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Tungsten (W) is one of the major impurities in ITER and future DEMO reactors. However, diagnosing ion
density, temperature, and spatial distribution for tungsten ions in low charge states such as W!7*-W?2"* is difficult
due to a lack of spectral line data. In this study, we observed tungsten Unresolved Transition Array (UTA) spectra
around W?°* in Large Helical Device. Furthermore, the emission spectra of tungsten ions ranging from W!*-
W23+ were also measured using Compact electron Beam Ion Trap (CoBIT). Two spectral peaks were detected
in the CoBIT experimental setup. Subsequently, these peaks were theoretically identified as 5s-5p and 5p3,2-5d
transitions using Flexible Atomic Code (FAC). The identified peaks are useful for impurity diagnostics of ITER

edge plasma.
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1. Introduction

Tungsten (W) will be used as the plasma-facing com-
ponents in the divertor and first wall region in magnetically
confined fusion devices such as ITER and future DEMO
reactors [1,2]. It is considered that tungsten is one of the
major impurities present in high-temperature plasmas. Due
to its large atomic number of 74, tungsten ions are not
completely ionized even under high-temperature plasmas
with a central electron temperature 7o ~ 20 - 30keV of
ITER[3]. The presence of tungsten ions in the plasma
leads to a large amount of energy losses through excita-
tion, ionization, and radiation, thus contaminated plasma
environment hinders long-pulse operation. Therefore, it is
necessary to prevent the accumulation of tungsten ions in
core-plasma.

On the other hand, in high-temperature plasmas, tung-
sten impurity has a wide distribution, with highly charged
ions distributed in the core-plasma and charged states with
lower ionization distributed in the edge plasma region.
Due to its high radiation power, tungsten ions in the edge
plasma play an important role. In this way, it is important
to measure tungsten ions that cover a wide range of charge
states. Spectroscopic measurements have been performed
over a wide wavelength range, from Soft X-Ray (SXR) re-
gion to visible region for monitoring the different charge
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states of tungsten impurity. So far, spectroscopic studies of
tungsten ions have been conducted using high-temperature
fusion plasma devices, such as ASDEX Upgrade [4-6], JT-
60U [7-9], JET [10], EAST [11], and Large Helical Device
(LHD) [12-14]. In LHD, tungsten ions with a maximum
charge state of W#0* have been observed in tungsten pel-
let injection experiments [15]. In addition, spectroscopic
studies of tungsten ions have also been conducted using
the different Electron Beam Ion Trap (EBIT) devices such
as Compact EBIT (CoBIT)[16, 17], SW-EBIT [18], SH-
HtscEBIT [19].

Generally, W!'7*-W?7* jons have outermost shell elec-
trons occupying the 4f orbit, resulting in highly complex
excited structures and a large number of fine structure en-
ergy levels. As a result, a pseudo-continuum spectrum
called unresolved transition array (UTA) may be observed
[20]. For this reason, there is a lack of spectral line data
for W!7*-W?7* ions on major database, Atomic Spectra
Database on National Institute of Standards and Technol-
ogy (NIST-ASD)[21,22]. On the other hand, a tungsten
UTA spectrum was observed near 200 A with LHD. It
was suggested that WO*-W2"* jons are included in the
UTA spectrum observed near 200 A [23]. In this study,
we attempted to separate the charge states included in the
UTA spectrum near 200 A to expand the tungsten spec-
tral database and provide spectral data for ITER and future
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Fig. 1 (a) Top view of LHD with EUV spectrometer and pellet injection system and (b) vertical observation range of EUV spectrometer.

DEMO reactors.

2. Tungsten Pellet Injection Experi-
ment in Large Helical Device

Figure 1(a) shows the top view of LHD with a Ex-
treme Ultraviolet (EUV) spectrometer and pellet injection
system.

In LHD, a tungsten pellet is injected into a high-
temperature plasma with a Ty of several keV through the
pellet injection port, as shown in Fig. 1 (a). There are some
spectrometers that cover a wide wavelength range, but we
used a EUV spectrometer named “EUV Long” that cov-
ers 50 - 500A[24]. The EUV Long spectrometer has
1024 channels in the wavelength direction, and wavelength
range of 90 - 290 A was measured in this study. The wave-
length width per channel depends on the wavelength, but it
is approximately 0.2 A at A ~ 200 A. In addition, the wave-
length broadening of known line spectra gives the instru-
mental function, which corresponds to the wavelength res-
olution. Gaussian fitting of line spectra emitting at around
200 A, such as Fe XXIV (192.03 A), gives a wavelength
resolution of 0.25 A of half width at half maximum. The
exposure time of the EUV Long spectrometer is 5 ms. The
spatial observation range is shown in Fig. 1 (b).

Figure 2 shows the discharge waveforms of (a) plasma
heating power, (b) central electron temperature, T, (C)
central electron density, ¢, (d) plasma stored energy, W,
and (e) radiation power, P,y of tungsten pellet injection
experiment in LHD.

In the tungsten pellet experiment, the Electron Cy-
clotron Heating (ECH) and negative ion source Neutral
Beam Injection (n-NBI) heating systems were employed
to initiate and maintain the LHD plasma. A tungsten pel-
let was injected into the plasma with T, of approximately
3keV att ~ 4.1s. Immediately after the tungsten pellet
injection, P,q increased stepwise and then stabilized at a
high level, whereas W, gradually decreased. Due to the
ionization of tungsten ions, n.( increased from 2 X 10' to
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Fig. 2 Discharge waveforms of (a) plasma heating power, (b)
central electron temperature, (c) central electron density,
(d) plasma stored energy, and (e) radiation power in a
tungsten pellet injection experiment in LHD (#170347).

5 x 10" m=3, whereas T,y decreased from 3 keV to a few
hundred eV. Major radial profiles of (a) electron temper-
ature and (b) electron density at 4.9 - 5.3 s are shown in
Figs. 3 (a) and (b).

Electron temperature profile in major radial direction,
T.(R), decreased in R ~ 2.8 - 4.5 m, while electron density
profile, ne(R), slightly increased. Therefore, tungsten ions
are estimated to be mainly locatedin R ~ 2.8 -4.5matt ~
4.9-53s.

EUV spectra near 200 A observed at t ~ 4.95 - 5.30s
are shown in Fig. 4. Here, the spectra were the summation
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Fig. 3 Radial profiles of (a) electron temperature and (b) elec-
tron density at 4.9 - 5.3 s.
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Fig.4 Measured EUV spectra observed at 4.95 - 5.30s.

on 10 frames (50 ms).

A UTA spectrum was observed within the wavelength
range of 170 - 240 A at t ~ 4.95 - 5.30s. The spectrum
exhibits several pseudo-continuum peaks, including those
observed at 192, 196, 202, 208, 214, 220, 228 A. The UTA
spectrum in Fig. 4 was shifted toward longer wavelength
region with time. It is considered that the charge state dis-
tribution was shifted toward lower charge state with de-
creasing electron temperature. Notably, a tungsten UTA
spectrum measured near 30 A [16] displays a similar pat-
tern, wherein each peak corresponds to a different charge
state. If the UTA spectrum near 200 A has the similar pat-
tern as the spectrum near 30 A, it will be useful for moni-
toring the different charged states of tungsten impurity ions
within fusion reactors.
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Fig.5 (a) EUV spectrum at 5.25 - 5.30s, central electron tem-
perature dependence on integrated line intensity in the
wavelength range of (b) 226.60 - 230.94 A, (c) 219.91
- 223924, (d) 211.94 - 215.57 A, (e) 204.96 - 208.94,
200.04 - 203.97, 194.97 - 198.08, 189.00 - 192.07 A and
(f) ion fractional abundance.

In order to identify the charge state corresponding to
each peak, we focused on the dependence of integrated in-
tensity of each peak on Ty. Figures 5 (a), (b)-(e), and (f)
show the integrated area of the EUV spectrum observed at t
~5.25 - 5.30s, dependence of integrated intensity of each
peak on central electron temperature, Ty, and fractional
abundance as a function of electron temperature, respec-
tively.

The region of o < 300 eV is not shown in Figs. 5 (b)-
(e) because the spectral intensity decreases significantly af-
ter switching NBIs from n-NBI to p-NBI (t > 5.3s). The
peaks observed on the short wavelength side, as shown
in Figs.5(b) and (c), have a high integrated intensity in
relatively high electron temperature region of Ty ~ 400
- 450eV. On the other hand, the peaks observed on the
long wavelength side, as shown in Figs. 5 (d) and (e), have
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a high integrated intensity for 7.9 < 370eV. The frac-
tional abundance of W9* ions presented in Fig. 5 (f) was
calculated using ADF11 data (effective ionization coeffi-
cients from scd50_w.dat and effective recombination coef-
ficients from acd_w.dat) of OPEN-ADAS [25]. It was as-
sumed that the effective ionization rate of W9* ion, S(q),
and the effective recombination rate of W9*! ion, A(g+1),
were balanced. In addition, the total tungsten ion den-
sity was normalized to 1. By comparing Figs. 5 (b)-(e) and
Fig. 5 (f), it is suggested that the UTA spectrum near 200 A
is composed of around W2°* ions.

3. Charge State Identification Using

CoBIT

In high-temperature plasmas like those found in LHD
discharges, a Maxwellian electron distribution behavior is
typically observed. This results in an emission spectrum
containing peaks from various charge states of both intrin-
sic and extrinsic impurities, making it challenging to iden-
tify and separate these states. In contrast, devices operating
on an electron beam with mono energy, such as EBIT, can
precisely measure the spectrum of individual charge states
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Fig. 6 EUV spectra observed in (a) LHD and (b)-(g) CoBIT
of W'8*-W23* jons with electron beam energy of 450 -
660eV.

of the considered impurity. In an EBIT device, ions are
trapped by a magnetic field generated by superconducting
magnets and a well-defined electrostatic potential.

In this study, we utilized the CoBIT experimental fa-
cility at the National Institute for Fusion Science to mea-
sure the emission spectra from W'8* to W23* ions resulting
from the ionization of W(CO)s gas[16]. CoBIT enables
selective measurement of the W9* spectrum by adjusting
the electron beam energy, E., to an intermediate value be-
tween [E(g-1) and IE(q) (i.e. IE(g-1) < E. < IE(q)), where,
IE(q) represents the ionization energy of Wd* ion.

Figure 6 shows the tungsten EUV spectra observed
in (a) LHD and (b)-(g) CoBIT of W' - W23* ions with
electron beam energy of 450 < E, < 660eV.

The peaks indicated by arrows in each graph in
Figs. 6 (b)-(g) correspond to the tungsten ions labeled on
the upper right. Two peaks corresponding to the W'%*-
W2+ jons were observed in each spectrum. Here, the ob-
served peaks in the shorter and longer wavelengths are de-
fined as peaks A and B, respectively.

Peaks A and B are considered to correspond to the
radiative transition between different excitation states, be-
cause the peak wavelength was shifted toward longer
wavelengths as the ion charge state decreased. Further-
more, the wavelength of peak B overlapped with that of
the EUV spectrum observed in LHD.

4. Identification of Radiative Transi-
tion Peaks

We conducted modeling of weighted transition prob-
ability, gA, spectra to identify the spectral peaks observed
in CoBIT. An integrated software package called Flexile
Atomic Code (FAC) was used to calculate the atomic struc-
ture and electron-collision parameters, such as energy lev-
els and radiative transition rates, and cross-sections of elec-
tron impact excitation, ionization, and recombination [26].

FAC has been widely used for identifying the charge
states of numerous atoms/ions and transitions, with ob-
served peaks corresponding to the identified charge states
[19,27,28].

Energy levels of 4f™, 41 5/ (m=5-10,1=0-4)
states of W!8*-W?3* jons are shown in Fig. 7.

The energies of all excited levels are relative to the
ground state (4f™) energy. There are many energy lev-
els for the W!8*-W23* jons, most notably the number of
energy levels calculated for the W2%* jons, which has
amounted to about 15,000. The transitions between these
levels result in UTA spectrum near 200 A (AE ~ 62¢eV).

The gA spectra were synthesized using a Gaussian
function with a broadening of 0.2 A in the full width at
half maximum (approximately equal to the instrumental
function of the EUV spectrometer used in the LHD exper-
iment).

Figure 8 shows gA spectra of 5s-5p, 5pi,2-5d, 5p3/2-
5d. 5d-5d, 5f-5g transitions of W!8*-W?23* ions.
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Fig. 8 Weighted transition probability spectra of 5s-5p, 5pj .- Where, A; and p, represent the transition wavelength

5d, 5ps;p-5d, 5d-5f, 5f-5g transition from WS+ W23+
ions. These spectra were synthesized using a Gaussian
function with a broadening of 0.2 A in the full width at
half maximum.

Primary transitions with principal quantum number
n =5-5 (An = 0) has a transition probability at a wave-
length of 100 - 250 A. Note that the scales of the gA spectra
of 5s-5p and 5p-5d transitions are different from 5d-5f and
5f-5g transitions. The peak wavelength and standard de-
viation, o, of the gA spectra were evaluated reference to
Refs. [23,29], using the noncentred nth-order moment, y,
defined as

and mean peak wavelength, respectively.

Finally, a comparison of the peak wavelengths of Co-
BIT and the calculated gA spectra is shown in Fig. 9. The
wavelength of the peak A and B in Figs. 6 (b)-(f) was de-
termined by applying Gaussian fitting.

It was confirmed that the peak wavelengths from 5s-
5p transition of W!8*-W23* ions were matched with that of
Ref. [23].

Comparing the calculated peak wavelengths of each
transition, the peak wavelength observed with CoBIT
matched the peak wavelengths of the 5s-5p and 5ps3;;-5d
transitions. Therefore, peaks A and B observed in CoBIT
correspond to 5s-5p and 5p3/2-5d transitions, respectively.
Furthermore, 5s-5p transitions from W!**-W?3* ions ob-
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served with CoBIT overlapped with the peaks observed in
LHD. Therefore, it is considered that the peaks observed
in LHD are mainly composed of 5s-5p transition.

We have successfully separated the charge states in-
cluded in a tungsten UTA spectra near 200 A, which is an
indicator of the behavior of tungsten ions around W20+, It
is expected to be used for impurity diagnostics in ITER
edge plasma. In the future, it is necessary to construct
a Collisional-Radiative (CR) model to reproduce the ob-
served tungsten UTA spectrum in high-temperature plas-
mas, taking into account the population of each energy
level, and to further improve the charge states identifica-
tion.

5. Summary

Tungsten UTA spectra were observed near 200 A in
the tungsten pellet injection experiment in LHD. The UTA
spectra have a strong intensity with T,y of approximately
300 - 800 eV and include tungsten ions with lower charged
states such as W2%*, CoBIT experiments were conducted
to measure the spectra by separating ion charge states. Two
spectral peaks were observed for W'%*-W23* ions within
CoBIT measurements. These peaks were identified as Ss-
5p and 5ps3/2-5d transitions using FAC calculations. Fur-
thermore, 5s-5p transitions from W+ W23+ jons over-
lapped with the peaks observed in LHD. These spectral
peaks are useful for impurity diagnostics of ITER edge
plasma.

On the other hand, some strong emission lines were
observed at t ~ 4.95 - 5.00s and Ty ~ 0.83keV, in Fig. 4.
Since the T at t ~ 4.95 - 5.00s is different from 0.3 keV
at t ~ 5.25 - 5.30s, the charge state distribution is as-
sumed to be different as well. Therefore, the strong emis-
sion lines are considered to contain ions in higher charge
states, such as W2**-W3%_ We measured and calculated
only for W'?*-W?3* ions in this present paper. However,
it is also very important to identify higher charge states,
such as W24*-W3%*  as well as lower charge states, such
as W3*-W!8+ Tt is necessary to identify the line emission
spectra of these ions in the future.
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