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Response of plasmas in Large Helical Device (LHD) to the tungsten pellet injection depends on both the
total port-through power of the neutral beam injection (NBI) for heating, Pngr, and the line-averaged electron
density, n.. The plasma can be sustained in the range of high Pnpr and low n. while it collapses in the range
of low Pygr and high n.. When the number of tungsten atoms enclosed in a pellet, Ny, is small, plasma can
survive in low Pygr and high 7, range. Parameter space for plasma sustainment after the pellet injection is limited
to lower n, range in more outward-shifted magnetic configuration. n, < 4.0 x 103 cm™ and Ny < 1.2 x 10'8
for Ry, = 3.60m, n, < 3.0 x 1023 cm™ and Nw < 8.7 x 10'¢ for Ry, = 3.75m, and n, < 2.0 x 1013 cm™3 and
Nw < 3.1 x 10" for R,x = 3.90m are appropriate parameter ranges for the plasma sustainment. This suggests
that robustness against tungsten injection depends on the magnetic configurations.
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1. Introduction

Tungsten is regarded as a leading candidate material
for the plasma facing components (PFCs) in ITER and fu-
ture fusion reactors because of its high melting point, low
sputtering yield, and low tritium retention [1-3]. One of
the major concerns regarding the tungsten PFC is that the
tungsten ion causes a large radiation loss due to its large
atomic number of Z = 74 when it contaminates plas-
mas. Considering transport processes of tungsten impu-
rity in plasma confinement devices with tungsten PFCs,
firstly neutral tungsten atoms are sputtered and released
from the divertor plates. The tungsten ions in lower ion-
ization stages are transported through the edge plasmas and
finally the tungsten ions in higher ionization stages are ac-
cumulated in the core plasmas. Therefore, diagnostics for
tungsten ions covering from low to high ionization stages
are necessary for the comprehensive understanding of the
tungsten transport.

Spectroscopic studies for emissions released from
tungsten ions have been intensively conducted in the Large
Helical Device (LHD) for contribution to the tungsten
transport study in tungsten-divertor fusion devices and
for the expansion of experimental database of tungsten
line emissions. Tungsten ions are distributed in the LHD
plasma by injecting a pellet consisting of a small piece
of tungsten metal wire. In order to perform the tungsten
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injection experiment successfully, we must avoid plasma
collapse by energy losses due to ionization and radiation
of tungsten ions. Therefore, it is important to investigate
responses of the plasmas to the pellet injection and to sur-
vey appropriate experimental conditions to sustain plasmas
even though the tungsten ions are distributed in the plas-
mas. In this study, the response of the plasmas to the pellet
injection is summarized, which depends on both the total
port-through power of the neutral beam injection (NBI) for
heating, Pngi, and the line-averaged electron density, 7.

2. Tungsten Pellet Injection Experi-
ments in LHD

Figure 1 illustrates a schematic drawing of vacuum ul-

20 cm normal incidence VUV spectrometers,
flat-field EUV spectrometers .

// ! ) T _ VUV spectrometer
IR =3900 G
W pellet injection

Fig.1 Schematic drawing of VUV and EUV spectrometers used
for the tungsten spectroscopy in LHD. Top view of mag-
netic surfaces (R,, = 3.6 m), optical axis of the spectrom-

eters, and incident orbit of impurity pellet are illustrated
together.
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Fig. 2 Injected power of ECH, Pgcy, and NBI, Pyg, line-averaged electron density, 7., central electron temperature, T, total radiation
power, P4, and electron kinetic energy, Wy, in typical waveforms of W pellet injection experiments in LHD. The number of
atoms enclosed in a pellet, Ny, is 8.7 x 10'®. (a) Plasmas can be susatined after the tungsten pellet injection with high Pyg; and
low neo. Plasmas are collapsed just after the pellet injection due to (b) low Pyg; or (c) high 7. at the pellet injection.

traviolet (VUV) and extreme ultraviolet (EUV) spectrome-
ters used for the tungsten spectroscopy in LHD [4-6]. Top
view of magnetic surfaces (position of the magnetic axis
R.x = 3.6m), optical axis of the spectrometers, and in-
cident orbit of impurity pellet are shown together. LHD
has the major/minor radii of 3.6/0.64 m in the standard
configuration with maximum plasma volume of 30 m? and
toroidal magnetic field of 3 T. The coil system consists of
a set of two continuous superconducting helical coils with
poloidal pitch number of 2 and toroidal pitch number of 10
and three pairs of superconducting poloidal coils. Tung-
sten ions are distributed in the LHD plasma by injecting a
pellet consisting of a small piece of tungsten metal wire
enclosed by a carbon or polyethylene tube. The length
and diameter of a W wire can be selected in ranges of
0.5 ~ 1.0mm and 0.02 ~ 0.2 mm, respectively [7]. Then a
pellet is made up of approximately 1 x 10'® ~ 2 x 108 W
atoms and accelerated by pressurized He gas of 10 ~ 20
atm. The pellet injection orbit is located on the midplane
of the plasma having a 12° angle from the normal to the
toroidal magnetic axis [8]. By using the pellet injection
and spectroscopy system, we have already identified tung-
sten line emissions of WIV-WVII in the VUV range [9,10]
and WXLV and WXLVI in the EUV range [11]. Identi-
fication study on the unresolved transition array consist-
ing of WXXV-WXXIX lines also has been progressed re-
cently [12].

Figure 2 (a) shows a typical waveform of the tungsten

pellet injection experiment with hydrogen discharge with
magnetic axis position, R,x, of 3.60 m at toroidal magnetic
field, B;, of —2.75T. Here, the minus sign of B; means
inverse direction, i.e., counter-clockwise direction. The
plasma was initiated by the electron cyclotron heating, and
further heated by the neutral hydrogen beams. At the tim-
ing of the tungsten pellet injection of 4.0s, Pyp; is 13.4
MW and n, is 3.4 x 10'3 cm™. The length and diameter of
a W wire is 0.7 mm and 0.05 mm, respectively. Then, the
number of atoms enclosed in a pellet, Ny, is 8.7 x 10'.
After the pellet injection, the central electron temperature,
Teo, quickly decreases while n. increases. Thereafter T,
and the plasma stored energy evaluated from the kinetic en-
ergy of electrons, W, start to increase due to continuous
neutral beam heating.

We have found that plasmas can be sustained after
the tungsten pellet injection with high Pngr and low n. as
shown in Fig. 2 (a). However, depending on experimental
conditions, plasmas collapse suddenly just after the pel-
let injection. Figures 2 (b) and (c) show waveforms of the
collapse shots with low Pyp; of 4.0 MW and high n, of
4.0x10"3 cm™ at the pellet injection, respectively. In these
cases, the neutral beam heating cannot afford to sustain
plasmas with high power loss by ionization and radiation
due to high electron density. It has been already known that
the allowable density rise due to a pellet injection with-
out plasma collapse decreases with the atomic number of
the injected atom [13]. When the hydrogen pellets are in-
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jected, the plasma can be sustained with the density rise
close to 1.0x 10'* cm™3. On the other hand, typical density
rise without collapse for Ny = 8.7x10'%is 1.0x10'3 cm™3
as shown in Fig. 2 (a).

3. Parameter Range Survey for
Plasma Sustainment after the
Tungsten Pellet Injection

As shown in Fig. 2, success in the tungsten pellet in-
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Fig. 3 Results of the tungsten pellet injection as a function of
Pygr and n,, with R, = 3.60 m for several kinds of num-
bers of tungsten atoms enclosed in a pellet, Ny . Open cir-
cle and closed circle mean sustained and collapsed shot,
respectively.

jection depends on both the NBI heating power and the
electron density. Figure 3 shows the results of the pellet
injection as a function of Pygy and n. with R = 3.60 m.
We can select Nw by changing the size of the pellet. In
Fig. 3, open circle and closed circle means sustained and
collapsed shots, respectively. The pellet injection suc-
cesses in the range of high Pygr and low n. while it fails
in the range of low Pypr and high n.. Roughly speaking,
ne < 4.0x 10" cm™ is an appropriate density range for the
cases with relatively large pellets, i.e. Ny = 1.2 x 10'8 or
3.5 x 10" as shown in Figs. 3 (a) and (b), if Pyg; is higher
than 10 MW. When Ny is small, plasma can be sustained
in low Pnp; range (~5 MW) as shown in Figs. 3 (c-g).

We conducted the experiments with three kinds of Ry,
3.60m, 3.75m, and 3.90m. Large R,x value means that
a position of the magnetic axis is shifted outward. Fig-
ures 4 and 5 shows the sustained and collapsed shots with
Rax = 3.75m and 3.90 m, respectively. Parameter space for
the sustained shot is limited to lower n. range in the more
outward-shifted configuration. n, < 3.0 x 10" cm™ and
Nw < 8.7x 10 for R,, = 3.75m and n. < 2.0x 103 cm™3
and Ny < 3.1 x 10'® for R,, = 3.90m are appropriate
parameter ranges for the plasma sustainment.

Figure 6 shows the dependence of T and W, on n,
with R,x = 3.60m, 3.75m, and 3.90 m for the shots with
I0MW < Pygr < 15MW and Ny = 3.5 x 107, Open
and closed symbols mean sustained and collapsed shots,
respectively. As shown in Fig. 6, the electron temperature
is lower than that in the inward-shifted configuration un-
der the same electron density and the heating power in the
outward-shifted magnetic configuration, which results in
smaller plasma stored energy in the outward-shifted con-
figuration. Therefore, one of the reasons for the depen-
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Fig. 4 Results of the tungsten pellet injection as a function of
Pyg and ne, with Ry, = 3.75m.
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Fig. 5 Results of the tungsten pellet injection as a function of
Pygr and n,, with R, = 3.90m.
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Fig. 6 Dependence of (a) Teo and (b) Wy, on n. with Ry, =
3.60m, 3.75m, and 3.90 m for the shots with I0MW <
Pxpr < 15MW and Ny = 3.5 x 10"7. Open and
closed symbols mean sustained and collapsed shots, re-
spectively.

dence of acceptable amount of the tungsten atoms on the
magnetic configuration is that the plasma cannot be sus-
tained by the smaller stored energy against the energy loss
by the tungsten injection in the outward-shifted configura-
tion. The response of radial profiles of plasma parameters
to the pellet injection, the radial position of pellet deposi-
tion, and the density limit without pellet injection should
be also compared between different magnetic configura-
tions in the future studies in order to clarify the difference
in the acceptable amount of the tungsten atoms.

4. Summary

Response of the LHD plasmas to the tungsten pellet
injection depends on both Py and n.. The plasma can
be sustained in the range of high Pxp; and low n. while
it collapses in the range of low Pnpr and high n.. When
Nw is small, plasma can survive in low Pyp; and high
ne range. Parameter space for plasma sustainment after
the pellet injection is limited to lower n, range in more
outward-shifted magnetic configuration. This suggests that
robustness against tungsten injection depends on the mag-
netic configurations.
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