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Abstract

In the Large Helical Device (LHD), the local island divertor (LID) experiment has been conducted to investigate how to
improve the core confinement with edge plasma control. An advantage of the LID configuration over the intrinsic helical
divertor is the high pumping efficiency with the closed divertor module (neutralizer and pumping duct) and high speed
pump-system. The particle evacuation efficiency, evacuated particle number/fueled particle number, has been estimated
in experiment. This efficiency depends on the relative position of the closed divertor module (divertor head) to m/n =
1/1 magnetic island’s outer separatrix corresponding to the divertor leg, and the efficiency is revealed to be 0.6–1. A
new operational regime with high core density (>4 · 1020 m�3) and a strongly peaked density profile has been discovered
in the LID discharges. It is considered that a large effective pumping efficiency is necessary to enter this operational regime.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Particle control using a divertor is a crucial issue
to realize a nuclear fusion reactor. In the Large
Helical Device (LHD), the world’s largest supercon-
ducting heliotron-type device [1], plasma experi-
ments under two types of divertor configurations,
the helical divertor (HD) and the local island diver-
tor (LID), have been conducted.
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The HD is intrinsic in the heliotron-type mag-
netic configuration, and has no baffle structure
and no divertor pumping system at this stage in
LHD [2].

The LID was installed in LHD in 2003 [3]. In
Fig. 1(a), the basic concept of the LID is depicted.
The perturbation field generated by 10 pairs of coils
is resonant with the q = 1 surface, and generates an
m/n = 1/1 magnetic island in the periphery of the
LHD confinement region. A divertor head consist-
ing of neutralizer plates and a pumping duct is
inserted into the island in a horizontally elongated
.
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Fig. 1. (a) Schematic view of the LID system and (b) basic
concept of the LID.
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cross-section where the width of the island is maxi-
mum (about 20 cm). The pumping duct surrounds
the neutralizer, and it works as a baffle. The outer
separatrix of the island connects the neutralizer
plates in the divertor head, and the last closed flux
surface is determined by the inner separatrix of
the island. Plasma–surface interaction occurs ideally
only at the divertor head, and it is toroidally and
poloidally localized. Therefore, high pumping effi-
ciency and impurity control can be expected with
the proper divertor head configuration and pump-
ing system. In LHD, a field line tracing code which
is coupled to a random walk process to simulate the
diffusive particle behavior [5] predicted that over
80% of the particle out-flux from the confinement
region is collected by the LID target plates [6]. From
the results of neutral transport simulation using the
DEGAS code, it was found that a pumping effi-
ciency up to 50% could be achieved [6]. In dis-
charges with the LID configuration in LHD,
strong reductions of the particle flux and the heat
load to helical divertor plates measured by Lang-
muir probes and thermocouples are observed. This
indicates that most of the particle flux and the heat
flux are collected by the LID divertor head as pre-
dicted, and recycling is localized in the LID region
as expected [2]. In recent experiments, improved
confinement with sE/sE,ISS95 � 1.2, where sE,ISS95 is
the energy confinement time estimated using the
International Stellarator Scaling 95, have been
achieved in multiple-pellet fueled discharges [4],
and a very high core density (>4 · 1020 m�3) with
a strongly peaked profile is achieved during those
discharges [7].

In this study, divertor plasma and neutral parti-
cle behaviors are investigated, especially the pump-
ing function of the LID configuration, and its
impact to core plasma properties.

2. Experimental set-up

Fig. 1(a) shows a schematic view of the LID
configuration. A divertor head is installed into the
magnetic island. The LID pumping system with
eight cryo-pumps (42 m3/s · 8) and a turbo-molecu-
lar pump (4.4 m3/s) is located outside of the LHD
main chamber. These pumps are attached to a man-
ifold (LID chamber in Fig. 1(b)). The effective
exhaust velocity for hydrogen is about 200 m3/s.
That is almost the same as the effective exhaust
velocity of the main pump-system in LHD. When
a discharge under the HD configuration is con-
ducted, the divertor head is drawn out, and the
LID pump-system works as an additional main
pump-system. To investigate neutral particle behav-
ior, a Penning gauge is installed on the LID cham-
ber. A Langmuir probe array (10 ch/array) is
embedded in the divertor plates (see Fig. 1(a)).
The shapes of probe electrodes are dome-type
(r = 1.5 mm), and are made of isotropic graphite.
The distance between electrodes is about 10 mm.
Thermocouples are embedded in 16 divertor plates
to monitor the divertor plate’s temperature. They
are 10 mm from the surface of the divertor plates.

An ASDEX-type fast ion gauge is installed in the
LHD main chamber, and it monitored the neutral
pressure at the torus inboard side helical divertor
region in the same toroidal section as the LID head.
A Langmuir probe array is embedded in a divertor
tile near the ASDEX gauge.

A Thomson scattering measurement was utilized
to obtain the electron density and temperature pro-
files on the center chord in the horizontally elon-
gated cross-section that is 72� in toroidal angle
away from the LID head.

Ha monitors are distributed toroidally. In the
experimental conditions described in this paper, no
significant difference in Ha behavior is observed in
the toroidal direction, and the signal of the monitor
about 108� in toroidal angle away from the LID
head is used in this paper.
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In this study, NBI heated hydrogen plasmas with
the radial position of the operating magnetic axis,
Rax = 3.75 m, and field strength at the magnetic
axis, Bt = 2.64 T, are utilized. The strength of the
perturbation field for the LID configuration is
about 0.1% of Bt. The shape of the divertor head
was designed for a Rax = 3.6 m configuration. How-
ever, much better core plasma performance has
been obtained in the Rax = 3.75 m configuration
than in the Rax = 3.6 m configuration [4].
3. Results and discussion

Fig. 2 shows waveforms of plasma parameters in
typical multiple-pellet fueled discharges with the
LID and the HD configurations, respectively. In
these discharges, the NBI heating power is up to
14.7 MW. The line-averaged density, ne,bar, is over
2 · 1020 m�3 at maximum. The spikes in the signals
of the Prad and the Ha intensity are due to the pellet
injections. After the termination of a series of pellet
Fig. 2. Time evolutions of the plasma parameters in (a) LID with
Rhead = 4.23 m and (b) HD configurations, respectively. The Ha
intensity is saturated at 2.5 s. This HD discharge was conducted
after a series of the LID discharges.
injections, the density starts to decrease, and the
stored energy reaches its maximum value during
the density decrease and temperature recovery. In
the LID discharge, the Ha intensity is about one-
fourth of that in the HD discharge, and the ion flux
to the divertor plate measured by embedded Lang-
muir probe arrays (not shown in Fig. 2) also
reduced to one-fourth to one-fifth of that in the
HD discharge. This means that a substantial
amount of ion flux flows to the LID divertor head
along the outer separatrix of the island. Fig. 3 shows
the time evolutions of the neutral pressure during
the discharges depicted in Fig. 2. In the LID dis-
charge, the neutral pressure is the order of 10�1 Pa
in the LID chamber, and 10�3 Pa order in the main
chamber. On the other hand, neutral pressure in the
main chambers is the order of 10�2 Pa, and 10�3

order in the LID chamber in the HD discharge.
Neutral pressure in the main chamber in Fig. 3(a)
is less than one-fourth of that in Fig. 3(b). This neu-
tral pressure reduction is consistent with the reduc-
tion of ion flux to the helical divertor.

Fig. 4 shows the particle number evacuated by the
LID and main pump-system as a function of the
fueled particle number. In this figure, Rhead means
the radial position of the LID head. For the
Rax = 3.75 configuration, Rhead = 4.18 m is optimal
in the vacuum condition. A smaller Rhead value
means that the head is installed deeper in the island.
Particles are fueled by pellet injection, gas-puffing
and neutral beam injection. Three Rhead cases are
depicted in this figure. The evacuation efficiency,
defined as (evacuated particles number)/(fueled
particles number), decreases with increasing Rhead.
In the case of Rhead = 4.18 m, the efficiency is almost
1, and the efficiency is about 0.6 for Rhead = 4.24 m.
This result is attributed to the shift of the divertor
Fig. 3. Waveforms of neutral pressure in the LID and the main
chambers during (a) the LID and (b) the HD discharges. Neutral
pressure in the main chamber is saturated in (b). Unit of the
vertical axis is 10�1 Pa for (a) and 10�2 Pa for (b).



Fig. 4. Number of evacuated particles as a function of the fueled particle number. All numbers were estimated assuming hydrogen
molecules. In (c), open circles show the case of the HD configuration.
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particle flux peak on the head. Fig. 5 shows the ion
saturation current profiles on the LID head mea-
sured by the embedded Langmuir probe array at
the different head position (Rhead). The Rhead was
changed shot by shot. With decreasing the Rhead,
the probe array approaches to the island’s outer sep-
aratrix, and the ion saturation current increases.
This means the ion saturation current peak shifts
toward the inside of the pumping duct with decreas-
ing the Rhead. On the other hand, the peak shifts
toward the LID head edge with increasing the Rhead.
As shown in Fig. 3(a), the neutral pressure in the
LID chamber is over one order higher than that in
the main chamber. Therefore, it can be concluded
that good particle compression is achieved as
expected. The evacuation efficiency for the HD con-
figuration is also shown in Fig. 4(c), and it is about
0.2. To achieve a large evacuation efficiency, it is nec-
essary that the particle retention rate on the first wall
and the divertor plates is small. The particle load to
the first wall is mainly caused by charge-exchanged
particles [8]. Thus, the low neutral pressure in the
main chamber during the LID discharge could lower
Fig. 5. The ion saturation current profiles at the different LID
head position (Rhead) measured by the Langmuir probe array
embedded in the LID head. Horizontal axis is the distance from
the m/n = 1/1 island’s outer separatrix. The Rhead was changed
shot by shot.
the particle load to the first wall. In the LID dis-
charges, particle and heat fluxes mainly flow to
the divertor head. Because of the relatively small
wet area (<0.5 m2) and weak active cooling of the
divertor head, the temperatures of the divertor plates
connecting the outer separatrix of the island mea-
sured by thermocouples are kept over 800 K during
a series of discharges with high input power
(>8 MW, 2–3 s), and they exceed 1000 K during
the discharges. On the other hand, in the HD config-
uration discharges, the temperatures of the divertor
plates are 600 K at most during similar discharges.
Therefore, particle retention in divertor plates
should be smaller in the LID configuration than in
the HD configuration.

Recently, a high core density (>4 · 1020 m�3)
operation regime with a peaked density profile has
been discovered in the multiple-pellet fueled LID
discharges. This operational regime was named
‘super dense core (SDC) mode’ [7]. Fig. 6(a) shows
typical density and temperature profiles measured
by Thomson scattering in the LID discharge
depicted in Fig. 2(a). The peak density reaches
4.5 · 1020 m�3, and there are sharp vends in the
profile at R � 3.4 m and 4.4 m, that is an internal
diffusion barrier (IDB) [7]. In this case, the electron
temperature is 0.73 keV in the center region, and
has a flat profile, unlike the tokamak internal trans-
port barrier (ITB). Outside of the bends, the elec-
tron temperature has a large gradient. The b value
in the center region is up to 4.4% (at Bt = 2.64 T),
and the peak position is shifted about 0.25 m from
the vacuum magnetic axis position (Rax = 3.75 m)
due to the Shafranov-shift. Such profile has advan-
tages in neutral beam deposition, radiation collapse
tolerability due to the relatively low edge density.
Fig. 6(b) shows the density and temperature profiles
observed in a multiple-pellet fueled HD discharge



Fig. 6. (a) Peaked density profile with an internal diffusion
barrier, and electron temperature profile observed in the LID
discharge depicted in Fig. 2(a) at t = 1.1 s. (b) Density and
temperature profiles in a multiple-pellet fueled HD discharge.
The magnetic axis in the vacuum condition is Rax = 3.75 m in
both discharges. The hatched region indicates an m/n = 1/1
island under vacuum condition.
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during a series of high density discharges. In this
case, the IDB is not clear, and the edge density is rel-
atively high. In gas-puff fueled discharges, the den-
sity profile is hollow or flat, and a peaked density
profile has not been achieved. From these observa-
tions, core fuelling with pellet injection and particle
pumping are key factors to produce the SDC mode.
In the LID discharge, particle evacuation efficiency
is large, and particle recycling is suppressed. There-
fore, the SDC mode is obtained with reproducibi-
lity. Even in the HD discharge after a series of the
LID discharge (Fig. 2(b)), the SDC mode was
observed with slightly lower temperature. Density
and temperature profiles are almost the same as
Fig. 6(a). It is considered that for the low particle
load to the first wall and helical divertor plates in
the LID discharges, wall pumping was still active
in this discharge. This observation encourages the
experimental plan for a ‘closed’ helical divertor [2].
In W7-AS stellarator, an improved confinement
mode was also discovered in high density operations
with the island divertor configuration (High Density
H-Mode, HDH) [9]. The features of the HDH mode
are the Edge Transport Barrier formation and the
strong expelling of impurities. On the other hand,
the SDC mode in the LHD has transport barrier
inside the core region. The position of the IDB foot
moves with increasing plasma pressure, and is con-
sidered to relate to rotational transform profile [7].
Therefore, the mechanisms of these two modes in
high density operations are considered to be differ-
ent. In the case of SDC mode, impurities behaviors
have not been investigated in detail. That is an
experimental issue for the next experimental
campaign.
4. Conclusion

Neutral particle behavior in the LID discharges is
investigated with the operational configuration of
Rax = 3.75 m and Bt = 2.64 T. In the LID dis-
charges, ion flux to the helical divertor was reduced
to one-fourth to one-fifth, and neutral pressure in
the helical divertor region was reduced to compara-
ble level to the ion flux reduction. On the other
hand, neutral pressure in the LID chamber was
one order higher than that in the main chamber,
and a very high evacuation efficiency (0.6–1) was
obtained. The efficiency for the helical divertor is
about 0.2.

A high core density operation regime with a
peaked density profile, named the SDC mode
induced by an internal diffusion barrier has been
discovered in the multiple-pellet fueled LID dis-
charge. This regime was also observed in the HD
discharges after a series of LID discharges. Suppres-
sion of the particle recycling by effective pumping is
a key factor to produce the SDC mode, and both
the LID pumping and wall pumping can produce
the SDC mode operational regime.
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