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Long pulse discharges in the Large Helical Device (LHD) were interrupted by the emission of large amounts
of carbon dusts released from a closed helical divertor in the previous experimental campaign (FY2013). In order
to control the dust emission, the configuration of the closed divertor near lower and upper ports was modified in
the last experimental campaign (FY2014). While the modification of the divertor configuration has successfully
controlled the release of dusts, long pulse discharges were often terminated with abrupt increase in iron ion
emission. The termination process of a long pulse plasma discharge was observed with a stereoscopic fast framing
camera which can identify the three-dimensional positions of dusts. It proved that the dusts penetrated into the
main plasma through the plasma periphery, which could induce the radiation collapse in the plasma discharge.
c© 2016 The Japan Society of Plasma Science and Nuclear Fusion Research
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1. Introduction
Steady state plasma discharge operation (SSO) is es-

sential for future nuclear fusion reactors. The Large He-
lical Device (LHD) in the National Institute for Fusion
Science (NIFS) is the largest super-conducting helical ma-
chine in the world [1]. The LHD has advantage over toka-
maks for steady-state plasma discharge operation because
of no plasma instabilities induced by the toroidal plasma
current such as disruptions and ELMs, etc. The magnetic
configuration for plasma confinement is formed by exter-
nal super conducting coils which inherently produce an
ergodic layer and divertor legs around the main plasma
confinement region inside of the Last Closed Flux Surface
(LCFS). Long pulse plasma discharges in LHD are a good
test-stand for investigating physical phenomena in SSO in
nuclear fusion reactors under a saturated vacuum wall con-
dition without particle pumping effect.

However, SSO has been performed in some super-
conducting tokamaks [2, 3], the termination process of the
plasma discharges has not yet fully been investigated be-
cause of the necessity of huge data storage memories with
high time resolution. In LHD, several fast framing cam-
eras have been applied to the investigation of the termina-
tion process of the plasma discharges using an end trigger
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mode operation for the camera observation.
In the previous experimental campaign in FY2013, a

long pulse discharge up to ∼ 48 minutes under a condition
of a heating power of ∼1.2 MW and a line-average elec-
tron density of ∼ 1.2 × 1019 m−3 was successfully achieved.
It was found that the plasma discharge was suddenly in-
terrupted with the abrupt increase in carbon ion emission
(CIII). The termination process of the plasma discharge
was observed with a monocular fast framing camera in-
stalled in an upper port (4.5-U). It showed that the large
amounts of dusts were released from a closed divertor re-
gion in the inboard side of the torus near a lower port (4.5-
L) just before the plasma termination [4].

In the LHD vacuum vessel, divertor plates are in-
stalled along the two lines of the strike points [5]. In
the closed divertor configuration, the most of the divertor
plates in the inboard side are mounted so as to face inward
in order to make neutral particles released from the diver-
tor plates are transported to the inlets of a cryo-sorption
pump installed behind a dome structure [6]. At the edges
of the closed divertor near lower and upper ports, target
plates are installed to intersect one of the divertor legs in
order to concentrate the positions of the strike points to the
inboard side for efficient neutral particle pumping [7].

Divertor regions near the lower and upper ports are
tightly enclosed by the dome structure and the target plates.
After the previous experimental campaign, the traces of
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the exfoliation of carbon-rich mixed material deposition
layers were found on the enclosed areas [8]. Just before
the plasma termination, the observation with the monocu-
lar fast framing camera suggests that the dusts exfoliated
from the enclosed area penetrated into the main plasma
confinement region through the ergodic layer. In the last
experimental campaign in FY2014, the termination pro-
cess of a long pulse discharge induced by dust emission
was observed with a stereoscopic fast framing camera. It
makes the identification of the three-dimensional positions
of the dusts possible at the plasma termination [9].

In this paper, the stereoscopic observations just before
the termination of the plasma discharge are presented. The
analysis of the three-dimensional positions of the dusts ob-
served with the stereoscopic fast framing camera is also
shown, which is followed by summary.

2. Experimental Setup for Stereo-
scopic Observation
The long pulse plasma discharges have been sustained

with Ion Cyclotron Range of frequency Heating (ICH) and
with Electron Cyclotron resonance Heating (ECH) [10].
A stereoscopic fast framing camera has been installed in
an outer port (3-O). Optical lenses were mounted at two
separated positions in the outer port as shown in Fig. 1 (a).
The images viewed from the two lens positions are trans-
ferred and combined with a bifurcated silica-based coher-
ent image fiber mounted at the front of the fast framing
camera (Photron FASTCAM SA-X). The images from the
two lenses mounted at the left and right sides on the outer
port are projected to the left and right half side on a CMOS
image sensor in the camera, respectively. The viewing
area of the stereoscopic camera includes isotropic graphite
(carbon) divertor plates and helical coil cans covered with
stainless steel armor tiles in the inboard side of the torus
as illustrated in Fig. 1 (b). The divertor configuration in
this area remained an open configuration in the last exper-
imental campaign. Some fiducial points were set on the
surface of the armor tiles on the helical coil can locating

Fig. 1 Top view of the configuration of a stereoscopic fast framing camera installed in an outer port (3-O) (a), and the field of views of
the stereoscopic camera from the positions of the two (left and right) optical lenses (b).

in the viewing area for accurate measurement of the posi-
tions of dusts. The three-dimensional positions of the fidu-
cial points had been measured on the site before the last
experimental campaign.

3. Time Evolution of Plasma Parame-
ters just before the Termination of
a Long Pulse Discharge
Before the last experimental campaign, the closed he-

lical divertor configuration near the lower and upper ports
was modified in order to control the deposition layers in
the enclosed area [11]. In the original divertor configura-
tion, most of sputtered impurities (carbon) from the target
plates directed toward the enclosed area. In the new diver-
tor configuration, the shape of some target plates has been
rearranged such that most of the impurities are released to
the main plasma by changing the direction of the front sur-
face of the target plates

After this modification, the termination of long pulse
discharges due to the release of the large amounts of dusts
from the enclosed area was not observed in the last ex-
perimental campaign. The traces of the exfoliation of the
deposition layers were also not found in the enclosed area.
Instead, some long pulse discharges were interrupted with
abrupt increase in iron ion emission, which are possibly not
related to the modification of the divertor configuration.
Figure 2 shows the time evolution of the electron density,
radiation power and impurity ion emission just before the
termination of a long pulse discharge. It shows that the in-
crease in the iron ion emission (FeXVI) is more rapid than
that in carbon ion emission (CIII) at the time of the initial
phase of the electron density rise. The abrupt increase in
the radiation power is synchronized with that in the iron
ion emission, suggesting that the plasma was interrupted
by the sudden influx of iron from outside of the plasma,
which is different from that in the previous long pulse dis-
charge in which abrupt increase in carbon ion emission was
observed just before the termination [4].
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Fig. 2 Time evolution of the electron density, radiation power
and impurity ion emission just before the termination of
a long pulse discharge in the last experimental campaign.
Small black arrows indicate the times of the images in
Fig. 3.

4. Stereoscopic Observation of the
Termination Process of a long Pulse
Discharge
The termination process of the long pulse discharge

was observed with the stereoscopic fast framing camera at
a rate of 1,000 fps. Figure 3 gives the sequential images of
the plasma just before the termination of the plasma dis-
charge. The first image (the upper-left one) shows that a
bright spot appeared on a point on the surface of an armor
tile on a side wall of a helical coil can in the inboard side of
the torus. After the bright spot expanded as shown in the
second image with sparks, some dusts, which are identi-
fied as incandescent small bright spots, were released from
the surface of the helical coil can near the equatorial plane.
In the last image (the lower-right one), it seems that some
large sized dusts (shown as big bright spots) penetrated into
the main plasma.

These stereoscopic images can provide the three di-
mensional positions of the dusts using a pin-hole camera
model [12] and the information of the three-dimensional
positions of the fiducial points. Figures 4 (a) and (b)
present the perspective and top views of the three-
dimensional positions of observed dusts (colored squares)
and the ergodic layer (small white dots). It shows that the
most of the observed dusts locate in the inboard side of the
torus near the ergodic layer. The figure also indicates that
the most of the dusts locate around a position where the
LHD plasma is horizontally elongated shown by a black
broken line in Fig. 4 (b), which enables the dust positions
to be approximately projected to the poloidal cross-section
at the plasma horizontally elongated position.

Figure 5 shows the positions of the observed dusts
projected to the poloidal cross-section of the LHD plasma

Fig. 3 Four sequential images of a plasma observed with a stereoscopic fast framing camera just before the termination of a long pulse
discharge in the last experimental campaign.
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Fig. 4 Perspective (a) and top (b) views of the three-dimensional positions of dusts observed with a stereoscopic fast framing camera just
before the termination of a long pulse discharge in the last experimental campaign. The positions of the dusts and the ergodic layer
are indicated as colored squares and small white dots, respectively.

Fig. 5 Poloidal cross-section of the magnetic configuration of
an LHD plasma for Rax = 3.60 m and the observed dust
positions projected to the cross-section where the LHD
plasma is horizontally elongated.

for the most typical magnetic configuration in long pulse
discharges in which the radial position of the magnetic axis
Rax is 3.60 m. It indicates that the dusts locate inside of
the LCFS and penetrates into the main plasma confine-
ment region. The dusts reach to the position where the
normalized minor radius ρ is about 0.8. The observation
with the stereoscopic fast framing camera firstly proved
that the dusts, which were released from the armor tiles,
penetrated into the main plasma just before the termina-
tion of the plasma discharge. Considering the experimental
results of impurity transport studies using a Tracer Encap-
sulated Solid PELlet (TESPEL) injector [13], it is probable
that ionized iron atoms evaporated from the surface of the
iron dusts in the main plasma are transported to the core
plasma, which induced radiation collapse and led to the
termination of the long pulse discharge.

5. Summary
Modification of the configuration of the target plates

in the closed helical divertor has successfully controlled
the termination of long pulse discharges due to the emis-
sion of the large amounts of carbon dusts from the enclosed
area. However, long pulse discharges were interrupted
with abrupt increase in iron ion emission. The emission
of dusts released from the surface of an armor tile on a he-
lical coil can was observed with a stereoscopic fast framing
camera just before the plasma termination. It proved that
the observed dusts penetrate into the main plasma confine-
ment region through the ergodic layer to induce the radia-
tion collapse of the plasma discharge.
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