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Vacuum ultraviolet (VUV) spectra of emissions released from tungsten ions at lower ionization stages were
measured in the Large Helical Device (LHD) using three 20 cm normal incidence spectrometers in the wavelength
range of 300 to 2400 A. Tungsten ions were introduced in the LHD plasma by injecting a pellet consisting of a
small piece of tungsten metal and polyethylene tube. The VUV spectroscopy revealed that WVI 639.683 A,
677.722 A, and 639.683 x 2 A lines were useful lines for monitoring tungsten ion behaviors because they had
large intensities and were isolated from other intrinsic impurity lines.
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1. Introduction

Behavior of multiply charged ions in fusion plasmas
represented by tungsten ions has attracted attention be-
cause tungsten is regarded as a leading candidate mate-
rial for the plasma facing components in ITER and fu-
ture fusion reactors [1-3]. Considering transport pro-
cesses of tungsten impurity in ITER, first, neutral tung-
sten atoms are released from the divertor plates, then tung-
sten ions at lower ionization stages are transported in the
edge plasmas, and finally tungsten ions at higher ioniza-
tion stages are distributed in the confinement region. In
H-mode plasmas in tungsten-wall machines, it has been
frequently observed that highly ionized tungsten ions are
accumulated in the plasma core region with a high concen-
tration, which results in a large radiation loss and a deterio-
ration of the energy confinement property [4,5]. Therefore,
diagnostics for tungsten impurity ions in magnetically-
confined high-temperature plasmas have been intensively
conducted, such as visible spectroscopy for neutral tung-
sten atoms in the wavelength range around 4000 A and ex-
treme ultraviolet (EUV) spectroscopy for highly-ionized
tungsten ions in the wavelength range around 15 -70A
[6]. Moreover, measurement of tungsten ions at lower
ionization stages started recently using vacuum ultravio-
let (VUV) spectroscopy in the wavelength range around
500-2200 A because it is necessary for accurate evalua-
tion of tungsten influx and comprehensive understanding
of the tungsten impurity transport in high temperature plas-
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mas [7].

Based on these results, spectral identification is at-
tempted in this study for tungsten lines in a broad wave-
length range of 300-2400 A measured using three 20 cm
normal incidence VUV spectrometers which have been uti-
lized to monitor spectra of impurity emissions for all spec-
ified shots in the Large Helical Device (LHD). VUV spec-
troscopic techniques utilizing compact spectrometers with
relatively poor wavelength resolution have been widely
applied to tokamak plasmas to monitor impurity spectra
over a broad wavelength range [8]. Although the diagnos-
tic method in this study is ordinary, the measurement of
tungsten impurities in LHD is important to understand the
transport in helical plasmas. Furthermore, exploration of
tungsten lines at low ionization stages which can be mea-
sured by the survey spectrometers routinely will contribute
to spectroscopic studies on ITER edge plasmas.

2. Experimental Setup

Tungsten ions are introduced in the LHD plasma by
injecting a polyethylene pellet containing a small piece
of tungsten metal. 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 super-
conducting helical coils with poloidal pitch number of 2
and toroidal pitch number of 10 and three pairs of super-
conducting poloidal coils [9]. The tungsten impurity pel-
let consists of a small piece of tungsten wire covered by
a polyethylene tube. The length and diameter of tungsten
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Fig. 1 Schematic drawing of VUV spectroscopy system using 20 cm normal incidence VUV spectrometers in LHD. Top view of magnetic
surfaces (R,x = 3.6 m), optical axis of three spectrometers (102R, 106R, and 109L), incident direction of impurity pellet, and a
plasma cross section including optical axis of two spectrometers (102R and 106R) are shown together.

wire is 0.6 mm and 0.15 mm, respectively. The polyethy-
lene tube has a dimension of 0.6 mm in length, 0.6 mm in
outer diameter, and 0.3 mm in inner diameter [10]. The
pellet is accelerated by pressurized He gas of 10-20 atm.
The pellet injection direction is located on the midplane
of the plasma having a 12° angle from the normal to the
toroidal magnetic axis [11].

Figure 1 illustrates a schematic drawing of the VUV
spectroscopy system using 20 cm normal incidence VUV
spectrometers in LHD. Top view of magnetic surfaces (po-
sition of the magnetic axis R,x = 3.6 m), optical axis of
three spectrometers named “102R”, “106R”, and “109L”",
incident direction of impurity pellet, and a plasma cross
section including optical axis of two spectrometers (102R
and 106R) are shown together. The optical axis of 102R
has an angle of 5.7° against the midplane, and those of
106R and 109L are 3.8°. Each spectrometer covered a
wavelength range, 44, of 300 - 1050 A with a wavelength
dispersion, dA/dx, of 0.85 ;\/pixel (109L), 44 of 1000 -
1850 A with dA/dx of 0.88 A/pixel (106R), and A1 of
1550-2400 A with dA/dx of 0.88 A/pixel (102R), respec-
tively, in a single discharge. Back-illuminated CCD de-
tectors (Andor model DO420-BN: 1024 x 256 pixels, pixel
size 26 x 26 um?) were placed at the positions of the exit
slits of the spectrometers. A time resolution of 5ms was
applied to measure temporal evolution of the spectra. It is
important that these three spectrometers are routinely op-
erated in LHD, therefore we can obtain spectroscopic data
in 42 of 300 - 2400 A for all specified shots.

3. Measurement of Tungsten Emis-
sion Lines
Figure 2 shows the VUV spectra including tungsten
emissions of WVI 605.926 A, 639.683 A, and 677.722 A
lines. Figure 2 (a) shows a spectrum measured using a 3 m

normal incidence spectrometer with dA/dx of 0.037 A/pixel
[12]. Spectra of three shots measured by scanning the
wavelength shot by shot to cover a wavelength range of
600-700 A are shown together. Three bright lines of
5d-6p transitions of tungsten WVI 605.926 A, 639.683 A,
and 677.722 A have been already identified in the previ-
ous study [7]. Figures 2 (b-d) show spectra measured us-
ing three 20 cm normal incidence spectrometers. Wave-
length ranges of 600-700A, 1200-1400 A, and 1800-
2100 A are enlarged to investigate above three tungsten
lines and their second and third order emissions. Spec-
tra measured before the pellet injections are also shown
together. As shown in Figs. 2 (b) and (c), WVI 639.683 A
and 677.722 A lines, and their second order lines were iso-
lated from other intrinsic impurity lines even under ob-
servation with the wavelength resolution of a 20cm VUV
spectrometer while WVI 605.926 A was blended with in-
trinsic OIV lines. Third orders of WVI lines were not
found, as shown in Fig. 2 (d).

Figure 3 shows temporal evolutions of plasma param-
eters and line intensities of tungsten WVI lines. Line
intensities were evaluated from the areas of the spectral
peaks obtained by Gaussian fittings. Figure 3 (a) shows
the central electron density, neo, and central electron tem-
perature, T.y. Figure 3 (b) shows the edge electron den-
sity, ne(agy), and edge electron temperature, Te(agg) at the
effective minor radius of r.g = agg, Which is defined as
radius of 99 % of electron stored energy inside of the ra-
dius [13]. After the pellet injection, n.(agg) increases and
T<(ag9) drops rapidly followed by an increase of n.y and a
drop of T,y. Figure 3 (c) shows the line intensity of tung-
sten WVI 677.722 A line measured using a 3 m VUV spec-
trometer with a time resolution of 50 ms. Figures 3 (d-g)
show the line intensities of WVI 639.683 A, 677.722 A,
639.683 x 2 A, and 677.722 x 2 A, respectively. Behav-
iors of the line intensities in Figs. 3 (c-f) are similar to each
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Fig.2 VUV spectra including tungsten emissions of WVI
605.926 A, 639.683 A, and 677.722 A lines. (a) spectrum
measured using a 3 m normal incidence spectrometer for
three shots with scanning the wavelength for shot by shot
to cover a wavelength range of 600 - 700 A. (b-d) spectra
measured using three 20 cm normal incidence spectrom-
eters. Wavelength ranges of 600 - 700 A, 1200- 1400 A,
and 1800-2100 A are enlarged. Spectra measured before
the pellet injection are also shown together.

other: they have a maximum value at 4.1 s, stay in almost
constant value in 4.15 - 4.305s, and disappear to 4.35s. On
the other hand, intensity of 677.722 x 2A in Fig.3(g)
exhibited a different behavior because it is blended with
neighboring boron BII 1362.463 A which is identified as
an intrinsic impurity, as shown in “before pellet” spectrum
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Fig. 3

in Fig.
ered to

Temporal evolutions of (a) central and (b) edge elec-
tron density and temperature, (c) line intensity of tung-
sten WVI 677.722 A measured using a 3m normal in-
cidence VUV spectrometer, (d-g) line intensities of WVI
639.683 A, 677.722 A, 639.683 x 2 A, and 677.722 x 2 A
measured using 20 cm normal incidence VUV spectrom-
eters. Tungsten pellet is injected at 4.0s.

2 (c). Therefore, this 677.722 x 2 A line is consid-
be less appropriate as an indicator monitoring the

tungsten behavior. The temporal evolutions of WVI inten-
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sity shown in Figs. 3 (c-f) are correlated with the temporal
evolution of T,(ag9) having a local maximum value at 4.1 s
shown in Fig. 3 (b). It suggests that W>* ions are localized
at the plasma edge region and the change of T (ag9) around
the ionization potential of W>* ions of 64.8 eV might have
effects on the ionization and recombination processes. On
the other hand, a decay of WVI intensity starting at 4.28 s
is not explained well at present because atomic processes
and transport phenomena should be taken into account for
the detailed transport analysis, which will be investigated
in future studies.

4. Summary

VUV spectroscopy using three 20cm normal inci-
dence spectrometers has been applied to measure VUV
lines from tungsten ions at lower ionization stages. Each
spectrometer covers A4 = 300-1050 A with daydx =
0.85 A/pixel (109L), 41 = 1000- 1850 A with dA/dx =
0.88 A/pixel (106R), and A1 = 1550-2400 A with dA/dx
=0.88 ;\/pixel (102R), respectively, in a single discharge.
These three spectrometers are routinely operated in LHD
to provide spectroscopic data in 421 of 300 -2400 A for all
discharges. Several tungsten lines have been observed af-
ter the tungsten pellet was injected into the LHD plasma.
WVI 639.683 A, 677.722 A, and 639.683 x 2 A lines had
large intensities and were isolated from other intrinsic im-
purity lines. These lines will be useful not only for the
spectroscopic studies of tungsten ions in LHD but also for
ITER and other tungsten-wall machines.
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