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Abstract

The large helical device (LHD) is the largest heliotron type superconducting device. Its operation was started on 31
March 1998. Three experimental campaigns have been completed until the end of 1999. Wall conditioning mainly by
cleaning discharges using ECRF or glow discharges worked well even without high temperature baking. The plasma
production with ECRH and auxiliary heating with NBI and/or ICRF in the LHD configuration equipped with open
helical divertor were well performed. The divertor material was SS316L in the first and second campaigns, and was
replaced by the graphite in the third campaign. The influences of the different divertor materials were investigated. Our
understanding of the edge and the divertor plasma has progressed. Long-pulse discharges 80 and 68 s heated by NBI
(0.5 MW) or ICRF (0.9 MW) have been achieved, respectively. No severe limitation of the duration has ap-

peared. © 2001 Elsevier Science B.V. All rights reserved.

Keywords.: Plasma-material interaction; Divertor; Edge plasma; LHD; Plasma facing components

1. Introduction

The large helical device (LHD) is a superconducting
heliotron type device with a set of / =2/m = 10 contin-
uous helical coils and three sets of poloidal coils [1-8]. The
major and the averaged minor radii are 3.9 and 0.65 m,
respectively.

The edge plasma control using the divertor for im-
proved confinement and the steady-state operation of
high performance plasmas are two of the basic physics
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objectives of LHD. One hour discharge with input power
of 3 MW is a near-term target to establish the physical
and technical basis for future steady-state operation.
LHD started its operation on 31 March 1998, and
three experimental campaigns have been completed until
the end of 1999. In the first campaign, the plasmas were
produced and sustained by ECRH (up to ~0.35 MW),
and in the second campaign, plasmas were initiated by
ECRH at a magnetic strength of 1.5 T, and heated by
NBI (up to ~3.5 MW). In the recent experimental
campaign, ICRF (up to ~1.5 MW) power has been
added and the total heating power became ~5 MW at a
magnetic field strength of 2.75 T. Achieved electron and
ion temperatures are 4.4 and 3.5 keV, respectively, and
the stored energy is up to ~0.88 MJ. A fusion triple
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product (ntT) of 2 x 10" keV m~* s was achieved. An
averaged f of 2.4% was obtained with a magnetic field of
1.3 T. Energy confinement time has reached 0.3 s at a
maximum, and is enhanced by 15-60% over the ISS-95
scaling, which was derived from the existing medium-
sized helical devices [9,10]. The pedestal that exists
around p = 0.9 is considered to be a key factor for this
enhanced confinement [10,11]. This paper reviews the
initial experimental results on plasma-surface interac-
tions in these three campaigns.

2. Subsystems of LHD
2.1. Plasma facing components

The plasma facing components of LHD were designed
to withstand the long-pulse discharge with 3 MW input
power that is planned in the near future. This is the se-
verest operation for plasma facing components in LHD.

2.1.1. Vacuum vessel and the first wall panels

The LHD vacuum vessel is made of SS316L, and the
total area including ports is 780 m? [4]. Water cooling
channels were welded on the surface of the vessel to keep
the vessel temperature below 70°C with the supercon-
ducting coil energized, 95°C otherwise to limit the
thermal heat flow into them. Thus, the limit of baking
temperature of the vessel is relatively low, 95°C. A
number of small panels made of SS316L with Cu clad
layer are bolted on the water channels to form the first
wall, which will keep the vacuum vessel temperature
below 70°C under 3 MW steady-state plasma operation.
Installation of the first wall panels have not been com-
pleted yet. At the beginning of the third experimental
campaign, inboard-side wall in the vertically elongated
cross-section that was nearest to the plasma was covered
by the panels.

2.1.2. Divertor plates

In the first and second campaigns, the material facing
the divertor plasma was SS316L. After the second
campaign, actively cooled divertor plates were installed.
Each divertor plate consists of an isotropic graphite (IG-
430U,TOYO TANSO) armor tile, copper heat sink,
water cooling pipe made of SS316L, and graphite sheet,
which are fixed with several bolts [12]. For the design of
the divertor plate in LHD, the R and D works have been
carried out [13]. The heat flux of 0.75 MW/m? was as-
sumed to be the severest case during the 1 h operation
with input power of 3 MW.

2.2. Vacuum pumping and monitor system

A manifold with diameter of 1.2 m and length of 10 m
is connected to the vacuum vessel from a horizontal port

[4]. Tt is equipped with two cryogenic pumps with a
pumping speed of 70 m?*/s for H,O, two turbomolecular
pumps with a pumping speed of 5 m?/s for N,, two
compound turbomolecular pumps with a pumping speed
of 1.8 m*/s for N,. The effective pumping speed at the
pumping port in vacuum vessel estimated from the
pressure decay curve is 42 m®/s for hydrogen, and 8.4
m?/s for helium, respectively [14]. The base pressure of
the vacuum vessel is less than 8 x 1077 Pa.

Total and partial pressures are monitored by pressure
gauges and quadrupole mass spectrometer. An ASDEX
type fast ion gauge located 3 m away from plasma
monitored the total pressure during plasma discharges
[14].

2.3. Plasma diagnostics

During three experimental campaigns, developments
of LHD plasma diagnostic systems have been proceed-
ed. The radial profiles of electron and ion temperature
and density were provided by YAG-laser Thomson
scattering, charge exchange recombination spectroscopy
(CXRS) and FIR interferometer, respectively. Thomson
scattering and FIR interferometer cover the edge open
field layer. For divertor plasma measurements, ‘dome’
type Langmuir probe arrays were embedded in the di-
vertor plates.

3. LHD plasma operation

In LHD, steady-state magnetic field for plasma
confinement is generated by the superconducting helical
and poloidal coils. In the third campaign, maximum
operating magnetic field strength was 2.9 T at the
magnetic axis. The position of magnetic axis (R,y) can be
shifted, and R,x = 3.6-3.9 m are used for the plasma
experiments.

ECRH (82.6, 84 and 168 GHz, up to 0.9 MW) power
focused on the magnetic axis which generates plasma,
and auxiliary heating power with negative-ion based
NBI (hydrogen beam, up to 4.2 MW) and/or ICRF (up
to 1.5 MW) increased the plasma stored energy in the
third campaign. The plasma volume depends on the
magnetic configuration, and is typically about 30 m?.

Particle fueling was provided by using gas-puffing
and hydrogen pellet injection. Hydrogen and helium
gases are used depending on the experimental aims. Due
to the screening effect in the open field layer surrounding
the core plasma [15-17], and the wall pumping
[14,18,19], the fueling efficiency of gas-puffing is typically
20%. The fueling pellet injection was performed to ex-
tend the operational density regime [20]. The fueling
efficiency of the pellet injection is 50-90% depending on
the electron temperature.
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In the second campaign, the strong wall pumping was
observed especially during H, discharges [14]. In the case
of hydrogen, about 50% of the injected particles were
missing. On the other hand, in the case of helium, almost
no particles were missing. These results indicated the
difference of recycling between hydrogen and helium.
This trend was continued during the second campaign.
However in the third campaign, wall pumping property
was changed especially for helium, namely, injected he-
lium particles were also absorbed in the wall. The
graphite divertor plates are considered to be the sink of
helium. The quantitative analysis is under way, and this
change of wall pumping property affects the wall con-
ditioning scenario in the third campaign described later.

4. Impurity control

The impurity control methods in LHD are wall
conditioning and selection of plasma facing materials. In
the first and second campaigns, stainless steel is the main
plasma facing material, and in the latest campaign, the
graphite divertor plates, as mentioned in the previous
section, were installed.

4.1. Wall conditioning

Wall conditioning in LHD has been done mainly by
cleaning discharges and baking at a mild temperature
(95°C). Electron cycrotron resonance discharge cleaning
(ECR-DC) using the 2.45 GHz microwave and glow
discharge cleaning (G-DC) have been utilized for the
conditioning. Titanium gettering was also applied for
further reduction of oxygen impurity. With 1 h opera-
tion of the gettering system, nearly 30% of vacuum
vessel wall surface can be covered with more than three
monolayers of the titanium film. The heliotron config-
uration is free from disruption. Therefore, LHD does
not suffer from recontamination of the wall by disrup-
tion, which results in smooth improvement of the con-
ditioning with high power main discharges.

Table 1

In Table 1, plasma facing materials and wall condi-
tioning in each experimental campaign are summarized.
In the first campaign, only a few hours of ECR-DC was
carried out before the production of the first ECRH
(82.6, 84 GHz) heated plasma on 31 March 1998. Dur-
ing the first experimental campaign, combination of the
ECRH main discharges, 5 kW ECR-DC with helium gas
and the titanium gettering improved the wall condition
gradually. The total amount of evacuated surface con-
taminants was over 100 molecular layers [21]. As a result
of this procedure, the plasma with stored energy of 16 kJ
was achieved, being considered to be well-performed
discharge for the target plasma of NBI heating in the
second campaign.

After the first campaign, two graphite armors (3 m?)
were installed to protect the vacuum vessel from the NB
shine through power, and many diagnostics were also
installed. He G-DC was used as the main wall-condi-
tioning method to improve the condition of graphite
armor and even in the diagnostics ports. After about two
months of opening vessel, 10 days of vacuum vessel
baking with mild temperature (95°C) was conducted
before the starting of plasma experiments in the second
campaign, and about 53 molecular layers of surface
adsorbates were evacuated. Owing to this preparation,
He G-DC could start without any severe arcings [21].
The discharge voltage of He G-DC was about 210 V and
the averaged current density at the wall was 36 mA/m?.
In LHD, He G-DC cannot be conducted between shots
because of the steady magnetic field, but it was done
every night after the plasma experiment. With this pro-
cedure, wall condition was sustained and gradually im-
proved. After the second campaign, the long-term
samples which were set in vacuum vessel were taken out,
and surface analysis was applied. The results indicated
that the He G-DC affect the inside of the diagnostic
ports as expected [22,23].

In the third experimental campaign, actively cooled
graphite divertor tiles were installed, and the total area
of graphite surface became about 30 m?. After about six
months of opening vessel, 12 days of mild baking and
about 56 h He G-DC were applied, and NBI heating

Plasma facing materials and wall conditioning during 1998 and 1999

Plasma facing materials

Wall conditioning

First campaign (31 March 1998-14
May 1998)

Second campaign (14 September 1998-14

December 1998)

Installation of the graphite divertor plates

Third campaign (13 July 1999-17
December 1999)

SS316L Total surface area ~780 m?

SS316L Graphite (NBI armor)
Graphite area ~3 m? (~0.4%)

SS316L Graphite (NBI armor and the
divertor plates) Graphite area ~30 m?
(~4%)

He ECR-DC (5 kW) Titanium getter
95°C baking

He G-DC (6 kW, 210 V, 36 mA/m?)
Titanium getter 95°C baking

He G-DC H, G-DC (8.2 kW, 410 V,
26 mA/m?) Titanium getter 95°C
baking
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worked well at the very early stage in the third cam-
paign. However, in the hydrogen gas-puff-fueled dis-
charges, a significant helium contamination was
observed. This indicated that helium desorbed probably
from divertor plates during the discharge, and due to its
large recycling rate, helium became dominant after the
termination of hydrogen gas-puffing. To avoid the de-
sorption of helium during hydrogen discharge, H,G-DC
was applied before the experiment with hydrogen dis-
charges. In H, G-DC, the typical discharge voltage was
about 410 V, and the averaged current density at the
wall was 26 mA/m>. Accumulated helium was removed
with the time constant of about 1 h. As a result, the
working gas for G-DC was changed depending on the
working gas of following main discharge.

4.2. Influences of plasma facing materials

The differences of the materials facing divertor
plasma, that is SS in the first and the second campaigns,
and the graphite in the third campaign appeared in
radiation profile and spectroscopic measurements [24].

Fig. 1 shows a typical radiation profile obtained by
bolometer fan-arrays in the second and third campaigns,
respectively [25]. The reduction of radiation power from
the core region is clearly seen. On the other hand, the
edge radiation was not reduced. These results suggest
the decrease of metal impurities. VUV spectroscopy in-
dicated the apparent reduction of iron line intensities,
and supports the idea. Due to the cleaning discharges
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Fig. 1. Radiated power profile on the normalized minor radius.
Dashed line: SS divertor plates (#6607, t=1.0 s, Pyp; = 3.0
MW); solid line: graphite divertor plates (#11562, t=1.57 s,
Prpr = 3.5 MW).

and the bombardment of charge-exchange atoms, the SS
first wall was considered to be sputtered, and deposited
on the divertor plates. After the third campaign, the
surface analysis of the graphite divertor plates has been
started. Initial result of the identification of deposited
materials on a divertor plate using energy dispersive
X-ray spectroscopy (EDS) showed that the main de-
posited material is iron. Quantitative analysis of the
surface composition is in progress.

5. Studies of the edge and divertor plasmas

One of the features of the heliotron type magnetic
configuration is the structure of open field lines layer
surrounding the core region. Stochastic behavior of
magnetic field lines is predicted by the calculations of
magnetic field tracing, and double-null-like divertor
structure is naturally formed [26-29]. The stochastic
boundaries have also been studied in tokamaks with
ergodic divertor configuration [30,31], and many fea-
tures are considered to be common to each other. In
Fig. 2 [11], typical profiles of the connection length of
magnetic field lines, L., along the major radius at Z =0
in the horizontally elongated poloidal cross-section are
shown for different R,x.L. in LHD open field region is
much larger than those found at the edge of the large
tokamaks in X-point configuration.

5.1. Profiles of T. and n. in the edge open field region

The edge T, and n, profiles for different magnetic axis
positions (R,) obtained by Thomson scattering are
shown in Fig. 2 with the magnetic fields connection
length profiles. 7T, and n. profiles appear due to the
strong dependence on the magnetic configuration. In the
case of R,x = 3.6 m, the connection length is short, less
than 10 m, between R = 4.66 and 4.84 m. Such short
field lines connecting to the divertor plates cannot ap-
proach the core region. Therefore, T, and n. profiles do
not extend to the region with short connection length.
The profiles are determined by the parallel and perpen-
dicular transports, sources and sinks as in tokamaks.
For LHD configuration with stochastic magnetic field
lines, the transport mechanisms, which determine edge
T. and n, profiles are more complicated than X-point
divertor tokamaks. More detailed n. and T, profiles in
the open field lines layer are necessary to understand the
mechanisms.

5.2. Helical divertor properties

5.2.1. Profiles of the divertor particle flux

Helical divertor properties were mainly investigated
by using dome type Langmuir probe arrays embedded in
divertor plates [17,32] that located different positions.
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Fig. 3. (a) A typical particles’ flux to inboard-side divertor plate
and connection length of magnetic field lines. Magnetic axis
position (R,y) is 3.75 m. (b) Particle deposition profile on the
divertor calculated by magnetic field line tracing code with
random walk process. (R,x = 3.75 m, 1 toroidal section) The
poloidal angle of 0 degree indicates the position of torus out-
board. The toroidal angle of 0 degree is horizontally elongated
cross-section.

The detail configuration of these arrays will be depicted
elsewhere [32]. Fig. 3(a) shows the typical particle flux
(I'4iy) profile on a divertor plate at the torus inboard-
side, and L. profile calculated along the Langmuir

probe array is also indicated. Two peaks of I'g;, appear
at the long L. positions. As mentioned in the previous
section, only long magnetic field lines can approach the
core region, thus, the positions of the group of long
magnetic field lines become the divertor channels. In
the case of other magnetic configuration (R,y), similar
results were obtained [17]. The widths of the I'g, pro-
files are determined mainly by the L. profiles, and are
insensitive to the local divertor plasma. The decay
lengths of the profiles of Iy, are generally a few mil-
limeters. For the short L. beside the long L. group, the
profile does not extend largely. Fig. 3(b) is the particle
deposition profile on the divertor for R,, = 3.6 m that
was calculated by the magnetic tracing with random
walk process [29]. Non-uniformity of the deposition
profile appears even in the helical direction. Though the
particle source is assumed to locate only just inside
the last closed flux surface (LCFS) in this calculation,
the experimental results of Iy, measurements at dif-
ferent divertor plates qualitatively agree with these
numerical results.

5.2.2. The relationships between the core, edge and
divertor plasma

Electron density and temperature in front of the di-
vertor plates were measured by the single probe char-
acteristics. Fig. 4 shows the line averaged density
dependence of divertor plasma density (nqy) and tem-
perature (7 ) in helium discharges (R,x = 3.6 m). The
line averaged density reached 8 x 10" m~3 by gas-puff-
ing. In this regime, n.g4;, linearly increased with the line
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averaged density. Electron temperatures at the LCFS
are also shown in Fig. 4. Strong reductions of temper-
ature between the LCFS and the divertor plasma are
indicated. Electron density is also considered to be re-
duced largely from Fig. 2. This indicates that the elec-
tron pressure is not conserved in the open field layer due
to the collisions and viscosity in the long L.. Similar
dependence is seen in hydrogen discharges.

6. Long-pulse discharge experiment

The long pulse discharge experiment is one of the
main experimental programs in LHD. Heating devices,
ECRH, ICRF and NBI, have been developed toward
the long pulse discharges with high performance plas-
mas. The first step of experimental target is 1 h opera-
tion of the plasma with 3 MW of input power [1-3].

Near the end of the third campaign, the long pulse
operation regime was largely extended. Stable discharges
were achieved up to 80 s with NBI (0.5 MW) and 68 s
with ICRF (0.9 MW) were achieved [33,34]. Fig. 5 shows
the time evolutions of plasma parameters during the
longest discharge sustained by NBI heating. A high
temperature of 7; = 1.5 keV at the line averaged density
of 1.5-2.0 x 10" m~3 was sustained with a low level of
radiation power. No significant impurities accumulation
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Fig. 5. The time evolutions of the plasma parameters during
the longest NBI shot. Pyg; ~ 0.5 MW, duration time was 80 s.

in the core plasma was observed. The density was well
controlled by gas-puffing throughout the discharge. It
means that the wall pumping worked until the end of the
discharge.

The temperatures of plasma facing components kept
rising during the discharge, and did not saturate. The
surface temperature of the divertor plates at the torus
inboard-side rose up to 80°C. The typical vacuum vessel
temperature rose to less than 10°C [33]. The out-gas
from such high temperature components was not sig-
nificant, and as mentioned above, density controllability
remains until the end of the discharge. In the divertor,
nediv and T, g, were almost stable, and this is consistent
with the small or no out-gas from the divertor. A low-
frequency oscillation, the so-called ‘breathing’, which
limited the density rising in the second campaign [35],
was not observed in the third campaign. It is considered
to be due to the reduction of metal impurity caused by
the graphite divertor plates.

At this stage, the pulse length is rather limited by
heating systems, for example, the power supply for NBI
than plasma wall interactions. The physical limitations
such as large amount of out-gas, impurity contamina-
tion and deterioration of density controllability have not
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appeared with this power level after enough wall con-
ditioning.

7. Summary

Initial experimental results related to the PSI studies
in LHD have been reviewed. Wall conditioning without
high temperature baking has been conducted mainly
using glow discharge cleaning, and baking with mild
temperature (95°C). After the installation of the graphite
divertor plates instead of SS plates, the radiation power
from the core plasma was significantly reduced due to
the reduction of metal impurity.

Understanding of the edge plasma properties has
been in progress. For the stochastic behavior of the
magnetic field lines, the mechanisms which determine
the n. and 7, profiles are more complicated than in
X-point divertor tokamaks. The divertor plasma was
investigated by using Langmuir probe arrays embedded
in the divertor plates. The particle flux profile on the
divertor, such as the peak position and the width are
determined mainly by the profile of the connection
length of the magnetic field lines. Non-uniform particle
deposition profile on the divertor was predicted by the
calculation of magnetic field line tracing, and the ex-
perimental observation qualitatively agrees with it.
Electron density and temperature just in front of the
divertor plates largely reduced compared with them at
LCFS. This means that pressure is not conserved in the
open field lines layer.

The long-pulse discharge experiment has progressed.
The durations of 80 s with NBI (0.6 MW) and 68 s
with ICRF (0.9 MW) were achieved. The severe limi-
tations of the discharge duration have not appeared in
this operational regime. A limitation for the density
rising, ‘breathing’, was not observed in the third
campaign. It was caused by the reduction of metal
impurity.
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