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Abstract. Boron dust particles were injected by an impurity powder dropper to improve plasma 
confinement and perform wall conditioning in the Large Helical Device. A fast-framing camera 
for monitoring dust particle trajectories in the peripheral plasma detected a change in the abla-
tion positions of the dust particles depending on the plasma density and heating power. An 
analysis using a three-dimensional edge plasma simulation code (EMC3-EIRENE) and a dust 
transport simulation code (DUSTT) was applied to understand these observations. The simula-
tions proved that the dust particle trajectories are more deflected toward the outboard side of 
the torus by the effect of the plasma flow in an upper divertor leg for higher plasma densities 
and higher plasma heating powers. The simulation successfully reproduced observations of the 
change in the ablation positions in the peripheral plasma. 
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1. Introduction 
Impurity powder injection is going to attract attention as one of the promising methods for real-
time wall conditioning, impurity seeding, and dust particle transport studies in magnetic plasma 
confinement devices [1]. An impurity powder dropper (IPD) [2] was installed at an upper port 
on the vacuum vessel in the Large Helical Device (LHD) [3]. Ion and electron energy confine-
ment in the plasma was improved by boron dust particle injection using the IPD in previous 
experimental campaigns [4,5]. It has been suggested that control of the trajectory and ablation 
positions of the dropped dust particles is a critical issue for demonstrating the potential of the 
IPD to realize high-performance plasma discharges [6]. This is because the plasma flow in an 
upper divertor leg deflects the trajectories of the dropped dust particles, by which they cannot 
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reach the main plasma [7]. The ablation positions of dust particles have been routinely moni-
tored with a fast-framing camera installed in an upper port close to the IPD. For higher plasma 
densities and higher plasma heating powers, the camera detected the change of the ablation 
positions toward the outboard side of the torus. The observations are analyzed using a three-
dimensional edge plasma simulation code (EMC3-EIRENE) [8,9] and a dust transport simula-
tion code (DUSTT) [10,11,12]. 

2. Observation of ablation positions of boron dust particles in periph-
eral plasma 

2.1. Dependence of ablation position on plasma density 

Figure 1 shows the experimental 
setup for observing the trajectory of 
dropped dust particles and the abla-
tion positions. Figure 1(a) presents 
a poloidal cross-section of a plasma 
and the vacuum vessel at the toroi-
dal position where the IPD was in-
stalled. The IPD has been installed 
on one of the upper ports (2.5-U). A 
visible fast-framing camera (Pho-
tron FASTCAM SA-X) has been 
installed in an upper port close to 
the IPD. Figures 1(b) and (c) give 
CAD and real images of the plasma 
and the in-vessel components 
viewed from the position of the 
fast-framing camera. 

Figure 2 shows snapshots of 
the image of the ablation cloud of 
boron dust particles (150 m in di-
ameter) dropped from the IPD ob-
served with the fast-framing cam-
era. These images were taken at an 
initial phase of the dust injection for three different plasma densities in hydrogen discharges 
for a typical magnetic configuration (the radial position of the magnetic axis Rax=3.60 m) at a 
frame rate of 2,000 fps (the exposure time is 0.5 milliseconds). The total plasma heating power 
by the NBIs in the plasma discharges was about 10 MW. Here, the heating power is defined as 
the total port-through power of the NBIs. First, the boron dust particles pass through an upper 
divertor leg, then they reach the peripheral plasma (so-called ergodic layer) at a toroidal posi-
tion where the shape of the plasma is almost vertically elongated with a poloidally small coun-
terclockwise rotation as shown in Figure 1(a). The fast-framing camera detected a few moving 
luminescent spots after the start of the injection, which was produced by interactions between 
the dust particles and the peripheral plasma. The spots indicate the ablation positions of the 
dust particles. The images of ablation clouds in Figure 2 were taken at the time when the dust 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: (a) Experimental setup of a fast-framing camera 
for observing the trajectories and ablation positions of 
dust particles dropped from the IPD in a typical magnetic 
configuration (Rax=3.60 m), (b) a CAD image of a plasma 
and in-vessel components viewed from the position of the 
camera, (c) a real image observed with the fast-framing 
camera. 

13



                Journal of Advanced Simulation in Science and Engineering 

 

particles emitted the brightest light. After this, the light rapidly disappears within a few frames, 
indicating that the positions of the dust particles in this figure almost correspond to the points 
where the dust particles were completely evaporated/sublimated in the peripheral plasma. It is 
well known that the ablation clouds expand along magnetic field lines because of the impurity 
ion transport parallel to the magnetic field. The observed angles of the tail of the ablation cloud 
are consistent with the pitch angle of the magnetic field line in the ergodic layer, which guar-
antees the ablation of the boron dust particles in the ergodic layer. The images show that the 
ablation positions changed toward the outboard side of the torus with an increase in the plasma 
density. Using scales made by the comparison of the real images with the CAD image (Figure 
1(b)) shown in these three figures, the difference of the change in the ablation positions for the 
three plasma densities can be estimated. 

2.2. Dependence of ablation position on plasma heating power 

Figure 3 presents snapshots of the ablation cloud of the dropped boron dust particles in two 
different plasma heating powers for a typical magnetic configuration (Rax=3.60 m) at a frame 
rate of 2,000 fps. It shows that the ablation positions moved to the outboard side of the torus 

 
 
 
 
 
 
 
 
 
 
Figure 2: Snapshots of the ablation cloud of boron dust particles dropped from the IPD, which 
were taken with a fast-framing camera installed in an upper port at an initial phase of the dust 
injection for three different average plasma densities for Rax=3.60 m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Snapshots of the ablation cloud of dropped boron dust particles, observed with the fast-
framing camera for two different plasma heating powers by NBIs (PNBI=7.0 MW and 10.2 MW) 
in a plasma discharge for Rax=3.60 m. The average plasma density was kept at about 4×1019 m-3. 
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with an increase in plasma heating power. The heating power was controlled by adjusting a 
combination of the injection time of two Neutral Beam Injectors (NBIs) in a plasma discharge 
in which the average plasma density was kept at about 4×1019 m-3 by real-time control of hy-
drogen gas fueling. The total plasma heating power by the NBIs before and after 4.1 seconds 
was estimated to be about 7.0 MW and 10.2 MW, respectively. In this plasma discharge, the 
plasma stored energy increased stepwise at 4.1 seconds. The radial profiles of the plasma den-
sity just before and after 4.1 seconds were almost the same, meaning that the plasma tempera-
ture rose then. A Thomson scattering system detected a temporal stepwise increase in the elec-
tron temperature around the plasma center (Te

0) from about 1.7 keV to 2.3 keV at the time. The 
scales in these two figures, the difference of the change in the ablation positions for the two 
plasma heating powers can be recognized. 

3. Simulation analysis of transport of dust particles injected by im-
purity powder dropper 

The change in the ablation positions of the dust particles was analyzed using the EMC3-EI-
RENE code and the DUSTT code. Figure 4 illustrates the perspective view of a three-dimen-
sional model of the vacuum vessel for a one-half helical coil pitch angle (18° in toroidal direc-
tion) for this analysis. The figure also shows a poloidal cross-section of a typical peripheral 
plasma density profile at the toroidal angle where the IPD is installed. The three-dimensional 
profile of the plasma parameters (plasma density, ion and electron temperatures, and plasma 
flow velocity, etc.) in the background hydrogen plasma was provided by EMC3-EIRENE for a 
typical magnetic configuration (Rax=3.60 m) in an open divertor geometry. The input parame-
ters for EMC3-EIRENE are the plasma heating power and the plasma density inside the Last 
Closed Flux Surface (LCFS) (defined as PLCFS and ne

LCFS, respectively). The perpendicular par-
ticle and thermal diffusion 
coefficients in the periph-
eral plasma were defined as 
0.5 m2/s and 1.0 m2/s, re-
spectively. These two val-
ues are typical ones for re-
producing the observation 
of the radial profile of the 
electron temperature and 
density in the peripheral 
plasma [13]. A converged 
solution of the plasma pa-
rameter profiles was finally 
obtained after repeating it-
erative calculations in the 
code. 

The trajectories of dust 
particles were calculated by 
DUSTT under the three-di-
mensional background 
plasmas. The code solves 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: A three-dimensional model for dust particle transport 
simulation in the peripheral plasma in the LHD using the EMC3-
EIRENE code and the DUSTT code. A grey broken square corre-
sponds to the area in Figs. 5-8. 
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the equation of motion of spherical-shaped dust particles with heat, charge, and mass equations, 
including the effect of ion/neutral drag force, gravity, and electrostatic force [10,11,12]. The 
ion drag force is separated into two components. One is the absorption of ions by dust particles 
which is calculated by the orbital motion limited (OML) theory [14], and another one is by 
Coulomb’s scattering. It is assumed that dust particles are composed of a single atomic element 
(such as boron) and the shape of dust particles is spherical. In the simulation, the dust particles 
were dropped from an initial position just above an upper divertor leg with a downward velocity 
of 5.0 m/s, which corresponds to the speed in the case where the dust particles were dropped 
from the actual IPD position (outside of the model). The effect of the impurity ion flow pro-
duced by the dust particles was not included in the simulation. This assumption is reasonable 
because the observed ablation clouds were taken in the initial phase of the dust injection (the 
density of the boron ions in the plasma is quite low). The reflection of the dust particles on the 
vacuum vessel and the in-vessel components was not considered. 

Figure 5(a) presents the simulations of the trajectories of boron dust particles dropped 
from the initial position for three different plasma densities (ne

LCFS) ranging from 1×1019 m-3 to 
4×1019 m-3. The plasma heating power inside the LCFS (PLCFS) was set to 4.0 MW which was 
a typical heating power in plasma discharge experiments. The diameter of the boron dust par-
ticles was set to 150 m, corresponding to the nominal size used for the experiments. The 
ablation positions of the dust particles are indicated as open-colored circles in the ergodic layer, 
in which the ablation positions are defined as the points where the dust particles are completely 
evaporated/sublimated by the heat load from the plasma. Figure 5(b) is a top view of the boron 
dust trajectories and the ablation positions in the three plasma density cases in the model. The 
simulation shows that the plasma flow at the upper divertor leg deflects the trajectories of the 
boron dust particles [7]. The trajectories are more deflected for the higher plasma densities, 
which results in the change of the ablation position in the ergodic layer toward the outboard 
side of the torus. The simulation results of the change in the ablation positions depending on 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: (a) An enlarged view presenting the simulations of the trajectories of boron dust parti-
cles (150 m in diameter) dropped from the IPD for the three different plasma densities 
(ne

LCFS=1, 2, and 4×1019 m-3) for a plasma heating power inside the LCFS (PLCFS=4 MW). (b) A 
top view of the calculated boron dust trajectories and the ablation positions in the three plasma 
density cases. 
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both parameters presented in Figures 4(b) and 5(b) are approximately consistent with the ob-
served dependences which are shown in Figures 2 and 3. 

Figure 6 gives the enlarged views of the poloidal cross-section of the plasma density pro-
file in the upper divertor leg for the three plasma densities (ne

LCFS=1, 2, and 4×1019 m-3). The 
DUSTT code proved that the ion drag force on dust particles by the plasma flow in the upper 
divertor leg is the most dominant force affecting the change of the dust particle trajectories. In 
the simulation code, the ion drag force has a positive dependence on the plasma density [15]. 
As a result, the simulation using the EMC3-EIRENE code and the DUSTT code has success-
fully explained the observed dependence of the ablation position on the plasma density. 

Figure 7(a) presents the simulations of the trajectories of the dropped boron dust particles 
for four different plasma heating powers inside the LCFS (PLCFS) ranging from 2 MW to 8 MW. 
It seems to cover absorbed heating powers in the main plasma in the experimental conditions 
for the two heating powers by the NBIs (PNBI=7.0 MW and 10.2 MW). The plasma density was 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: (a) An enlarged view presenting the simulations of the trajectories of boron dust parti-
cles (150 m in diameter) dropped from the IPD for the four different plasma heating powers 
inside the LCFS (PLCFS=2, 4, 6, and 8 MW) for a plasma density (ne

LCFS) of 4×1019 m-3. (b) A top 
view of the boron dust trajectories and the ablation positions in the four plasma heating power 
cases. 

 
 
 
 
 
 
 
 
 
 
 
Figure 6: Enlarged views of the poloidal cross-section of the plasma density profile in the 
upper divertor leg for the three plasma densities (ne

LCFS=1, 2, and 4×1019 m-3) with a plasma 
heating power inside the LCFS (PLCFS) of 4 MW. 

(a) 
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set to 4×1019 m-3, and the diameter of the boron dust particles was set to 150 m. Figure 7(b) 
is a top view of the boron dust trajectories and the ablation positions in the four plasma heating 
power cases in the model. The simulation indicates that the trajectories of the dropped boron 
dust particles at the upper divertor leg are more deflected for higher plasma heating powers. It 
causes the change in the ablation position of the dust particles toward the outboard side of the 
torus in the ergodic layer for the higher plasma heating powers. Consequently, the simulation 
successfully reproduced the observed change of the ablation positions toward the outboard side 
with the increase in the plasma heating power. 

The reason for the dependence on the plasma heating power is due to the enhanced plasma 
flow velocity in the upper divertor leg by the increased ion/electron temperature. Numerical 
calculations of the ion drag force on dust particles, which is the most dominant force affecting 
the change of the dust particle trajectories at the divertor leg, prove that the force has a positive 
dependence on the plasma flow velocity in the divertor plasma in LHD [15,16,17]. Figure 8 
presents the enlarged views of the poloidal cross-section of the ion temperature (Ti) and the 
plasma flow velocity (vp) profile in the upper divertor leg for the four plasma heating powers 
(PLCFS=2, 4, 6, and 8 MW). The figures show that both parameters increase with the plasma 
heating power. The plasma flow is determined by the flow velocity on the divertor plates be-
cause of the short connection length of the magnetic field lines in the divertor leg [18]. The 
EMC3-EIRENE code assumes that the flow velocity on the divertor plates is the sound speed, 
which has a positive correlation with the ion and electron temperature in the plasma. It means 
that the increased ion/electron temperature enhances the plasma flow velocity in the upper di-
vertor leg, resulting in more deflection of the dropped boron dust particles. As for the drift of 
the plasma, this effect is negligible for the change in the ablation position because the plasma 
flow along the magnetic field line is dominant over that by the drift in the divertor leg. 

4. Summary 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Enlarged views of the poloidal cross-section of the ion temperature (upper) and the 
plasma flow velocity profile (lower) in the upper divertor leg for the four plasma heating powers 
inside the LCFS (PLCFS=2, 4, 6, and 8 MW) for a plasma density (ne

LCFS) of 4×1019 m-3. 

18



                Journal of Advanced Simulation in Science and Engineering 

 

A fast-framing camera detected a change in the ablation position of the boron dust particles 
dropped from the IPD toward the outboard side of the torus with the plasma density and heating 
power. These observations were analyzed using a three-dimensional edge plasma simulation 
code (EMC3-EIRENE) and a dust transport simulation code (DUSTT). The simulation shows 
that the trajectories of the dropped boron dust particles are more deflected at the upper divertor 
leg by the effect of the plasma flow for higher plasma densities and higher heating powers. The 
deflection of the dust particle trajectories results in the change of the ablation positions in the 
ergodic layer. The simulation successfully reproduced the observed change of the ablation po-
sitions for the higher plasma densities and higher heating powers. 
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