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Abstract
The trajectories and the ablation positions of boron dust particles dropped from
an impurity powder dropper in the peripheral plasma in the Large Helical
Device (LHD) were calculated using a three-dimensional edge plasma simula-
tion code (EMC3-EIRENE) and a dust transport simulation code (DUSTT). The
simulation shows that the trajectory of the boron dust particles is deflected at
the upper divertor leg due to the effect of the hydrogen plasma flow, and the
ablation positions of the dust particles in an ergodic layer change toward the
outboard side of the torus for higher plasma densities. The effect of the boron
ion flow in the divertor leg on the deflection is investigated by coupling the two
codes self-consistently. The simulation predicts that the boron ions in the diver-
tor leg, which are produced by sputtering on the divertor plates, which do not
affect the change in the ablation positions. It also shows that the ablation posi-
tions move toward the inboard side and approach the Last Closed Flux Surface
(LCFS) in case of increased boron dust drop rates, which is caused by the lowered
plasma flow in the upper divertor leg due to the lowered electron temperature
by radiation cooling by the dropped dust particles.

K E Y W O R D S
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1 INTRODUCTION

Impurity powder injection is an attractive optional technique for impurity seeding, wall conditioning, and dust transport
studies in magnetic plasma confinement devices.[1] A multi-species impurity powder dropper (IPD)[2] was installed at
an upper port on the vacuum vessel in the Large Helical Device (LHD).[3] Boron dust particles were dropped by the IPD
in previous experimental campaigns, which demonstrated the improvement of ion and electron energy confinement in
LHD plasmas.[4,5] The experimental results indicated that the control of the trajectory and the ablation positions of the
dropped dust particles in the peripheral plasma are critical issues for realizing high-performance plasma discharges.[6]

Simulation analyses using a three-dimensional edge plasma simulation code (EMC3-EIRENE)[7,8] and a dust transport
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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simulation code (DUSTT)[9–11] proved that the effect of the plasma flow in an upper divertor leg deflects the trajectories of
the dropped dust particles,[12] which can disturb the control of the ablation positions of the dust particles and the impurity
source profile in the peripheral plasma. The previous simulation was performed by assuming that the background plasma
parameter profiles were fixed and the density of the impurity ions originating from the dust particles was negligible
compared with that of the plasma. This assumption is only valid for the cases of quite low impurity densities in the
peripheral plasma and much lower dust drop rates. In order to extend the applicability of the simulation analysis, a
self-consistent simulation by coupling EMC3-EIRENE with DUSTT was developed, which provides calculations that are
consistent in both codes under conditions where the impurity ion densities are not negligible. In the following section, the
setup for the self-consistent simulation and calculations are presented. The effect of the impurity ions in the peripheral
plasma on the dropped dust particle trajectories is investigated from two points of view. One is the effect of boron atoms
produced by sputtering on the divertor plates due to the plasma (hydrogen ions), and the other is that by the boron ions
originating from the dropped boron dust particles.

2 SETUP FOR SELF- CONSISTENT SIMULATION OF
THREE-DIMENSIONAL DUST PARTICLE TRAJECTORIES

Figure 1 shows a perspective of a three-dimensional model for simulating the trajectories of dust particles dropped by the
IPD, which is for a half helical section (18◦ in toroidal direction) of the vacuum vessel in an open divertor configuration
in the LHD. The plasma parameter profiles in the peripheral plasma (including the ergodic layer and four divertor legs)
are provided by a three-dimensional edge plasma simulation code (EMC3-EIRENE). It surrounds the main plasma con-
finement region inside the Last Closed Flux Surface (LCFS) for a typical magnetic configuration (the radial position of
the magnetic axis Rax = 3.60 m). The EMC3-EIRENE code also calculates the density profile of the impurity ions in the
peripheral plasma by solving the continuity and the momentum balance equations of the impurity ions for each ioniza-
tion stage under the assumption that the temperature of the impurity ions equals the ion temperature of the plasma. The
ionization/recombination coefficients and the radiation power of the impurity ions are derived from the Atomic Data
and Analysis Structure (ADAS).[13] The plasma heating power and the plasma density at the LCFS (PLCFS and ne

LCFS) are
primary input parameters for EMC3-EIRENE. The energy and particle diffusion coefficients in the plasma were set to
0.5 and 1.0 m2/s, respectively, and the particle diffusion coefficient of the impurity ions was fixed to 1.0 m2/s. These coef-
ficients are typical values for reproducing the observed radial profile of the electron temperature, electron density, and
impurity ion density in the peripheral plasmas. A helical symmetry of the spatial profile of the plasma and impurities is
assumed at both toroidal ends of the three-dimensional model.

F I G U R E 1 A perspective of a three-dimensional model for the dust transport simulation for a half helical section in the open divertor
configuration in the case of Rax = 3.60 m, PLCFS = 8 MW, and ne

LCFS = 4× 1019 m−3.
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The initial position of the boron dust particles dropped from the IPD was set just above the upper divertor leg,
as indicated by an open yellow circle in Figure 1. The dust particles are injected downward from this position in free fall
at an initial velocity of 5 m/s, which corresponds to the actual velocity when the dust particles are dropped from the IPD
installation position at the upper port (outside of the model). The trajectories of the dust particles are calculated using a
dust transport simulation code (DUSTT) in the background plasma provided by EMC3-EIRENE. The DUSTT code cal-
culates the dust particle trajectories by solving the equation of motion, mass, energy, and electric potential of the dust
particles. In this simulation, the force acting on a dust particle is the sum of the friction force by ions and neutrals, electric
force, and gravity force. Others such as the Lorentz force, electron drag, thermophoretic, rocket, and radiation pressure
forces are not included because of their mild influences on the dust particle trajectories. The friction force between dust
and ion particles has two components. One is the force caused by the absorption of ions by dust particles, which is cal-
culated by employing the orbital motion limited (OML) theory.[14] The other one is due to Coulomb’s scattering between
ions and dust particles. The DUSTT code assumes that the dust particles are composed of a single atomic element (boron)
and the shape is spherical. This code provides a three-dimensional profile of the production rate of the neutral impurity
atoms originating from the dust particles evaporated or sublimated by the plasma heat load. For simplicity, the reflection
of the dust particles on the surface of the vacuum vessel (stainless steel) and the divertor plates (carbon) is not included
in the simulation. A converged solution of the plasma parameter profile and the dust particle trajectory is finally obtained
using an iterative calculation scheme between EMC3-EIRENE and DUSTT. It should be noted that the EMC3-EIRENE
code assumes a much lower impurity ion density content in the plasma, although the radiation power by impurity ions
is included in the energy balance equation. The appropriateness of the assumption of the low impurity ion content will
be verified in the following sections.

In the previous paper, the dust particle trajectories were calculated assuming that the background plasma parameters
were fixed, and the effect of the impurity ions in the peripheral plasma was negligible.[12] These assumptions are not
appropriate in cases of high sputtering rates of impurities on the divertor plates and higher dust particle dropping rates. In
these cases, the effect of the impurity ion flow in the peripheral plasma can influence the dust particle trajectories, which
leads to a change in the ablation positions of the dust particles and the impurity source profile. Thus, the impurity ions
have to be considered to extend the applicability of the simulation analysis. There are two major possible processes for
impurity sources in plasma discharge experiments with the boron dust particle injection. One is the boron atoms produced
by sputtering on the divertor plates due to incident hydrogen ions in the plasma. A multichannel spectrometer detected
a boron source in the front of the divertor plates in the inboard side of the torus.[15] The boron ion flow produced by the
ionization of the sputtered boron atoms in the divertor legs can affect the dust trajectories. The other one is the boron
ion flow induced by the ionization of the boron atoms evaporated from the dropped boron dust particles. The flow of the
boron ions transported to the divertor legs can contribute to the deflection of the dust trajectories. In this simulation, the
sputtering of carbon atoms on the divertor plates by the plasma is ignored to focus on the effect of the boron ion flow on
the deflection of the boron dust trajectories. In the following sections, the effect of the two impurity sources on the dust
particle trajectories is investigated using EMC3-EIRENE and DUSTT.

3 EFFECT OF SPUTTERING OF BORON ON DROPPED DUST PARTICLE
TRAJECTORIES

The effect of the sputtering of boron on the divertor plates was investigated using a new iterative calculation scheme
between the two codes. The multichannel spectroscopic measurement in the plasma discharges with boron dust particle
injection demonstrated the localized emission of singly charged boron ions and boron hydride molecules in the closed
helical divertor region in the inboard side of the torus.[15] The measurement indicates that boron atoms are deposited
and accumulated on the divertor plates, and they are sputtered by the plasma (hydrogen ions) on the divertor plates. The
sputtered boron atoms are ionized in the peripheral plasma to produce the boron ion flow in the divertor legs. The effect
of the boron ion flow should be numerically investigated using the simulation codes to predict the ablation positions
of the boron dust particles in higher boron density conditions in the peripheral plasma. This effect was investigated by
changing the sputtering rate of boron on the divertor plates, which is one of the control parameters in the EMC3-EIRENE
code. In this simulation, the effect of reflected boron atoms and the self-sputtering of boron on the divertor plates are not
included for simple calculation. These are reasonable approximations because of the low flux density of boron ions on the
divertor plates compared with that of hydrogen ions. Figure 2 shows the dependence of the boron dust particle trajectories
on the sputtering rates of boron (Rsp

B), in which the diameter of the boron dust particle was set to 150 μm, which is the
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F I G U R E 2 The dependence of the boron dust particle trajectories on the boron sputtering rates on the divertor plates for
(a) ne

LCFS = 3× 1019 m−3, (b) ne
LCFS = 4× 1019 m−3, (c) ne

LCFS = 5× 1019 m−3, and (d) ne
LCFS = 6× 1019 m−3. The diameter of the dropped boron

dust particle is set to 150 μm, the parameter PLCFS is set to 4 MW, and the sputtering rate is changed from 0 to 0.10. The ablation positions of
the dropped boron dust particles are indicated as colored open circles.

nominal diameter of the boron dust particles used in the LHD. In these simulations, the dust drop rate was set to a quite
small value, which is too small to contribute to the boron ion density in the peripheral plasma. The parameter PLCFS was
set to 4 MW, and ne

LCFS values were varied from 3× 1019 to 6× 1019 m−3, which are typical ones in the plasma discharge
experiments using the IPD. The most probable incident energy of hydrogen ions onto the divertor plates is about 100 eV
because the typical electron temperature at the strike points on the divertor plates is about 30 eV in the LHD.[16] The boron
sputtering rate was artificially changed from 0 to 0.10, where the typical sputtering rate of boron by incident hydrogen ions
is estimated to be about 0.01 in the case where pure boron layers are formed on the divertor plates.[17] The figure shows
that the trajectories of the dropped boron dust particles are more deflected for higher plasma densities by the effect of
the plasma flow in the upper divertor leg, which has already been reported in the previous simulations.[12] It proves that
the change in the sputtering rate does not significantly affect the boron dust trajectories. In this simulation, the ablation
position is defined as the points where the dropped boron dust particles are completely evaporated. This figure shows no
observable change in the ablation positions in the ergodic layer as indicated by colored open circles.

The simulations showed that singly charged boron ions are dominant in the divertor region. Figure 3a presents the
density profile of the boron ions in the upper divertor leg, which shows the locally high boron ion density at the down-
stream side of the upper divertor leg close to the divertor plates (the upper-right corner in this figure), which is caused by
the ionization of the sputtered boron atoms. Figure 3b,c presents the profile of the plasma density and the plasma flow
velocity for a boron sputtering rate of 0.10 and ne

LCFS = 6× 1019 m−3, respectively. The upstream and downstream flow
velocities along the magnetic field lines in the divertor leg are indicated in red and blue, respectively. The singly charged
boron ion density in the upper divertor leg is about 2% of the plasma density, even in the highest boron sputtering rate
case, demonstrating the appropriateness of the assumption adopted in the EMC3-EIRENE code. It was found that the
boron ion density in the divertor leg rapidly decreases with the charge numbers, and the flow velocities of the boron ions
are almost equivalent to the plasma flow velocity. The boron ion density is much smaller than the plasma density with
the equivalent flow velocities, meaning that the frictional force on the dust particles by the boron ion flow in the upper
divertor leg is negligible compared with that by the plasma flow. The simulation demonstrates that the boron atoms sput-
tered from the divertor plates have no observable influence on the change in the dropped boron dust particle trajectories,
even in the highest sputtering rate of 0.10.
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F I G U R E 3 (a) The density profile of the singly charged boron ions in the upper divertor leg, which shows the locally high boron ion
density near the divertor plates (the upper-right corner in this figure), (b) the profile of the plasma density, and (c) the profile of the plasma
flow velocity for the highest boron sputtering rate of 0.10 in the case of Rax = 3.60 m, PLCFS = 4 MW, and ne

LCFS = 6× 1019 m−3. The negative
values in Figure (c) indicate the flow velocities with the direction to the divertor plates along the magnetic field lines (downstream). The
diameter of the boron dust particle is set to 150 μm.

4 EFFECT OF BORON ION FLOW INDUCED BY DROPPED DUST
PARTICLES ON DUST TRAJECTORIES

The trajectories of the dropped boron dust particles can be affected by the boron ion flow in the upper divertor leg, which
is produced by the dropped boron dust particles itself in the ergodic layer. There is a possibility that the boron ion flow
contributes to the deflection of the dust trajectory toward the outboard side because of the outward boron ion flow in
the upper divertor leg. Thus, a newer version of the DUSTT code, which is able to include the effect of the impurity ions
in the plasma, was applied to investigate this possibility.[18] Figure 4 depicts the dependence of the ablation positions
of the boron dust particles on the dust drop rate for the four plasma densities (ne

LCFS = 3× 1019, 4× 1019, 5× 1019, and
6× 1019 m−3), with PLCFS = 4 MW. Here, the dust drop rate (IB) is defined as the number of boron atoms injected into the
plasma per second as the dust particles. The sputtering of boron atoms on the divertor plates is not included for simplicity.
The simulation demonstrates the suppression of the deflection of the boron dust trajectories with the increase in the dust
drop rate, and the ablation positions move toward the inboard side and approach the LCFS in the ergodic layer for the
higher dust drop rates.

The simulation showed that the density of the boron ions in the upper divertor leg is much lower than the plasma
density even in a high dust drop rate of 2.5× 1020 (atoms/s) by about two orders of magnitude, which results in
no significant contribution to the deflection of the dust trajectory because of the comparable flow velocity of the
boron ions to that of the plasma in the divertor leg. Figure 5 displays the dependence of the plasma flow velocity
and the electron temperature in the upper divertor leg on the dust drop rate. As shown in this figure, the absolute
plasma flow velocity decreases with the dust drop rate, which is caused by the lowered electron/ion temperature in
the peripheral plasma, due to the radiation cooling in the ergodic layer by the dropped boron dust particles. The
simulations of the total radiation power of the boron ions in the peripheral plasma for the three dust drop rates
(IB = 6.2× 1016, 1.3× 1020, and 2.5× 1020 atoms/s) are 2.4× 101, 6.5× 104, and 8.8× 104 W for a half helical section,
respectively. The move of the ablation positions toward the inboard side of the torus with the increase in the dust
drop rate is explained by the suppression of the deflection of the dust trajectory. It is mainly caused by the decrease
in the absolute plasma flow velocity in the upper divertor leg. As for the movement of the ablation positions to the
LCFS in higher dust drop rates, it is explained by the lowered plasma temperature in the ergodic layer by radia-
tion cooling due to the dropped boron dust particles. The effect of the change in the collisionality between the dust
particles and the plasma is considered in the self-consistent simulation, which changes the dust particle trajectory
just as a secondary effect. The simulations will provide a useful guideline to control the position of the boron ion
source and to optimize the boron dust drop rate for effectively applying the IPD to plasma discharge experiments
in the LHD.
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F I G U R E 4 Enlarged images showing the dependence of the ablation positions of the boron dust particles on the dust drop rate for (a)
ne

LCFS = 3× 1019 m−3, (b) ne
LCFS = 4× 1019 m−3, (c) ne

LCFS = 5× 1019 m−3, and (d) ne
LCFS = 6× 1019 m−3 with PLCFS = 4 MW. The diameter of

the boron dust particle is set to 150 μm. The ablation positions of the dropped boron dust particles are indicated as colored open circles.

F I G U R E 5 Variation in the profile of the plasma flow velocity and the electron temperature in the upper divertor leg for three boron
dust drop rates for (a) 6.2× 1016, (b) 1.3× 1020, and (c) 2.5× 1020 atoms/s in the case of Rax = 3.60 m, PLCFS = 4 MW, and ne

LCFS = 6× 1019 m−3.
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5 SUMMARY

The self-consistent simulation coupling of EMC3-EIRENE with DUSTT was developed to investigate the effect of the
boron ion flow in the peripheral plasma on the boron dust trajectory dropped from the IPD. It revealed that the sputtering
of boron atoms on the divertor plates does not significantly change the boron dust particle trajectories. This is because of
the much lower density of boron ions than the plasma density in the upper divertor leg, even in the highest sputtering
rate. The simulation predicts that the deflection of the dropped boron dust trajectory is suppressed with the increase in the
dust drop rate, in which the effect of the boron ion flow is much lower than that of the plasma flow, even in the case of the
highest dust drop rate. The simulation reveals that the ablation positions move toward the inboard side and approach the
LCFS in the ergodic layer with the increase in the dust drop rate, which is caused by the decrease in the absolute plasma
flow velocity in the upper divertor leg, due to the lowered electron/ion temperature, by the radiation cooling induced by
the dropped boron dust particles in the ergodic layer.
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