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Abstract. A stereoscopic fast framing cameras observed the three-dimensional trajectories of dusts in plasmas in 
the Large Helical Device (LHD). It proved that the dusts locate in the peripheral plasma and the most of the 
dusts move along the magnetic field lines with acceleration which direction corresponds to that of the plasma 
flow in the peripheral plasma. Release of a large amount of dusts was often observed just before the plasma 
termination in recent ICRF heated long pulse discharges, which were synchronized with sparks in a closed 
divertor region. After the experimental campaign, the traces of exfoliation of carbon rich mixed-material 
deposition layers were found in the divertor region. The transport of the dusts is investigated using a dust 
transport simulation code, which is modified to be applied to a fully three-dimensional geometry such as the 
LHD configuration. The simulation shows the shielding effect of the peripheral plasma against dust penetration 
into the main plasma. It can explain the observations of the most of the dust trajectories, and indicates that the 
control of the dust radii to less than about 1mm is necessary to prevent the plasma termination due to the dust 
penetration for the long pulse discharges. 

 

1. Introduction 

Dusts in plasma confinement devices have recently gained attention from the viewpoint of the 
influence on the main plasma performances [1]. It is concerned that a large amount of 
impurities included in dusts penetrates into the main plasma and induces radiation collapses. 
The radioactivity and the chemical activity of the dusts can also be a major concern in the 
case of serious vacuum accidents in future nuclear fusion reactors. Long pulse plasma 
discharge experiments in the Large Helical Device (LHD) provide unique opportunities for 
studying plasma-wall interactions under saturated wall conditions which is equivalent to those 
in nuclear fusion reactors. It is experimentally found that mixed-material deposition layers are 
accumulated and deposited on the surface of the vacuum vessels and divertor plates, which 
can lead to release of a large amount of dusts due to exfoliation of the deposition layers. 

The following two experimental results related to release of dusts were observed in long pulse 
discharges in LHD. 

- Release of iron dusts with sparks in past long pulse discharges 

In past ICRF heated long pulse discharges performed in 2004-2006, a tangentially viewing 
visible CCD camera observed termination of the plasma discharges by release of dusts from 
the inboard side of the tours which is synchronized with sparks. Abrupt increase of emission 
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of iron ions was detected just before the plasma termination. It is possible that the penetration 
of iron dusts into the main plasma caused the radiation collapse [2]. 

- Release of a large amount of carbon dusts in recent long pulse discharges 

Plasma termination was observed in recent ICRF heated long pulse discharges in 2013. 
Release of a large amount of dusts from a closed divertor region in the inboard side of the 
torus near a lower port was detected with sparks at the end of the discharges. It is found that it 
is synchronized with abrupt increase of emission of carbon ions. 

The above two observations strongly motivated us to study dust transport in LHD plasmas for 
sustaining and achieving high performance plasmas in steady state. In this paper, an 
experimental setup for observing dusts is explained in the next section. Observations of the 
three-dimensional trajectories of dusts and release of dusts in long pulse discharges are 
presented in section 3 and 4, respectively. Dust transport analysis using a modified simulation 
code for the long pulse discharge is shown in section 5, and a summary is presented in the 
final section. 

2. Experimental setup for observing transport of dusts 

The LHD is the largest helical device in the world with superconducting helical and poloidal 
coils, providing current-less long pulse plasma discharge operation [3]. One of the features of 
LHD plasmas is the three-dimensionally complicated structure of the plasma periphery. An 
ergodized magnetic field line structure are formed in the peripheral region outside of the Last 
Closed Flux Surface (LCFS) which is called as ‘ergodic layer’, and four bundle magnetic 
field lines (divertor legs) are deviated from two X-points in the ergodic layer. The magnetic 
field lines in the plasma periphery are directly connected to the vacuum vessel (stainless steel) 
and divertor plates which consist of isotropic carbon graphite installed along two helically 
distributed strike points. For the original open divertor configuration, the surface of the 
divertor plates faced to the main plasma. Long pulse plasma discharges are mainly sustained 
by ion cyclotron range of frequency (ICRF) with support of electron cyclotron resonance 
heating (ECRH) in a hydrogen minority heating regime. 

In order to monitor the long pulse discharges and plasma-wall interactions, totally about thirty 
visible CCD cameras have been installed in various positions. The CCD cameras can acquire 
images at a rate of 30fps. In addition to these cameras, visible fast framing cameras have been 
installed in outer ports (3-O and 6-O), upper ports (7.5-U and 4.5-U) and a tangential port (6-
T). The fast framing cameras installed in 7.5-U and 3-O ports are equipped with two 
separated image sensor heads and a stereo optics, respectively. It enables them to capture 
images viewed from two different positons, making stereoscopic observation of dust 
trajectories possible. Fiducial points were set on the surface of vacuum components in the 
viewing area of the fast cameras in order to know the exact spatial configuration of the 
cameras for accurate observation of the three-dimensional trajectories of dusts. 

3. Observations of three-dimensional dust trajectories 

Three-dimensional dust trajectories have been observed with the two stereoscopic fast 
framing cameras in a standard magnetic configuration (the radial position of the magnetic axis 
Rax=3.60m). The trajectories of dusts are identified as traces of incandescent spots in images 
taken with the cameras because dusts entering the peripheral plasma are heated up and emit 
visible light by interactions with the plasma. The most of dusts pass through the observation 
areas of the cameras with accelerated moving velocities. The three-dimensional trajectories of 
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dusts can be derived by analyzing the positions of the incandescent spots using a pinhole 
camera model. This model requires a ‘camera matrix’ which is for transforming points on 
two-dimensional coordinates on the image sensor in the camera to real three-dimensional 
coordinates. In order to obtain the 
‘camera matrix’, spatial calibration 
of the cameras was performed after 
the experimental campaigns by 
reproducing the spatial 
configuration of the cameras in a 
laboratory using the information of 
the three-dimensional positions of 
the fiducial points. The coordinates 
of dusts on the stereoscopic images 
are traced frame by frame using an 
image processing software. The 
positions of the dusts on the 
stereoscopic images are regarded 
as the center of the incandescent 
spots which intensity is more than 
a threshold value after the 
subtraction of the background 
intensity profiles. 

Figure 1 is a perspective view of 
the three-dimensional trajectories 
of the dusts observed with the two 
stereoscopic fast framing cameras. 
Colored dotted lines indicate the 
overlaid dust trajectories in some 
different plasma discharges. Small 
white dots mean the magnetic field 
lines in the plasma periphery. It 
proves that the positions of the dust 
trajectories are at the outer edge of 
the ergodic layer and in the 
lower/upper divertor legs, 
indicating that the peripheral 
plasma have a function for 
protecting the main plasma from 
the penetration of dusts released 
from the outside of the plasma. It is 
probable that the dusts are heated 
up and finally evaporated or 
sublimated by the heat load in the 
plasma. 

Figure 2 (a) and (b) show enlarged 
images of the observed dust 
trajectories viewed from the outer 
and upper ports, respectively. It 
presents that the most of the dusts 

 
FIG. 1. Perspective view of the three-dimensional 
trajectories of dusts observed with stereoscopic fast 
framing cameras installed in an outer port (3-O) and an 
upper port (7.5-U) with plots of magnetic field lines in the 
plasma periphery (small white dots). The positions of the 
dust trajectories observed in the two different toroidal 
positions are combined into one toroidal section. 

 
FIG. 2. (a) Enlarged images of the observed three-
dimensional dust trajectories viewed from an outer port 
(3-O) and (b) those viewed from an upper port (7.5-U) 
with plots of magnetic field lines in the plasma periphery 
(small white dots). Representative magnetic field lines in 
the outboard side and lower/upper divertor legs are 
highlighted by broken white lines in the figures. 
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move along the magnetic field lines in the ergodic layer and the lower/upper divertor legs. In 
Figure 2 (b), groups of dust trajectories near the right-upper and the left-lower corners 
correspond to dusts moving along the magnetic field lines in the lower and upper divertor 
legs, respectively. Figure 2 shows that while the most of dust trajectories are almost straight 
along the magnetic field lines, there are some unusual dusts which have sharply curved 
trajectories being irrelevant to the magnetic field lines. 

The moving velocity of the observed dusts can be derived from the coordinates of the 
trajectories, which shows that the most of the dusts move with acceleration. The following 
dust transport simulation analysis (in section 5) shows that the difference of the magnitude of 
acceleration can be explained by difference of the dust sizes. In other words, small sized (light 
weighted) dusts can be easily accelerated by the effect of the plasma flow due to the small 
inertial mass compared to that of large sized (heavy weighted) dusts. An approximate initial 
dust velocity is estimated from the lowest envelope of the time evolutions of the observed 
dust velocities, giving an initial dust velocity of about 5m/s. 

4.  Release of dusts in ICRF heated long pulse plasma discharges 

In a series of the experimental campaigns, the plasma termination process in ICRF heated 
long pulse discharges has historically changed according to increase in the plasma heating 
power, improvements of the gas fueling technique, change of the divertor configuration and 
so on. Past long pulse plasma discharges in 2004-2006 were often terminated with release of 
iron dusts from the surface of the vacuum vessel and divertor plates [2]. The plasmas were 
mainly sustained by ICRF with a relatively low heating power of ~0.5MW and a low plasma 
density of ~0.4×1019m-3 for about 54 minutes at the longest [4]. From the experimental 
campaign in 2010, the plasma heating system was improved and an additional ICRF antenna 
(3.5-U&L) was introduced for long pulse plasma discharge operations. It enabled sustainment 
of the plasma discharge with a higher total heating power of ~1MW and a higher plasma 
density of ~1.1×1019m-3. It successfully contributed to sustainment of long pulse discharges 
having resistance to the release of dusts. The plasma discharges in these experimental 

 
FIG. 3. Sequential images of a long pulse plasma discharge just before the plasma termination, 
which taken with a fast framing camera in an upper port (4.5-U). Right-lower corner in these 
images corresponds to the closed divertor region in the inboard side of the torus near a lower port 
(4.5-L). The moving direction of observed dusts is indicated as a white arrow in the first frame. 
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campaigns were interrupted by the stop of the ICRF power oscillation which was 
synchronized with sparks in the antennas and the abrupt increase of the emission of iron ions 
(FeXVI) in the plasma [4].  
In the recent experimental campaign in 2013, an ICRF antenna (4.5-U&L) was newly 
introduced. Some improvements for preventing dielectric breakdowns were applied to the 
existing ICRF antennas, and the most of the divertor configuration was changed from the 
original open divertor configuration to closed one in which the divertor plates directly face to 
the inboard side of the torus with triangularly roof shaped dome structures to confine neutral 
particles in the divertor region. In this experimental campaign, a plasma discharge was 
successfully sustained for about 47 minutes with a higher heating power of ~1.2MW and a 
plasma density of ~1.2×1019m-3. The long pulse discharges have mostly been interrupted with 
release of a large amount of dusts from the closed divertor regions near lower and upper ports. 
A CCD camera installed in an outer port (5-O) and a fast framing camera in an upper port 
(4.5-U) observed the release of a large amount of dusts just before the plasma termination. 
Figure 3 gives sequential images taken with the fast framing camera at the end of the plasma 
discharge in which many dusts approximately move along the magnetic field lines in the 
lower divertor leg with the moving direction corresponding to the plasma flow. From these 
observations, the position of the source of the dusts is identified as a closed divertor region in 
the inboard side of the torus near a lower port (4.5-L). 

Abrupt increase in the emission of carbon ions was observed with moderate rise of the 
emission of iron ions just before the end of the discharges. Stable ICRF power oscillation was 

 
FIG. 4. (a) An image of the closed divertor region in the inboard side of the torus near a lower 
port (4.5-L) after the recent experimental campaign. Some traces of exfoliation of the deposition 
layers on the dome structure were found. (b) An enlarged image of the deposition layers in the 
closed divertor region directly faced to the divertor plates. (c) An image of collected large sized 
dusts which were exfoliated from deposition layers in the divertor region. 
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kept by the end of the long pulse plasma discharge. After the experimental campaign, the 
traces of exfoliation of mixed-material deposition layers were found on the surface of the 
vacuum vessel and the dome structures locating at the position where release of the dusts 
were observed (see Figure 4). Partially exfoliated giant sized dusts (>1mm) were collected 
there in the closed divertor region. It is a different condition from that in the original open 
divertor configuration in which the maximum dust radius collected inside the vacuum vessel 
was in the order of 100µm at the most [5]. The closed divertor configuration can enhance the 
accumulation of deposition layers formed by physical and chemical sputtering on the divertor 
plates around the regions directly faced to divertor plates  

A Transmission Electron Microscope (TEM) analysis using a nano-geological diagnostic 
technique clarified that the exfoliated dusts are mainly composed of carbon-rich mixed 
material layers which are easily exfoliated from iron-rich layers formed in a part of the layers. 
This analysis is consistent with the observations of the abrupt increase of the emission of 
carbon ions just before the termination of the long pulse discharges. It is possible that carbon 
sputtered from divertor plates during the long pulse discharges formed the carbon-rich mixed 
material layers in the closed divertor region. The layers could be exfoliated from the iron-rich 
layers by formation of blistering in the layers, or by thermal distortion induced by the heat 
load in the long pulse discharges, leading to the release of a large amount of dusts from the 
divertor region. The dusts including carbon-rich layers could penetrate into the main plasma 
to induce the radiation collapse or deteriorate the ICRF heating efficiency due to the shrink of 
the plasma by cooling down the plasma temperature. 

5.  Dust transport simulation in the long pulse plasma discharges 

Dust transport simulation has found that the LHD peripheral plasma has a tolerance to the 
penetration of dusts into the main plasma by the effect of the plasma flow in the divertor legs 
and the heat load onto the dusts in the ergodic layer [6]. For investigating this function in the 
recent long pulse plasma discharges, carbon dust trajectories are calculated using a dust 
transport simulation code (DUSTT) which was modified to be applied to a fully three-
dimensional geometry such as the LHD configuration. The DUSTT code can calculate the 
time evolution of the force, heat, energy and charge balances in spherical dusts in plasmas [7]. 
It is assumed that the dust is composed of a single material which can be used in vacuum 
components in fusion reactors such as carbon, iron and tungsten, etc. The profiles of 
background plasma parameters (the plasma density and the ion/electron temperature, the 
plasma flow velocity and so on) are supplied by a three-dimensional edge plasma fluid code 
(EMC3) coupled with a neutral particle simulation code (EIRENE) for the standard magnetic 
configuration (Rax=3.60m) [8, 9]. In the EMC3-EIRENE code, the heating power and the 
plasma density at the LCFS are necessary as an initial input parameters for calculating the 
peripheral plasma parameter profiles. 

Figure 5 (a) shows a perspective view of a three-dimensional model of the LHD vacuum 
vessel with the vector plots of the plasma flow velocities for the closed divertor configuration. 
In this simulation, the initial position of dusts is set to the surface on a dome structure in the 
lower closed divertor which position is identified as a main source of the dusts released at the 
end of the recent ICRF heated long pulse discharge. It is assumed that dusts consist of carbon 
with an initial temperature of 400K. The initial dust velocity is set to 5m/s with an injection 
angle to the plasma center. Calculated trajectories of various sized dusts under the condition 
where the plasma heating power and the plasma density at the LCFS are 1.0MW and 
1.0×1019m-3, respectively, are presented in Figure 5 (b). The initial dust radius is changed 
from 1µm to 1mm in order to include giant sized dusts exfoliated from the deposition layers 
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in the closed divertor region. The small sized dusts (rdust≤4µm) are swept off by the effect of 
the plasma flow in the lower divertor leg, in which the trajectories are consistent with the 
observations with the fast framing camera installed in the upper port (4.5-U), which are 
shown in Figure 3. 

Calculations of the time evolutions of the temperature, mass and velocity of the various sized 
carbon dusts in Figure 6 indicate that small sized dusts (rdust≤4µm) are heated up and swept 
off in the divertor leg at t≤0.03s, medium sized dusts (10µm≤rdust≤100µm) sublimate in the 
ergodic layer at t~0.1s, and the largest sized dust (rdust=1mm) penetrates through the ergodic 
layer and sublimates in the main plasma inside of the LCFS. The simulation indicates that the 
control of the radius of released dusts to less than about 1mm is indispensable for preventing 

 
FIG. 5. (a) Perspective view of a three-dimensional model of a LHD plasma and the vacuum vessel 
for a standard magnetic configuration of Rax=3.60m for the closed divertor configuration. The 
plasma flow velocities are indicated as vector plots (small white arrows). (b) An enlarged view of 
calculated dust trajectories for carbon dusts with various radii varying from 1µm to 1mm and with 
an initial velocity of 5m/s (colored lines). The positions where the dusts collide with the vacuum 
vessel or sublimated are expressed as colored crosses. 

 
FIG. 6. Time evolutions of the temperature (a), mass (b) and velocity (c) of various sized carbon 
dusts calculated by the modified dust transport simulation code under the condition of the recent 
long pulse discharge (PLCFS=1.0MW and ne

LCFS=1.0×1019m-3). 
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the main plasma from the dust penetration. 

6.  Summary 

Observations of the three-dimensional dust trajectories with stereoscopic fast framing cameras 
have proved that the trajectories of dusts locate in the peripheral plasma (ergodic layer and 
divertor legs). It also shows that the most of the dusts move along magnetic field lines and the 
moving direction corresponds to that of the plasma flow in the peripheral plasma. The time 
evolution of the velocity of the dusts shows accelerated velocities from an initial velocity of 
about 5m/s. Recent long pulse plasma discharges under the condition of a closed divertor 
configuration were terminated with a large amount of dusts released from a closed divertor 
region near a lower port with abrupt increase of the emission of carbon ions. The traces of 
exfoliated mixed-material deposition layers were found on the site after the experimental 
campaign in the areas directly faced to divertor plates where some partially exfoliated giant 
sized dusts (>1mm) were collected. An analysis using a dust transport simulation code 
(DUSTT), which is modified to be applied to fully three-dimensional geometries, for the 
recent long pulse discharges shows that the small sized carbon dusts released from the 
position of the dust source (closed divertor region near a lower port) are swept off by the 
effect of the plasma flow in the divertor leg, and the medium sized dusts reach to the ergodic 
layer and finally sublimate. The largest sized dust penetrates into the main plasma. It indicates 
that the control of the radius of dusts to less than about 1mm is indispensable for preventing 
the main plasma from the dust penetration for the long pulse discharge operation.  
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