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In present fusion devices the generation of dust particles is observed and
characteristics of the dust particles collected after discharges have been analyzed.
Typically the collected dust particles have irregular, flake or spherical shapes with
sizes from nanometers to tens of micrometers and consist of materials of divertor
plates, first wall or inner structures. They are considered to appear in a plasma
due to erosion of plasma-facing surfaces, condensation and adhesion of
plasma-spattered materials, flaking of redeposition layers. The motion and
destruction of dust particles in the high temperature plasma region can contribute
to the impurity transport that makes essential to study behavior of dust particles
during a discharge. It is well known that dust particles obtain large, usually
negative, electrical charge (up to 10% elementary charges) in a plasma and can
affect electric potential distributions and change kinetic properties of the plasma
due to scattering and absorption of plasma particles. The important safety issue is
the ability of dust particles to accumulate large amount of radioactive tritium. The
dust may be a primary radiological and explosion risk factor. In recent years dust
particles also have attracted attention in growing technological applications of
plasmas connected to astrophysical, space, laboratory, and processing applications.
In fusion devices the dust density usually is not high enough to show the collective
effects. Therefore, the aim of the present study is to investigate the behavior of a
single dust particle in a plasma wall transition layer that includes sheath
formation with the dust particle, analysis of releasing conditions at the wall and
possible trajectories of dust particles with various sizes and masses. We consider a
conductive spherical dust particle initially placed on the wall. The directions and
magnitudes of the forces acting on the dust depend on the local plasma parameters,
dust particle size and charge. The present problem needs to be analyzed
self-consistently because the charge of the dust particle affects the surrounding
plasma and mutually depends on fluxes of electrons and ions to the dust particle.
This presents significant difficulties in the theoretical treatment of such problem;
therefore, we used computer simulations in combination with a simplified
theoretical approach. Assuming local plasma parameters known and fixed we can
theoretically find the charge, currents and forces to the dust particle that allows to
analyze its behavior in a wide range of sizes, masses, spatial and time scales.

At first, we investigate the conditions allowing a dust particle to be released
from the wall, when the total force is acting on the dust towards plasma. The total
force in our analysis includes the electrostatic force, the drag forces due to ion
absorption and scattering, the electrostatic image force due to redistribution of
charges on the wall and the gravitational force. The ion drag force is obtained using

the Orbital Motion Limited (OML) theory, which gives us absorption cross section



of electrons and ions by the dust particle, and the charge of dust particle attached
to the wall is determined by the wall surface charge density and dust radius. The
condition for releasing of the dust particle is obtained analytically in respect to the
dust radius. From this condition we derive the “first critical dust radius” that is the
largest radius of the dust particle capable to leave the wall. Using estimations of
plasma parameters near the wall according to the Bohm sheath theory, we can
express the first critical radius as a function of the wall potential.

. For the case of the zero gravitational force (vertical surfaces), it was shown
that the first critical radius exists only when the wall potential exceeds the
threshold value, below which no dust particles can be released from the wall. For
the deeper wall potentials than the threshold one, the smaller dust particle than
the first critical radius will be released and the bigger one will be pinned to the
wall due to the large ion drug force compared to the electrostatic force. Changing
the wall potential we can control the size of released dust particles or suppress
motion of all dust particles. When the gravitational force is directed toward the
wall, it reduces the value of the first critical radius, but does not affect the
threshold potential. For the opposite direction of the gravitational force, there are
two values for the first critical radius, which define two zones in the “dust radius —
wall potential” space for the released dust particles. Configuration of the zones is
controlled by the gravitational parameter that is a function of dust mass density
and plasma parameters. One of the zones is dominated by the electrostatic force
and another one by the gravitational force. For a large gravitational parameter
they are merged, while for a small one they are separated by a range of wall
potentials, where no dust particles can leave the wall.

The motion of the released dust particles in one-dimensional (1D) boundary
plasma is analyzed numerically by solving dust motion and charging equations
simultaneously. In the model of a plasma being not affected by the dust particle, we
consider the 1D system bounded at one side by a perfectly absorbing electrically
biased wall and at another side bordering with a bulk plasma with given densities
and temperatures of electrons and ions. The bulk plasma provides continuous
inflow of plasma particles into the system, which is filled with uniformly
distributed neutral gas. A Debye sheath is formed in front of the wall and an
extended ionizing presheath is formed further from the wall due to electron impact
ionization of neutral atoms. This system was simulated with the originally
developed 1D Particle-in-Cell/Monte-Carlo (PIC/MC) code. The simulations
conducted to achieving the steady state give us the spatial distributions of plasma
parameters (densities, flow velocities, temperatures, potential etc.) in the sheath
and the presheath. Using the OML theory and simulated plasma parameters, we
found currents and forces to the dust particle and solved dust dynamics equation

numerically. The simulated trajectories of the released particles in a plasma show



small or large amplitude oscillations that are sharply discriminated with the
critical radius: the “second critical radius”. The smaller dust particles than the
second critical radius have a large amplitude of oscillations going deeper into the
plasma. The existence of the second critical radius is caused by the appearance of
an effective potential barrier near the wall due to reduction of the dust charge that
depends on sharply changing local plasma parameters. The second critical radius is
increasing with decreasing of the dust mass due to a delayed charging effect. This
effect leads to the dust charge is being larger than the local equilibrium one during
the motion of a released particle from the wall, thus allowing the lighter dust
particles to oscillate with a larger amplitude. When the dust mass is smaller than a
certain critical value, there is no more clear discrimination between small and
large amplitude oscillations and the second critical radius disappears.

The 1D model applied here does not take into account effects of interaction
between a dust particle and a plasma. When the size of dust particle is larger than
the Debye length, these effects may be significant and disturb the wall sheath
formation around the dust particle. For the self-consistent analysis of the spherical
dust particle behavior in a boundary plasma near the wall, the two-dimensional
(2D) PIC simulations with a cylindrical symmetry are carried out. The charge,
electron and ion currents and forces are simulated for a dust particle attached to
the wall. It is shown that the simulated dust charge is in a good agreement with the
theoretically calculated one for the smaller dust size than the Debye length. The
theoretical value is calculated for a polarized dust particle at the wall in
non-uniform external electric field, where the interaction between dust and plasma
is not included. When the dust size is larger than the Debye length, the absolute
value of the dust charge is significantly higher than the theoretical value. This
result is explained by the enhanced normal electric field at the dust surface due to
the plasma shielding effect. This effect also leads to increasing of the repulsive
electrostatic force and the first critical radius. Simulation result of the electron
current density to the dust particle shows weak dependence on the dust size
contrary to the OML prediction. A modified OML expression for the electron
current density was presented, where the surface potential of the dust is replaced
by the fixed wall potential. This modification shows good agreement with the
simulation results. The same substitution for the ion current density also
eliminates its dependence on the dust particle radius; nevertheless, the
discrepancy exists between the simulation results and the modified OML formula.
Further modification of the OML expression was made by taking into account the
sharp change of the impact parameters (potential energy and flow velocity) of
absorbed ions inside the sheath. This correction gives a good agreement between
simulation results and theory for the smaller dust particles. For the dust particles

bigger than the sheath width, the saturation of the ion current density was



observed due to the development of the individual spherical sheath around the dust
particle. The 2D simulations confirmed the existence of the first critical dust
radius and showed good agreement with the prediction by the 1D model for the
smaller dust particles than the Debye length.

In this study the existence of the first critical dust radius was predicted
theoretically and confirmed with the 2D self-consistent simulations. We found the
second critical dust radius separating small and large amplitude oscillations of the
dust particles in the boundary plasma. The 2D self-consistent simulations of a dust
particle on the wall gave us a good agreement with the theoretical results for the
smaller dust than the Debye length and showed enhancing effect of the dust sheath
on the dust particle charge and the electrostatic force. Modifications of the OML
expressions for electron and ion current densities are proposed. The self-consistent
simulations of the dust particle dynamics in the sheath as well as effects of a
magnetic field and various elementary processes remain of the future issues. The
results of this research give us the principle understanding of the dust
characteristics in boundary plasmas and can contribute to the investigation of the

dust dynamics in the realistic and complex situations.
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