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Abstract

Dynamics of dust particles in a divertor plasma is simulated using numerical solutions of
dust momentum and charging equations in an electrostatic sheath and an ionizing presheath,
where an electrostatic force and a drag force due to absorption of plasma ions are taken
into account. Spatial distributions of plasma parameters in a divertor are obtained with
particle simulations including ionization by electron-impact, We found that the critical
dust radius exists. Dust particles with a larger radius than this critical one are incapable to
come off a divertor plate because the ion drag force is stronger compared to the electrostatic
force. Control of the plate potential can suppress the dust motion from the plate. The radii
of heavy dust particles are classified with respect to equilibrium positions. Considering
dust particles started at the plate with radii smaller than the critical one, two types of dust
motion were found. Dust particles with the first type of motion come back to the plate
before approaching their equilibrium positions, The second type of motion is presented by
smaller dust particles which oscillate around their equilibrium positions.

1 Introduction

Production of dust due to interaction of plasma with walls and divertor plates in fusion devices
is going to be one of growing issues with expecied long discharge time and high energy out-
put. One of the main features of dust particles that differ them from other impurities is large
self-consistent electric charge. Presence of such highly charged dust particles changes spatial
potential distribution in divertor plasmas that modifies conditions for heat transmission [1, 2]
and finally affects the boundary conditions for fusion plasma. So far, there are few direct
experimental observations of dust particles in fusion devices, all of that concerned to dust col-
lected from the inner vessel’s walls after series of the discharges [3, 4]. However, there is a
lack of data about dust particles properties during discharges. The questions of first interest
are possible trajectories and density distributions of dust particles, their equilibrium positions
and electric charges. '

As known plasma near material walls, where dust particles usually created, forms elec-
trically charged sheath and presheath, The potential drop in the presheath accelerates ions



toward the wall, so that the Bohm criterion can be satisfied at the sheath-presheath bound-
ary [5]. A number of previous theoretical and numerical researches of dust motion in the
sheath-presheath systems [6, 7, 8] considered fluid models of plasma or assumed constant
charge of dust particles. In the present work, we study dynamics of dust particles in the di-
vertor plasma that kinetically simulated with the particle code including the presheath forma-
tion by electron impact ionization. Therefore, the aim of the present research is investigation
of motion of dust particles started from the divertor piate in plasma including both sheath
and presheath, in particular investigation of the maximal distance that dust particles approach
moving off the divertor plate.

2 Model

We consider the one-dimensional model of plasma facing the divertor plate under floating
potential. The plasma consists of protons, electrons, and neutral hydrogen gas uniformly dis-
tributed with fixed density n, and temperature T,. The simulated system of the length L is
bounded by the bulk plasma containing equilibrium electrons and ions with the constant den-
sities n, = n; = n, and the temperatures Ty, T;;. The only elementary process accounted
in the system is hydrogen ionization by electron impact that allows us to create the ionizing
presheath. The divertor plate is assumed perfectly absorbing for electrons and ions, therefore
no secondary emission and recycling considered. We do not consider the effect of a magnetic
field on particles motion what implies, however, that the magnetic field which is perpendicular
to the plate can be present in the system.

Simulation of plasma is carried out using 1D3V particles-in-cell method with ionization of
neutrals accounted by Monte-Carlo technique [9]. The cross section of hydrogen ionization
by electron impact is described by the fitting formula from [10]. Spatial distributions of the
potential at each time step are obtained by solving of Poisson’s equation with zero potential
of the bulk plasma boundary, ¢(—L) = 0, and the field at the divertor plate, E,, = ~0,,/€o,
where ¢, is the surface charge density of the plate. Typical time of calculations comes to a
few thousands periods of the plasma ion oscillations until the steady state is achieved.

The real values of the system parameters for the simulation were chosen close to that of
the divertor plasma: the temperatures of electrons and ions in the bulk plasma Ty = T} =
10 €V and the density n, = 10'2 em~2. The length of the simulated system is L = 100Ap,
where Ap = (g0Ts/n5e?)/? = 23.5 um is the bulk electrons Debye length. With the purpose
of getting the reliable presheath, whose length is order of ionization mean free path, fitted in
the simulated system we effectively increased the neutral gas density that was n, = 10'® e ™3
with the temperature T, = 0.025 eV.

The huge difference in timescales of dust particles motion and plasma dynamics allows
us to consider dynamics of a conducting spherical dust particle of radius R, separately from
formation of stationary plasma parameters in the system. To describe the motion of the dust
particle in the divertor plasma we solve momentum and charging equations with the simulated
plasma parameters:

m‘;% = F(z,t), %ﬁ = I(z,1). )




Here myq is the mass of dust particle, (04 is its charge, z is the position of dust particle, F(z, t)
and Iz, t) are the local acting force and the flowing current onto the dust particle, respectively.
The initial conditions for dust dynamics equations (1) imply the dust particle in contact with
the divertor plate has zero velocity and electric charge that corresponds to the plates surface
charge density:
dz 2
z(t=0) =0, I =0, Qa(t=0)= —dneoE,Rj. (2)
=0

To calculate the local force and current onto the dust particle we need to know the lo-
cal velocity distribution functions of electrons and ions. As the electron velocity distribution
function, we assume Maxwellian distribution with the simulated local effective electron tem-
perature T.(z) = m. ({v2) — (v)?)|,. here brackets mean ensemble averaging, m. is the mass
of electron, v, is local velocity of an electron. For ions, we assume the monoenergetic velocity
distribution function with the simulated local ion flow velocity V;(z). These assumptions are
good enough for the estimation purpose that will be confirmed in the next section by compari-
son of the estimated values of the plasma parameters based on the approximate functions with
the simulated ones.

For a dust particle moving in the divertor plasma, we account the electrostatic force Fg(z,1) =
Qa(z,t)E(z) and ion drag force due to the absorption of ions by dust particles Fy(z,t), so
that F(z,t) = Fe(z,t)+ Fs(z, ), where E{z) is the local electric field. We neglected the drag
forces concerned with electrons due to their small mass, and neutrals as frictional force that
introduces only energy dissipation. Using the cross section for ion absorption by a spherical
dust particle according to the orbital motion limited (OML) theory [11] and above assumption
for the ion velocity distribution function the ion drag force acting on the dust particle can be
written as

t
Fy(z,t) = wRﬁm,-n.-(m)Vf(I) (1 - gﬂgjg:iv?ﬁ(x)) ' ©

where m; is the ion mass, n;(z) is the local ion density. The current on the dust particle consists
of two components: electron current I.(z,¢) and ion current I;{x,t). For the approximated
distribution functions using the OML approach we can find

8T, ,t
e (S
1
La.t) = nRien(a) (o) (1- 5—C2E0 ), ®

where n.(x) is the local density of electrons. Considering forces and currents on the dust
particle, we have neglected dust particle velocity in comparison with electron and ion velocities
owing to the large dust particle mass.

3 Distributions of plasma parameters

Simulated spatial distributions of the electric potential, the charge densities, the flow velocities
and the effective temperatures of electrons and ions are shown in Fig. 1. We can see the
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Fig. 1 Simulated spatial distributions of the electric potential, the charge densities, the flow velocities
and the temperatures of plasma components in the system.

monotonic potential distribution in the system that includes the positively charged sheath and
the quasineutral presheath. As expected the largest part of the potential drop between the
floating plate and the bulk plasma falls on the sheath region. Inside the sheath, all parameters
of the plasma change significantly due to rapid acceleration of ions and modification of the
electron velocity distribution function. In contrast, inside the ionizing presheath region there
is the weak electric field, the almost constant effective temperatures of electrons and ions,
and gradual acceleration of ions toward the plate up to the sound speed accompanied with the
density decreasing. According to the Bohm criterion we can define the sheath edge as the
position, where the ion flow velocity equals to the local ion sound speed
1
o) = (FEEERE) ©
my

for one dimensional adiabatic case constant v = 3. The simulated spatial distribution of the
ion sound speed is presented in Fig. 1 normalized by c,0 = +/Zes/mi, where the obtained
position of the sheath edge is indicated as —L,;,. The simulated value of L, is 5.4Ap 4,
where Ap s = 1.36Ap is the obtained electron Debye length at the sheath edge.

To evaluate the results of plasma simulation we will compare the simulated potential drop
on the sheath with that given by the theoretical estimation {12, 13]:

1T, 1 ”Leci sh
sh = — 2 —F 7
¢ g 2 e tn (27? Te,sh ) ’ ( )

where T, . is electron temperature and ¢, 54 is the ion sound speed at the sheath edge. The
simulated and estimated sheath potential drops, egsp/Te 1, are —2.74 and —2.56, respectively.




The estimated value was obtained with substitution of simulated parameters ¢, 4, = 1.28¢40
and T, ;p, = 0.947,; in eq. (7).
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Fig.2 The simulated velocity distribution functions of a) electrons and b) ions at the sheath edge.

The difference of the potential drops mainly is a consequence of assumptions that were
made to get formula (7), the most important of which is the Maxwell-Boltzmann distribution
for electrons. In a collisionless sheath, the supposition of Maxwellian electrons is not satisfied
due to existence of electron current on the divertor plate. That means that part of high-energy
electrons moving toward the plate is overcoming sheath potential and is absorbed by the plate,
so that they do not return to the plasma to restore Maxwellian distribution. Therefore, high-
energy negative velocity tail of the distribution function of electrons will be absent and their
effective temperature and density are reduced. We can observe this effect in Fig. 2, where the
simulated electron and ion distribution functions at the sheath edge are shown. Two groups
of ions form presented ion velocity distribution function: injected from the bulk plasma and
created by hydrogen ionization, both of which were accelerated by the presheath potential
drop. Assuming that the slowest ions injected from the bulk plasma initially have zero velocity
and are accelerated in the presheath, we can approximately find the part of the injected ions in
the total ion density at the sheath edge. Such estimation shows that about half of the ions at
the sheath edge was injected and correspondingly the other half was created by ionization. As
can be seen, acceleration of the ions leads to narrowing of its velocity distribution function,
that allows us to neglect their temperature as the first approximation, which was used to obtain
the ion drag force and the current on dust particles.

4 Dust dynamics

Considering motion of dust particles started from the divertor plate we must at first answer the
question — is it possible? Indeed, if the ion drag force exceeds the electrostatic force acting
on a dust particle at the initial position on the divertor plate then it will never start to move.
This condition can be written as |[Fz(x = 0)| > |Fg(z = 0)| for a dust particle of the given
radius R;. Substituting in this inequality the expressions for the forces and initial conditions
(2), we can find that the dust particle can not leave the plate if its radius exceeds the critical



Table 1 The criticat radius of dust particles calculated basing on estimated and simulated plasma
parametes.

e¢sh/Te,sh niw/ne,sh in/cs,sh e’\D,aha/Tc,ah Rcl/AD,sh

estimation —2.56 0.46 2.03 0.62 3.0
simulation —2.74 0.51 2.08 0.63 2.3
radius
E 1 2 2
Rd:iql_w'(z__.), a:iwg. (8)
ENgin 0] n,-wm,-Viw

For the evaluation of this critical radius we can use the Bohm condition at the sheath edge
together with the flux and energy conservation for ions under the assumption of their mo-
noenergetic velocity distribution function. That gives us the following expressions for the ion
density and the flow velocity at the position of the divertor plate x = 0:

1 1
1+ M 2edy \ 1 (T, %
iw = 1- y My=—=\{+
M =M™ ( TMiCs sh * Ver \Ts 7

1
_ 2 26¢sh 2
Ugw —_ ca,ah - .

my

&)

Empirical estimation of the electric field at the divertor plate surface based on physically rea-
sonable assumption that this field depends on the sheath potential drop and width gives

¢sh

Bo = =100

(10)

The calculated values of R, using the estimations (9) and (10) and simulated 7.y, Viw
and E, are listed in Table 1. As can be seen, the critical dust radius is order of a few electron
Debye lengths that is possible for dust in a not very rare plasma. It was evaluated the value
of parameter « in eq. (8) is about unity, that conditioned by the floating plate potential. This
means that changing of the plate potential with applied bias voltage it is possible to control
the dust critical radius and probably to completely suppress the dust motion. The difference
between estimated and simulated values in Table 1 is consequence of the simple monoenergetic
ion approximation in eqs. (9), that also shows order of error made by such assumption.

For the following analysis of the dust motion in the simulated system, we obtained the equi-
librium positions for a dust particle. If a dust particle with the given radius R4 is placed
at some position in the plasma for sufficiently long time it obtains the local equilibrium
charge Q4 ,{x), which corresponds to the total zero current on the dust particle dQ g .,(x)/dt =
0. If the local equilibrium charge of the dust particle at some position corresponds to the total
zero force acting on it, then this position is equilibrium position z., of the dust particle of
the radius Ry, so that dz.,/dt = 0. Fig. 3 presents the calculated equilibrium positions and
corresponding equilibrium charges for dust particles with the given radius R4. Note that there




no equilibrium position exists for dust particles with the radius greater then R%® and there are
two possible equilibrium positions for dust with the radius R%* > R, > R}, where R3,
corresponds to the equilibrium position at the divertor plate x., = 0. If charging of the dust
particle is much faster than changing of its position and the corresponding plasma parame-
ters, then its charge {4{) and acting force F(z) are functions of the dust position only. This
situation can be realized for the heavy dust particles. That ailows us to introduce the local
effective potential energy of the dust particle Eoz¢(z) = [’ F(2')dz’, Fig. 4. Minima of the
effective potential energy correspond to the stable equilibrium positions of the dust patticle
and the maxima correspond to the unstable ones. According to Fig. 3 and 4, we can classify
the motion of heavy dust particles started from the divertor plate on their radii:

Re > Rg > RS* — There is no equilibrium position for the dust particle. The particle
returns to the plate just after detachment from it, thus performing very short oscillations in
immediate proXimity to the divertor plate.

R > Ry > R!, — The dust particle initially placed at the plate cannot reach its equi-
librium position due to existence of the effective potential energy barrier and returns to the
plate. However, if the initial kinetic enegy of the dust particle is larger than this barrier it can
oscillate around its equilibrium position.

R}, > R4 — There is only one equilibrium position for the dust particle that is the farther
from the plate the smaller is the dust radius. The particle will oscillate around its equilibrium
position.

3
9% 06 04 02010 005 0.00
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Fig. 3 The equilibrium positions and charges for dust particles of given radius.

Simulations of dynamics of the heavy dust particles with different radii using equations {1)
and (2) allow us to obtain the maximal distances from the divertor plate that the dust particles
can reach. Distributions of the maximal approaching distance on the dust radius in two systems
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Fig. 4 Spatial distributions of the ef- Fig. 5 The maximal distance from the
fective potential energy for dust particles plate that heavy dust particles approach
with different radii. in the systems of different lengths.

of different lengths are shown in the Fig. 5. As can be seen dust particles are capable to move
away from the plate on significant distance only if their radius smaller than R},. The smaller
is the dust the deeper it penetrates into plasma. Note also, that the maximal approaching
distance for a dust particle located much farther from the plate than its equilibrium position,
especially for small particles. Such small particles can reach the bulk plasma. Increasing of
the presheath length leads to increasing of the maximal approaching distance for the dust with
fixed radius, it contraries to the first glance that reducing of electric field in longer presheath
will lead to decreasing of the maximal approaching distance. This result, however, shows that
larger dust charge in longer presheath at the same distance from the plate makes electric force
even stronger. As would be expected, the value of R}, does not depend on presheath length as
it is determined by conditions at the divertor plate.

5 Conclusion and remarks

The motion of heavy spherical dust particles in the divertor plasma was analyzed using solu-
tions of dust dynamics equations. Corresponding spatial distributions of the divertor plasma
parameters were obtained with PIC/MC computer simulations. It was shown that the critical
dust radius exists, over which dust particles are incapable to move off the divertor plate due
to larger ion drag force, and analytical expression for it was obtained. Changing of the plate
potential, we can control the critical dust radius and there is possibility to suppress the dust
motion from the plate. The classification of dust trajectories started from the divertor plate
on dust radius was found: dust particles with the short range trajectories return to the plate
without reaching the equilibrium positions, if theirs exist; other dust particles oscillate around
their equilibrium positions. The maximal distance from the divertor plate that a dust particle
can reach showed that the smaller dust could deeply penetrate into the SOL plasma and that
the longer presheath increases the penetration depth.

Although we have analyzed dust motion in the simulated system, qualitative description of
the motion is applicable to wide range of sheath-presheath systems due to common properties




of spatial potential distributions. The influence of truncated velocity distribution function of
electrons and the effect of ion temperature on dust dynamics can be analyzed further, but
probably will not change the phenomena qualitativly. Also additional forces on dust particles
such as momentum transfer due to Coulomb collisions can be included in the consideration,
It should be noted that here we examined the motions of heavy dust particles whose charge is
equilibrium at any time. For the light dust that may not be the case and the effect of delayed
dust charging can be important. This is one of our future issues. As the final target of the
present research, we consider investigation of dust dynamics with distributed radii in self-
consistent potential inside divertor plasmas.
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