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Tungsten spectroscopic studies have attracted much attention, because tungsten will be used as a plasma-
facing component in ITER and future DEMO reactors. However, spectral line data of tungsten ions in low to
intermediate charge states, such as WBT-W26+ g still lacking. To accumulate spectral line data of WB+-W26+ it
is very important to identify the charge state and transition of Unresolved Transition Array (UTA) spectrum, as
well as discrete line spectrum. In this study, we investigated electron temperature dependence of a UTA spectrum
around 300 A for an advanced understanding of spectral line shape. As a result, the UTA spectrum contains W'7+-
W?27* and emission line from 5s-5p transition and its satellite line from 5s2-5s5p transition are strongly emitted.
It was suggested that the UTA spectrum around 300 A will be useful for diagnostics of ITER edge plasma.
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1. Introduction

Tungsten (W) will be used as a plasma-facing com-
ponent in divertor and first wall region in ITER and fu-
ture DEMO reactors. Naturally, spectroscopic studies of
tungsten impurities have attracted much attention. So
far, tungsten spectroscopic studies have been performed in
not only tokamaks, such as ASDEX Upgrade [1], JT-60U
[2], JET [3], EAST [4], HL-2A [5], WEST [6], but also
stellarators, such as TJ-I[[7], and Large Helical Device
(LHD) [8-10]. In addition to experimental studies, theo-
retical studies have also been performed using Collisional-
Radiative (CR) model to identify the charge state and tran-
sition [11-13].

One of the current key issues is the lack of spectral
line data, especially for tungsten ions in low to intermedi-
ate charge states, such as W3*-W2%* [14]. In recent years,
discrete lines from tungsten ions in low to intermediate
charge state have been studied [15-17]. In contrast to dis-
crete lines, Unresolved Transition Array (UTA) spectra,
which have a quasi-continuum structure, around 15-45 A
[18],45-70 A [4,18],200 A [19,20], and 300 A [21] have
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been observed. It was suggested that the UTA spectrum
around 15-45A |, 45-70A , 200A , and 300A contain
W24+_W33+7 W27+-W4S+, W7+_W27+’ and W14+-W16+, re-
spectively. Among them, for advanced understanding of
the UTA spectrum around 300 A | it is very important to
accumulate spectral shape data at different electron tem-
peratures. Therefore, the purpose of this present paper is
to observe the shape of the tungsten UTA spectrum around
300 A with different electron parameters and to identify its
detailed structure, i.e., ion charge state and transition.

2. Experimental Setup

Tungsten pellet injection experiments have been per-
formed in LHD [22]. We used an Extreme UltraViolet
(EUV) spectrometer called “EUV Long” [23], which cov-
ers 50-500 A. In this present paper, the observation wave-
length range and exposure time were set to 197.8-435.9 A
and 5 ms. Through the wavelength resolution depends on
wavelength, it was evaluated to be 0.46 A of full width
at half maximum by Gaussian fitting of He II (303.78 10%).
The configuration of pellet injection system and spectrom-
eter is same as Ref. [24]. The waveforms of plasma heat-
ing power, central electron temperature, T, central elec-
tron density, neo, plasma stored energy, W), and radiation
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Fig. 1 Discharge waveforms of (a) plasma heating power, (b) central electron temperature, Ty and central electron density, no, and (c)

plasma stored energy, W, and radiation power, Pygq.
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Fig. 2 (a) Time evolution of EUV spectrum, (b)-(h) EUV spectra taken in 4.20-4.90s, (i)-(0) fractional abundance of W?* ion density

estimated using 7.

power, Ppg of tungsten pellet injection experiment, are
shown in Figs. 1 (a)-(c).

Here, the T,y and n,y were measured by Thomson
scattering diagnostics system [25], and the P;,q was mea-
sured by bolometer [26]. The discharge gas as well as
Neutral Beam Injection (NBI) working gas was H,. The
plasma was ignited by Electron Cyclotron Heating (ECH),
and maintained at Tey ~ 3.0keV and ng ~ 1.5 x 10" m~3
by negative ion source NBI (n-NBI) before tungsten pellet
injection (¢t ~ 4.1s). After pellet injection, Py,g increased
abruptly and then stabilized at a high level, while W, grad-
ually decreased. On the other hand, n¢y slightly increased
from 1.5 x 10" to 3 x 10" m~3 due to ionization of tung-
sten, while T,y decreased from 3.0keV to a few hundred
eV. During the discharge, a total of three n-NBIs are shut
off one by one in stages, and switched to a total two of
positive ion source NBIs (p-NBIs) at # > 5.3 s.

3. Observation and Identification of
UTA Spectrum around 300 A

Time evolution of observed EUV spectra taken in
4.20-4.90s, and fractional abundance of W9* ion density
estimated using 7o and ADF-11 data from OPEN-ADAS
[27] are shown in Figs. 2 (a)-(h), 2 (i)-(0), respectively.

Two UTA spectra were observed at 200-250 A and
290-400 A after 4.20s. Since the time evolution of these
UTA spectra is similar, the UTA spectrum at 290-400 A
is composed by similar charge states to W’*-W?7* of the
UTA spectrum around 200 A [19]. The UTA spectra
shifted toward longer wavelength side with decreasing T.
This is thought to be due to a change in the charge state
distribution at the lower electron temperature, as shown in
Figs. 2 ()-(0).

Then, we performed CR modeling for W!'7+-W?7* ys-
ing Flexible Atomic Code (FAC) version 1.1.5[28], which
is an integrated software package for calculation of en-
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Fig. 3 (a)-(d) Observed EUV spectra at . ~ 250 - 400 A in LHD, (e)-(h) synthesized spectra of W'7*-W27*  and (i)-(1) synthesized spectra

of each ion.

ergy level, radiative transition rate, electron collision cross-
section, based on a Relativistic Configuration Interaction
(RCI) method using Dirac-Coulomb hamiltonian. We con-
sider 4f™ (m=11-1), 4™ ' nl(m =11 - 1,n = 5,6,1 < 4),
4d°4f™+1/4fM5s (m = 11 — 1), 4f™2552/5s5p/5p?/5s5d
(m = 11 — 2) configurations. Then, the population den-
sity, N;, was calculated as dN;/dt = T';, — I',,; = 0, where

Tin = (AiN; + ChnNp) + > ConeNjy (1)
Jj>i J<i
Tou = D (AgiNi + ClineNo)
J<i
+ Z CéneN; + Z Cin,N;. )
J>i i
In the Egs.(1) and (2), A, C;?l., 4, and C! represent

radiative transition rate, rate coeflicient of electron de-
excitation, excitation, and ionization, respectively. Line
emission intensity was calculated as A;;N;AE;;, where AE;;
represents the transition energy. An emission spectrum
from W9* was synthesized by involving all emission lines
as a Gaussian distribution with a width of 0.02eV. Since
the ion density of W9+ was unknown, we used ion frac-
tional abundance instead. Figures 3 (a)-(d), 3 (e)-(h), and
3 (i)-(1) show the observed EUV spectra at A ~ 250 - 400 A
in LHD, synthesized spectra of W!7*-W?7* and synthe-
sized spectra of each ion, respectively.

Note that constant offset component of the spectra in
Figs. 3 (a)-(d) were subtracted so that the minimum value
of the intensity is almost zero. The spectra were calculated
at a condition of n, = 10°m™=> and 7, = 0.8,0.55,0.4,
and 0.3keV. The synthesized spectra at T, = 0.8, 0.55,
0.4, and 0.3keV are drawn by blue line in Figs. 3 (e)-(h),
and mainly consists of W22+ W27+ W20+ 26+ Wlo+_

W2* and W!7*-W?3* respectively. The synthesized spec-
trum of each ion has two quasi-continuum peaks, which
correspond to 5s-5p transition and its satellite line from
5s2-5s5p transition. The UTA spectrum shifts toward the
longer wavelength side as the electron temperature de-
creases, and a structure with two quasi-continuous peaks
becomes prominent, as overall. And the synthesized UTA
spectrum reproduces the spectral shape of observed UTA
spectrum in the tungsten pellet injection experiment. On
the other hand, the observed spectrum and synthesized
spectrum have some differences, for example, A > 330 A in
Figs.3(a)and 3 (e), A < 290 A in Figs.3(d) and 3 (h). It is
considered that the observed UTA spectrum contains ions
in charge states lower than W'7*, which mainly distribute
in outer side of the plasma. The central electron tempera-
ture was assumed in the calculation. Thus, it is necessary
to consider the spatial distribution of electron temperature
and ion density, in the future. The UTA spectrum around
300 A will be useful for diagnostics of ITER edge plasma.

In this present paper, we conducted modeling of
W!7+-W2™*_ However, there are few spectral line data
of tungsten ions below W!7*. In the future, identifica-
tion of tungsten spectra from ions in lower charge states
through high-temperature plasma and Electron Beam Ion-
Trap (EBIT) experiments and theorical calculations is a
key theme for fusion plasma diagnostics.

4. Summary

We observed tungsten UTA spectra around 300 A by
tungsten pellet injection experiment in LHD. The observed
UTA spectrum shifted toward longer wavelength side with
decreasing T¢o from 0.8keV to 0.3keV. The UTA spec-
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trum of W!'7*-W?27* synthesized using CR model repro-
duced the shape of observed spectra, as well as the peak
wavelength. It is considered that the UTA spectra around
300 A will be useful for diagnostics of ITER edge plasma.
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