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Spectroscopic studies of emissions released from tungsten ions combined with a pellet injection technique
have been conducted in the Large Helical Device for contribution to the tungsten transport study in tungsten
divertor fusion devices and for expansion of the experimental database of tungsten line emissions. Emission lines
were explored for the observation of low to intermediate charge states in the range of W'%* to W2%*, and the line
spectra of W!3* were observed for the first time in fusion plasma experiments. The wavelengths of the observed
W3+ lines were 243.1 A, 247.6 A, 248.3 A, and 249.1 A in the extreme ultraviolet wavelength range, and all of

them were emission from the 4 f135s? - 4 f13555p transitions.
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1. Introduction

Plasma-facing components in nuclear fusion devices
require a high melting point and low sputtering rate, thus
tungsten (W) is the most promising candidate material.
However, there is a concern that tungsten ions with a large
atomic number of Z = 74 will cause large energy loss by
radiation and ionization when the plasma is contaminated
by the tungsten impurity. For contribution to the tungsten
impurity transport study in fusion plasmas and for expan-
sion of the experimental database of tungsten line emis-
sions, spectroscopic studies for emissions released from
tungsten ions have been conducted in the Large Helical
Device (LHD), which is a superconducting plasma con-
finement device with a heliotron magnetic configuration
[1]. The LHD spectroscopy system, which simultaneously
measures the wavelength range from visible light to X-
rays, enables simultaneous observation of tungsten ions
from low to high charge states, resulting in successful ob-
servation of neutral particles of WY to highly charged ions
of W4+ [2-5]. However, the observation of ions with low
to intermediate charge states in the range of W!0* to W20+,
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which are important for the study of tungsten transport
in the edge plasma, is not sufficient, thus exploring use-
ful emission lines for spectroscopic measurements in these
charge states has remained one of the main concerns.

In order to explore the emission lines of unobserved
charge states, it is useful to refer to the spectra observed
in the Compact Electron Beam Ion Trap (CoBIT) experi-
ments, and an example of a charge state that has actually
been observed is W3* [6]. The electronic ground state
of W3* is 15225%2p%3523p03d'04524p4d'%4 13552, and
some 4f'35s% - 4f13555p transitions have been observed
in the 240 - 250 A of the extreme ultraviolet (EUV) wave-
length region [7, 8]. In this study, we investigate whether
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Fig. 1 Fractional abundance of tungsten ions in the electron
temperature range of 0.02keV to 0.5 keV.
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such W'3* emission lines can be also observed in the LHD
plasmas. Figure 1 shows the electron temperature depen-
dence of the fractional abundance ratios of tungsten ions
including the W'%* to W2%* charge states, calculated us-
ing the ionization rate coefficients (data type ‘ADF11’,
data file ‘scd50_w.dat’) and the recombination rate coef-
ficients (data type ‘ADF11’, data file ‘acd50_w.dat’) avail-
able in the ADAS database [9]. The electron density of
3% 103 cm™ was used in this calculation. W'** ions have
a maximum value when the electron temperature is around
100eV. Therefore, in this study, we search for emission
lines especially focusing on the spectra when the central
electron temperature of the LHD plasma is less than 1 keV.

2. Tungsten Pellet Injection Experi-

ment in LHD

For the spectroscopic measurement of tungsten ions
at LHD, an “impurity pellet” consisting of a small piece
of tungsten metal wire surrounded by carbon or polyethy-
lene in the shape of a cylindrical tube is injected into the
plasma [10]. Figure 2 shows a typical waveform of W pel-
let injection experiment in a hydrogen discharge with the
position of the magnetic axis at 3.6 m and the toroidal mag-
netic field of 2.75 T in the clockwise direction. The plasma
was initiatd by the electron cyclotron heating (ECH) and
further heated by the neutral beam injection (NBI). Fig-
ure 2 (a) shows the injection power of ECH and NBI. The
negative-ion source based NBI (n-NBI) contributed to the
electron heating in the early half of the discharge, while the
positive-ion source based NBI (p-NBI) contributed to the
ion heating in the latter half of the discharge. The tungsten
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pellet was injected at t = 4.1s, and the plasma response
to this was observed as (b) a decrease in the central elec-
tron temperature, T, and an increase in the line-averaged
electron density, 7., and (c) a decrease in the plasma stored
energy, W, and an increase in the total radiation power,
Pryg. Tep began to decrease from about 3.0keV after pellet
injection and remained close to zero during f = 5.3 - 5.9
after switching the heating method from n-NBI to p-NBL
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Fig. 2 Typical waveform of W pellet injection experiment in
LHD: (a) heating power of ECH, n-NBI, and p-NBI, (b)
central electron temperature, Ty, and line-averaged elec-
tron density, 7., and (c) plasma stored energy, W, and
total radiation power, Py,q. Four vertical dashed lines in-
dicate the four timings used in Fig. 3 for spectra analysis.
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Fig. 3 EUV spectra including tungsten emission lines, and spatial profiles of electron temperature and electron density for the discharge
shown in Fig. 2. The spectra and the profiles were measured at 4.50 - 4.55 s for (a, b), 5.20 - 5.25 s for (c, d), 5.80 - 5.85 s for (e,
f), and 5.90 - 5.95 s for (g, h), respectively, and the spectral shape changed in response to changes in the electron temperature. In
the T, and n. profiles, the locations of res / 299 = +1 are the plasma edges.
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Thereafter, T recovered to about 0.6 keV toward the ter-
mination of the discharge. In order to focus on tungsten
ions with low charge states, the spectra after t = 4.5, in
which T,y falls below 1.0keV, were carefully examined.
Four vertical dashed lines in Fig.2 indicate the four tim-
ings to be used in Fig.3 for spectra analysis in the next
chapter.

3. EUV Spectra of W3+ in the Wave-
length Range of 240 - 250 A

Figure 3 shows EUV spectra including tungsten emis-
sion lines, and spatial profiles of electron temperature, T,
and electron density, ., for the discharge shown in Fig. 2.
In this paper, spectra at wavelengths from 100 - 300 A
measured by a flat-field EUV spectrometer called “EUV
Long” are presented [11]. The field of view of the EUV
Long spectrometer covers the cross-section of the plasma
almost from top edge to bottom edge, and has no spatial
resolution. A CCD detector (1024 x 256 pixels, pixel size
26 x 26 um?, Andor DO420-BN) is located at the posi-
tion of the exit slit of the spectrometer. The time reso-
lution of the EUV spectroscopy is 5ms, but the spectra
shown in this paper were averaged over 10 data acqui-
sitions to increase the signal-to-noise ratio, namely, they
were averaged over 5S0ms. The 7. and n. profiles were
measured using a Thomson scattering system [12]. T, and
ne are plotted against the normalized minor radius, reg /
agg, Where re 1s the effective minor radius and agg is the
plasma edge, defined as the effective minor radius in which
99% of electron stored energy was enclosed. The spectra
in Fig. 3 (a) were averaged over t = 4.50 - 4.55s, and the
T obtained from the T profile in Fig. 3 (b) was 0.99 keV.
Quasi-continuous spectra called Unresolved Transition Ar-
rays (UTAs) were observed around 120 A and 150 A. Sev-
eral discrete W lines were observed from 160 A to 180 A,
but the charge states of these lines have not been identi-
fied yet. UTA was also observed in the spectrum Fig. 3 (¢),
where the T evaluated from the T, profile in Fig. 3 (d) was
0.37keV. Identification of the charge state of the UTAs
in this wavelength region has been attempted using cal-
culations based on a combination of an atomic structure
model and a collisional-radiative (CR) model [13]. Re-
cent progress has shown that the UTA around 150 A con-
tains the charge regions of W2!* - W2*[14] and 200 A
contains the charge regions of W!'7* - W»*[15,16]. In
the latter half of the discharge, the electron temperature
dropped further, and a state in which T took a value close
to zero appeared. The spectrum at this time is shown in
Fig.3 (e), and as shown in Fig. 3 (f), both T, and n. have
an extremely hollow spatial profiles called a “temperature
hole” [17]. Associated with the low electron temperature,
extremely low charge states such as W and W'+ were
observed. The electron temperature gradually recovered,
and the spectrum at 7.y = 0.12keV is shown in Fig. 3 (g).
As shown in Fig. 3 (h), both T, and n, recovered to finite

values at the center of the plasma. The four emission lines
observed at 240 - 250 A are W'3*. Identification of the
charge states of these emission lines is possible by compar-
ison with the spectra observed in the CoBIT experiment.
Figure 4 shows the EUV spectra of the wavelength
region including the four W'3* emission lines, compar-
ing the spectra observed at (a) LHD and (b) CoBIT at the
University of Electro-Communications [18], and the spec-
trum calculated by the flexible atomic code (FAC), which is
an atomic structure calculation code including CR model
[19]. In the FAC calculation, the electron configurations
of 4f%nl, 4f35snl, 4f35p%, 4f135p5d, 4£'255%51, and
4d°4 455> (n = 5 and 6, [ = 0 — 4) were taken into ac-
count. The four emission lines observed at LHD are in
good agreement with those already identified as W'3* in
CoBIT. All of these emission lines are caused by 41355 -
4f13555p transitions, as reported in a previous study com-
paring a CoBIT experiment and a CR model calculation
[7]. On the other hand, as shown in Fig. 4 (c), the calcu-
lated values of the wavelengths of the 41355 - 4f13555p
emission lines by the FAC code were a few A shorter than
those obtained in the LHD and CoBIT experiments. This
shift to shorter wavelengths has also been confirmed in cal-
culations using other codes such as the HULLAC code [7]
and the COWAN code [20]. Therefore, it is not consid-
ered to be a problem to identify the correspondence be-
tween the experimental and calculated emission lines. The
main reason for the wavelength shift between experiments
and calculations is considered to be the accuracy of the
energy level calculations. Especially for high-Z ions in
low charge states, which have a large number of electrons,
the number of energy levels becomes enormous, and the
way of considering their interactions can also affect the re-
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Fig. 4 EUV spectra including four W'** emission lines from
4f1355% - 4f13555p transitions. (a) and (b) were mea-
sured at LHD and CoBIT, respectively, and (c) was cal-
culated using the FAC code.
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Table 1 Wavelengths of the four W'** emission lines from the
413552 - 4£13555p transitions, numbered 1 - 4 in Fig. 4.
Jiower and Jypper are the total angular momentum of the
lower and upper levels, respectively. For the wavelength
values, Apyp and Ac.pir were measured at LHD and
CoBIT, respectively, and Agac Was calculated using the
FAC code.

No. Jlower Jupper ﬂLI—ID (A) /lCoBIT (A) /IFAC (A)
1 72 72 243.13 243.181 239.25
+0.05 +0.004
2 52 72 247.58 247.663 244.54
+0.04 +0.005
3 72 9/2 248.32 248.324 246.31
+0.08 +0.006
4 72 52 249.06 249.086 246.99
+0.08 +0.007

sults. In fact, even a comparison between calculations with
the same FAC code as in this study and tungsten spectral
measurements in high-temperature plasma experiments re-
ported good agreement in wavelengths for the more highly
charged WH* and W#* [21], or W4+ to W%+ [22]. An-
other interesting point about the spectrum in Fig.4 (a) is
that isolated emission lines with peaks at approximately
234 A, 235 A, 239 A, and 240 A are observed around the
O’ peak. The spectral shape is quite similar to that of
W4+ observed in a CoBIT experiment [7], and if W4,
this also means further exploration of the charge state re-
gion in the observation of tungsten emission lines in fusion
plasma experiments. Detailed comparison among these
emission lines with CoBIT experiments and FAC calcula-
tions will be performed in the future to identify the charge
states.

Finally, Table 1 summarizes the wavelengths of the
four W!3* emission lines observed at LHD and CoBIT and
calculated by FAC, together with the total angular momen-
tum of the lower and upper levels. This is the first time
that W'3* emission lines have been identified in a fusion
plasma experiment. In the observations of time evolution
and spatial profiles of the emission intensity of tungsten
ions up to W*®* that have recently progressed at LHD [23],
spectroscopic data for tungsten ions with low charge states
have been insufficient. Therefore, the W'3* emission lines
observed in this study are expected to be a useful tool for
monitoring the behavior of tungsten ions with low charge
states.

4. Summary

Spectroscopic studies of emissions released from
tungsten ions combined with a pellet injection technique
have been conducted in LHD for contribution to the tung-

sten transport study in tungsten divertor fusion devices and
for expansion of the experimental database of tungsten line
emissions. Emission lines were explored for the observa-
tion of low to intermediate charge states in the range of
W0+ to W20+ and the line spectra of W13+ were observed
for the first time in fusion plasma experiments. The wave-
lengths of the W13+ lines observed at LHD were 243.1 A,
247.6A, 2483 A, and 249.1 A in the EUV wavelength
range, and through comparison with a CoBIT experiment
and a calculation with the FAC code, all of them were con-
firmed to be emissions from the 4£!35s% - 4 f13555p tran-
sitions.
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