show the ion density profiles of the sta-
tionary plasma discharges before any dust is introduced. In
Fig. 2, no magnetic field is applied. In Fig. 3, the magnetic
field applied in the model has a value of B=0.25 T. We can
see how the ion density profile changes due to the presence
of the magnetic field only. The quasineutral bulk is extended
radially. However, the maximum value of the ion density in
the case of an applied magnetic field is less, indicating that
the total amount of ions in the discharge is approximately the
same. From now on, we compare profiles for dust-free plas-
mas with profiles at the end of the simulation at which 10°
dust particles have been added. We can see how the change
in the ion density profile induced by the magnetic field
changes the plasma and dust parameters.

In Fig. 4, we present the potential profile averaged over
one rf cycle, for the magnetic-field-free discharge. We see
the quasineutral bulk of the plasma between the electrodes as
the equipotential area. In front of the electrodes the large
electric fields of the sheath regions appear. Near the end of
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FIG. 3. Time-averaged ion density for the magnetized dusty
discharge. The bulk has a cigar-shaped maximum in the ion density,
corresponding to the bulk of the plasma, modified by the applica-
tion of a magnetic field. The maximum value of the ion density is
less, indicating that the total number of ions is roughly the same in
both discharges. No dust particles have been added.

the electrodes, the radial electric field changes from approxi-
mately zero to an electric field pointing toward the outer
walls. This electric field, generated due to the high mobility
of the electrons, accelerates the ions toward the outer wall.
Figure 5 shows the potential for the magnetized discharge.
The potential profile is almost the same, however we see a
big change in the electric-field-free bulk of the plasma,
which has become cigar-shaped, as the ion density profile.
This change in the bulk potential results from the reduced
electron mobility in the applied magnetic field. Since the
transport is “ambipolar,” the ion transport is also affected.
Figures 6 and 7 show the ion density profiles at the end of
the simulations, when the dust has reached its equilibrium
density profile. Even though the ion density profiles have
extended “wings,” which are due to the attraction of the ions
by the negatively charged dust particles, the bulk of the dis-
charge shows the same ion density profiles as shown in Figs.
2 and 3, with the exception that the recombination of ions
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FIG. 4. The time-averaged potential profile for the magnetic-
field-free discharge. The equipotential in the center corresponds to
the quasineutral bulk of the plasma, where the plasma densities
have their maximum. In front of the electrodes, we see the large
sheath electric fields. Towards the outer wall we see the electric
field causing large drift of ions.
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FIG. 5. The time-averaged potential profile for the magnetized
dusty discharge. The equipotential of the quasineutral bulk has a
cigarlike shape following the ion density profile. In front of the
electrodes are the sheath regions, and outside of the electrodes we
see the radial and axial electric fields caused by the low mobility of
the ions.

(and electrons) on the dust particles has reduced the ion (and
electron) density, as was also described in [13]. Clearly, the
effect of the magnetic field on the plasma parameters is also
important when a large number of dust particles is intro-
duced to the plasma.

The change in ion density is reflected in the dust density
profiles. The ions are accelerated out of the center of the
discharge, causing the ion drag force which pushes the dust
particles out of the center of the discharge. A dust-free void
is formed in the center of the discharge. The dust density for
the magnetic-field-free discharge, presented in Fig. 8, clearly
shows the dust-free void, as well as the dust-free sheath re-
gions. In this case, a local maximum in the dust density is
created outside the electrodes, due to the transport of dust
particles in the radial direction. For this discharge the time
needed to form a closed boundary around the void is 1.15 s
(see Sec. V).

Figure 9 shows the dust density for the magnetized case.
The void has a very different shape, due to the change in the
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FIG. 6. Time-averaged ion density for a magnetic-field-free
dusty discharge. The plasma is mostly formed between the elec-
trodes. The extended wings are the result of attraction by the dust
particles. The central maximum corresponds to the electric-field-
free bulk in Fig. 4. One can also see the effect of recombination of
the ions on dust particles.
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FIG. 7. Time-averaged ion density for the magnetized dusty
discharge. The bulk has a cigar-shaped maximum in the ion density,
corresponding to the bulk seen in the potential of Fig. 5. The maxi-
mum value of the ion density is less, indicating that the total num-
ber of ions is roughly the same in both discharges.

ion density profile. The much sharper boundary of the ion
density profile causes a much sharper boundary of the dust-
free void. We also see that the sheath regions are less clear.
The dust charge is slightly less in front of the electrodes in
this case (36.000e to 48.000¢ instead of 43.000e to 49.000e
in the unmagnetized case), which means that the electrostatic
repulsion is slightly less, moving the force balance between
the axial ion drag force and the electrostatic force closer to
the electrode surfaces. The most important observation is
that for a magnetic-field strength of B=0.25 T, a closed
boundary around the void is formed already after 0.55 s.
This means there is a big difference in the dust-transport
properties of both discharges. We also observe that there is
no distinct maximum in the dust density formed outside of
the electrodes.

The dust inserted in the discharge becomes negatively
charged, because of the high electron mobility compared to
the ion mobility. Due to the high value of n;/n,, the increase
in ion temperature, and the decrease in electron temperature
near the outer wall, the dust charge is low there. This effect

Dust Density
- 10 -3,
0.05 n, (107 m™)
0
0.1683
0.04
B 03367
0.01

0.5050
0.6733

o

o

(=3
1

0.8417

Axial (m}

1.010

ot

o

N
|

1478
1 1.347
0.01 R
1.683

1.852

0.00
0.00

T T T 2,020

0.02 0.03 0.04 0.05
Radial {m}

FIG. 8. Dust density profile for a magnetic-field-free dusty dis-
charge. We can clearly see the dust-free void in the center of the
discharge. The sheath regions are also dust-free. In this case, we
find a local maximum in the density just outside of the electrodes.
The closed boundary around the void was formed after £1.15 s.
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FIG. 9. Dust density profile for a magnetized dusty discharge.
The central dust-free void is now clearly cigar-shaped, due to the
change in the ion density profile. There is no local maximum in the
dust density outside of the electrodes. In this magnetized case, the
void was closed after 0.55 s, about twice as fast as in the unmag-
netized case.

is even enhanced by the magnetic field. The low dust charge
and the increase in the ion flow is also the reason for the
decrease in «a, as mentioned in Sec. III. The typical amount
of electrons on a dust particle in the plasma bulk is 40000
and is plotted in Fig. 10 for the magnetic-field-free dis-
charge. Figure 11 shows how the dust charge in the bulk of
the magnetized discharge is almost the same as the dust
charge in the unmagnetized discharge. The dust charge near
the outer walls is less, however, due to the change in the
plasma parameters induced by the magnetic field. Note that
the charge per particle is computed everywhere, also in re-
gions without any dust present.

V. DUST TRANSPORT WITH AN APPLIED
MAGNETIC FIELD

The most important observation regarding the dust trans-
port is the large reduction in the time needed to form a closed
dust-free void. In order to compare the results for different
magnetic-field strengths, we define the time when the dust
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FIG. 10. Number of electrons on a dust particle for a magnetic-
field-free dusty discharge. The dust is mainly negatively charged,
which results from the high electron mobility compared to the ion
mobility. Typical dust charges are 10*~10° electrons.
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FIG. 11. Number of electrons on a dust particle for the magne-
tized discharge. The dust charge is again negative. The typical dust
charge is similar to that of the unmagnetized discharge, in the order
of 10*~10° electrons per dust particle.

sources are turned on as r=0. Furthermore, we define the
time when a dust-free void is formed as that moment when
dust contours of n,=8 X 10° m™ are closed around the void.
This value has no physical meaning, but is chosen only be-
cause this value was easy to identify. It would be physically
more appropriate to use the coupling parameter as a con-
straint, for instance by identifying the void formation time as
the moment where I'>T" .~ 160 [32], but the coupling pa-
rameter becomes very large for small values of the density,
which makes it very hard to identify the right time from this
criterion. The void formation times found in the simulations
are shown in Fig. 12. The error bar indicates the possible
error we made in taking the right frame. For higher magnetic
fields, the void closes faster and it is more difficult to iden-
tify the moment when the dust contours are closed. For low
magnetic fields, we estimated that we can be one frame off.
For high magnetic fields, we estimate two frames. One frame
corresponds to 0.02 s.

We see that for increasing magnetic field, the time needed
to form a closed void is decreased by more than a factor of 2.

1.2]
1] %
1.0
0.8 ]
0.8
0.7
0.6
0.5—: f i
0.4 ]
0.3 ]
0.2
0.1

0.0 T i T T T i T T T v T
0.0 0.1 0.2 0.3 04 0.5

Magnetic field (Tesla)

Void formation time (s}

FIG. 12. The time needed to form a closed void. The definition
is taken to be closed contours of dust density n,=8x10° m™
around the void. For higher magnetic fields, the time needed to
form a closed void becomes much shorter. This means that there is
increased transport of dust in the plasma.
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FIG. 13. Time-averaged ion density profiles in plane of symme-
try at z=0.027 m for different values of the magnetic field. A large
quasineutral bulk builds up between the electrodes, together with an
increasing gradient at the edge of the electrodes. The increasing
gradient is shown in Fig. 14 and plays an important role in dust
transport.

This means that either the transport of dust particles through
the plasma is increased, or the distance to the force balance
point is reduced, or a combination of both factors. In order to
understand this reduction in the void formation time, as well
as the change in the void shape, we will compare the plasma
and dust parameters at the moment the void is closed. Since
these times are different for different magnetic fields, this
also means that the total number of dust particles at these
times will be different.

The formation of a dust-free void is the result of dust
transport through the plasma. Dust particles will move to
points where all the forces acting on them cancel. The two
most important forces acting on the dust particles are the ion
drag force and the electrostatic force. The thermophoretic
force does not play an important role. The electrostatic force
pushes the negatively charged dust particles inward, while
the ion-drag force is pushing the dust particles toward the
outside [33].

The change in the ion density distribution is therefore
important for the transport of dust. Figure 13 shows the ion
density profiles in the plane of symmetry at z=0.027 m. For
higher magnetic fields, large gradients appear near the edge
of the electrodes at ¥=0.021 m. The quasineutral bulk be-
tween the electrodes becomes larger for higher magnetic
fields. The total number of ions, which corresponds to the
surface under the graphs, remains about equal, which indi-
cates that the total ionization does not change.

Figure 14 shows the gradients in the ion density near the
electrode edge. We see that for high magnetic fields, the
gradient becomes almost two times the gradient without
magnetic field. The change in the gradient has two implica-
tions. First, the balance between the electrostatic and the ion-
drag force changes. Second, the forces close to the point
where all force balances become different. Figure 15 shows
the net radial force in the plane of symmetry. The dust par-
ticles move to the points where the net force is zero. These
points are indicated with the small lines on the horizontal
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FIG. 14. The radial gradient in the ion density near the edge of
the electrode, in the plane of symmetry in arbitrary units. We see
how for low magnetic fields the gradient is slightly decreased. For
high magnetic fields the gradient becomes larger, which has an
important impact on the force balance shown in Fig. 15.

axis. The thick black lines indicate the gradient in the force
at these balance points. Note that for the magnetic-field-free
discharge, the force balance occurs far away from the dis-
charge center, as was indicated by the local dust density
maximum in Fig. 8. For the discharges with large magnetic
fields, the force balance lies much closer to the discharge
center.

We see that the change in the ion density profiles has an
important effect on the transport of dust in the discharge. The
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FIG. 15. The net force acting on dust particles in the radial
direction in the plane of symmetry at Z=0.027 m. The point where
the forces balance is indicated by the black lines on the horizontal
axis. The large black lines indicate the gradient in the force at the
points where the total force vanishes. For small magnetic fields, the
gradient in the force does not change much, as is shown in Fig. 14.
However, the force balance points move inwards, due to the differ-
ent ion density profile. For high magnetic fields, the force close to
the force balance points becomes larger. The total effect is faster
dust transport towards the force balance points and a smaller dis-
tance between the initial dust particle positions (below and above
the electrodes) and the force balance points, which leads to shorter
void-formation times.
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FIG. 16. Time-averaged potential profiles in the bulk in the
plane of symmetry, for different values of the magnetic field. There
is no enhanced radial component of the electric field in the
quasineutral bulk; the gradient in the potential is practically the
same for different values of the magnetic field.

magnetic field does not change the mobility and diffusion of
the ions directly, however, since the ions are too heavy to be
magnetized by the magnetic fields used in the simulations. In
order to understand the change in the ion density profiles, we
analyze the differences in ion transport in the next section.
Since we calculate the drift velocity of the dust assuming
that the friction with the neutrals balances all other forces,
there cannot be an overshoot followed by a damped oscilla-
tion when the dust moves toward the equilibrium point. In
case the friction is too low, the frequency of the oscillations
is also affected by the magnetic field. The stronger derivative
of the net force will increase the oscillation frequency with
increasing magnetic field. We are not able to study this
within the context of our model. This is also true for dust
vortices, often observed in dusty plasmas under micrograv-
ity. However, the force field calculated to simulate the dust
transport does show vortices when used to track single dust
particles, as was shown in [33]. The results were similar to
the theoretical calculations performed in [34]. We also do not
consider Brownian motion of dust particles around equilib-
rium positions, which might affect the true transport time
scales involved. However, for the distances over which the
dust is transported in our simulation, the effect of Brownian
motion will not be a dominant transport mechanism.

VI. ION TRANSPORT AND “AMBIPOLAR” DIFFUSION

One possibilty for the large radially extended bulk in the
ion density is an increase in the effective electric field in the
bulk. Figure 16 shows the electric potential. We see the
growth of the quasineutral, equipotential bulk of the dis-
charge. There does not seem to be a large change in the
gradients of the potential. We conclude at first sight that there
is no change in the time-averaged radial electric field in the
bulk, large enough to explain the change in the ion density
profile.

Another explanation would be a change in ionization. Fig-
ure 13 shows that the total number of ions does not change
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FIG. 17. The dissipated power for the electrons, ions, and the
total dissipated power for different values of the magnetic field,
indicating the level of ionization. The dissipated power hardly
changes, which means that the total ionization in the discharge re-
mains the same for increasing magnetic field.

very much. A change in ionization will also be reflected in a
change in the dissipated power in the plasma. Figure 17
shows the dissipated power.

We see that the dissipated power remains about the same
for different values of the magnetic field, +0.1 W. There is
no change in the total ionization in the discharge large
enough to explain the difference in the ion density distribu-
tion.

Another explanation could be a change in the currents;
maybe more current is directed to the outer wall, instead of
to the electrodes, leading to more Ohmic heating of electrons
in the radial direction, causing more ionization radially than
axially. However, the current to the electrodes, plotted in Fig.
18, also remains equal. There is no important change in the
current distribution inside the discharge with an applied mag-
netic field, which can explain the change in the ion density
distribution.

The only remaining explanation is therefore a change in
the diffusion of positive ions in the bulk toward the outer
wall. The diffusion in the quasineutral bulk will be mainly
ambipolar diffusion. Ambipolar diffusion is based on the
equality of the electron and ion fluxes, together with the
assumption of quasineutrality. In a dusty plasma this reads
n,e=n,e+eZpnp and the equations for the ambipolar diffu-
sion have to be changed accordingly [35,36]. However, when
the dust particles are introduced, the ion drag forcing them to
move “around the void” is mainly due to ions diffusing out
of the bulk of the discharge, where no dust is present. The
ions will therefore diffuse out of the bulk with a diffusion
coefficient equal to the normal ambipolar diffusion coeffi-
cient,

— /*LiDe+lueDi
Mo+ M

Using Eq. (17), we notice that the ambipolar diffusion
coefficient is reduced when the electrons become magne-

D, (25)
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FIG. 18. The current to the electrodes for different values of the
magnetic field. The current to the electrodes does not change, which
means that the current towards the outer walls does not change as
well (the total current has to be conserved). Thus, the current dis-
tribution in the discharge does not show an important change for
increasing magnetic field.

tized. Fig. 19 shows a plot of the electron-magnetized ambi-
polar diffusion coefficient for the discharge parameters used
in the simulation. Without magnetic field, the ambipolar dif-
fusion coefficient reduces to the classical value for w,> u;;
D,=D/(1+T,/T;), which is indicated by the dashed line. For
very large magnetic fields, the ambipolar diffusion coeffi-
cient approaches the magnetized electron diffusion coeffi-
cient, indicated by the dot-dashed line.

We can also rewrite the equality of fluxes in the bulk to
derive the ambipolar electric field. The result for electroposi-
tive discharges [37] is

Diffusion coefficients

D (m*s™)

[¢] MR Laev b ey
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FIG. 19. Radial ambipolar diffusion coefficient for different
magnetic-field strengths. Solid line is the ambipolar diffusion,
dashed line the magnetic-field-free value, and the dot-dashed line
the magnetized electron diffusion coefficient. We see that for higher
magnetic fields, the diffusion of ions out of the bulk becomes less,
because of the magnetization of the electrons, and approaches the
magnetized electron diffusion.
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TABLE I. The calculated ambipolar electric field according to
Eq. (26) and the effective electric field found from the model ac-
cording to Egs. (3) and (4) for different values of the applied axial
magnetic field, B. We see that in the bulk of the discharge, the
effective electric field is given by the ambipolar electric field. The
flux of plasma particles in the bulk of the discharge is therefore the
ambipolar flux. The magnetic field reduces the ambipolar electric
field in the bulk and thus the ambipolar flux of plasma particles out
of the bulk of the discharge.

B (T) Ambipolar field (V/m) Bulk field (V/m)
0 239 240
0.01 140 150
0.05 100 125
0.1 52 60
0.25 38 42
0.5 19 20

(26)

dl D,-D
E,,=- n(n+,e) ( e +) )

dx Mo+ My

Comparing the calculated ambipolar electric field with the
time-averaged electric field in the bulk found from the simu-
lations, we find a good agreement, as shown in Table 1.
Since the total ionization remains the same, while the dif-
fusion of the ions is reduced for higher magnetic field, the
area between the electrodes fills up with ions, resulting in the
cigar-shaped bulk. The total current to the outer wall is the
same, however, as Fig. 18 shows. This means that the gradi-
ent in the ion density must increase, since the flux of ions in
the bulk is now given by the ambipolar diffusive flux,
ri=- Da%. (27)
ox
We indeed see that the ion density gradient near the edge of
the void increases with increasing magnetic field and thus
with decreasing ambipolar diffusion. We need to consider
one more thing, namely a possible change in the charging of
the dust particles in the presence of a magnetic field, for
instance by a change in the electron orbits.

A. Effect of magnetic field on charging

As was mentioned in the abstract, the effect of the mag-
netic field on the charge of dust particles can be neglected.
This is important for the interaction between dust particles,
and thus for the formation of voids as well. In [38] it was
mentioned that a magnetic field can have an important effect
on the charge of dust particles. The charge is first reduced
when the electrons are magnetized and the electron cyclotron
radius becomes smaller than the capture radius of the dust
particles as derived by OML theory; r,>r.. For an electron
orbiting with a constant cyclotron radius, there are two de-
grees of freedom, namely the translational direction, parallel
to the magnetic field, and the azimuthal direction, perpen-
dicular to the magnetic field. Assuming that the total thermal
energy is evenly distributed over the kinetic energy, i.e.,

PHYSICAL REVIEW E 72, 046403 (2005)

1 1
kgT, = Emevi = Eme(vzl + vﬁ) = Eme(Zvi), (28)

we rewrite this, by using v, =, 7., as

m kgT
r.B=—* ﬂ, (29)
e m,
which means that for a change in the charging of dust par-
ticles by the magnetization, we can find the critical magnetic
field as

kgT.,
r B> e[l (30)
e m,
Filling in the numbers, this gives
rqg (um)B (T) > 2.386\T, (eV), (31)

which was also stated by Tsytovich et al. in their article, but
in units of kG [38]. The critical magnetic field for the ions is
u=\mT;/m,T, times higher. In our simulations, the dust
particle radius is 6.8 um. The typical electron energy is a
few eV. This means that the critical magnetic-field strength is
approximately 0.6 T. In our simulations, we stayed below
this value and therefore we conclude that the magnetic field
does not have an important effect on the charging of the dust
particles. Therefore, we can still use the OML theory to cal-
culate the dust charge [Egs. (7) and (8)].

VII. COMPARISON WITH THE PLANET FORMATION
REGION

We start by considering the magnetization of the ions and
electrons in the dusty plasma around the YSO. Using the
literature [39], we find the values for the neutral density,
temperature, and the magnetic field: n,~10" m=,T,
~100 K,B~1073 T, so that we can calculate the electron
momentum transfer frequency and electron cyclotron fre-
quency as v,,,~10° Hz and w.,~10® Hz. So, 8,>1 as in
our simulations. For the ion species we assume that hydro-
gen will be the most common element. Taking a density of
10" m=3 [39] and estimating that hydrogen is mu+/my+
~6 times more mobile than the argon used in our model
[40], we find a momentum transfer frequency of v,y
~ 107 Hz, whereas the cyclotron frequency is W= 10° Hz,
so By<<1 as in our simulations.

The dust particle diameters as observed in [9,10] and as
observed in meteorites on Earth as the so called “chondrites”
are all in the um range [41]. Therefore, our choice of a
radius of 6.8 um fits well within the range of these observa-
tions.

The source of ionization in a star formation region around
a YSO consists of ionization by cosmic rays and by the in-
tense UV flux originating from the YSO. The remaining en-
ergy of the UV photon after the ionization will almost com-
pletely be picked up by the electron, leaving a cold
population of ions and a hot population of electrons. This
will lead to charge separation and ambipolar diffusion. Even
though the experiment in our model has walls at which the
plasma ends, the local ionization and transport of plasma
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particles in the quasineutral part is similar. In the space en-
vironment, plasma will recombine once the average energy
of the electrons has become low enough. The surrounding
neutral background can then be considered “the walls”
around the plasma. The role of ionization by UV radiation in
a dusty plasma has been discussed in [42].

In our model, we use a fluid description of the plasma and
dust particles. This can be done since in the size of the ex-
periment (L) many collisions of the plasma particles under
consideration occur. The so called Knudsen number [/L is
very small, with / the mean free path of the particles, which
is in the order of a millimeter. In the planet formation region,
! is much larger, due to the low background density. How-
ever, the size of the dusty plasma is hundreds of a.u.’s. There
are many collisions of plasma particles with the background.
The only difference would involve the time scales on which
collisions occur.

The process of planet formation includes the process of
the actual formation of micrometer-sized dust particles
through the coagulation of weakly charged, nanometer-sized
particulates, which involves weak, short- range forces. How-
ever, a large part of the planet formation process involves the
coagulation of larger, micrometer-sized dust particles. These
particles will carry a significant charge and therefore the
plasma-particle and interparticle forces will dominate over
weak, short-range forces and the transport of dust particles
through the plasma becomes important. We have shown that
a magnetic field plays an important role in the transport of
plasma and dust particles in low-temperature plasmas, which
shares many parameters with the dusty plasmas around
YSO’s. The better confinement of electrons as compared to
ions creates regions where the ratio of the ion and electron
density becomes so high that the dust may even get a posi-
tive charge, thus enhancing coagulation. We therefore con-
clude that magnetic fields will play an important role in the
transport of dust particles, thus in the possibility of coagula-
tion of these dust particles and in the process of planet for-
mation in general.

VIII. CONCLUSIONS

We have used a fully self-consistent 2D model to solve
the transport of plasma particles and dust particles in a low-
temperature rf argon discharge under microgravity condi-
tions in the presence of a homogeneous magnetic field in the
axial direction. This model includes ionization, excitation,
and recombination on dust particles, together with an ap-
proach to account for the change in dust diffusion when a
crystalline region is formed.

We have discussed the importance of the ion drag force.
After a careful analysis of recent theoretical and experimen-

PHYSICAL REVIEW E 72, 046403 (2005)

tal results, we argue that the approach of Barnes er al. to
compute the ion drag force, taking the electron Debye length
as the cutoff length, is still qualitatively appropriate to de-
scribe the ion drag force.

We have shown that a magnetic field in a low-pressure rf
discharge under microgravity conditions has important con-
sequences for the transport of plasma particles and conse-
quently for the transport of dust. The electrons are magne-
tized and their perpendicular mobility and diffusion
coefficient is reduced. This also reduces the ambipolar diffu-
sion of plasma particles out of the quasineutral bulk of the
discharge. Already at low magnetic fields the ion density
profiles are affected and the quasineutral large bulk covers a
larger part of the area between the electrodes. For high mag-
netic fields, a large gradient in the ion density builds up. This
moves the point where all the forces acting on the dust par-
ticles cancel inward, away from the wall. The large gradient
in the ion density results in a large gradient in the total force
around this point where the forces balance. The combined
effect of the reduced distance that injected dust particles
have to travel before reaching force balance, and the in-
creased force they experience close to this point results in a
reduction of the time scale on which a closed void is formed,
for increasing magnetic field. The direct effect of the mag-
netic field on the charging of dust particles can be neglected;
changes are only due to the different plasma background.

Even though in the rf reactor the loss of ions to the wall is
the reason for the ion transport, we showed that there are
many collisions in the plasma before the ions reach the wall.
We also showed that the main transport mechanism in the
bulk of the plasma is ambipolar diffusion. In YSO’s this
ambipolar diffusion is most likely the main source for
plasma transport. Since so many features of the modeled
experiment coincide with those of a YSO dusty plasma and
since the discussed mechanism depends so strongly on the
ambipolar diffusion in the bulk and not on the properties of
the plasma at the walls, we believe that the presence of a
magnetic field around YSO’s has an important effect on dust
transport time scales and therefore on time scales involving
planet and star formation. We believe that it is worthwile to
check these findings in future low-temperature rf experi-
ments, extended with an applied magnetic field.
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