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Abstract

Tungsten spectra in extreme ultraviolet (EUV) wavelength range of 10-480 A have been observed
from high-temperature plasmas in Experimental Advanced Superconducting Tokamak (EAST) with
full tungsten divertor using four fast-time-response EUV spectrometers of EUV_Short (5-45 A),
EUV_Long a(40-180 A), EUV_Long ¢ (130-330 A) and EUV_Long b (270-480 A) and two space-
resolved EUV spectrometers of EUV_Short2_d (45-70 A) and EUV_Long2_d (40-130 A). The
wavelength of measured spectra is accurately calibrated based on several well-known spectral lines
emitted from low-Z (He, Li, C, N and O), medium-Z (Fe and Cu) and high-Z (Mo) impurity ions.
Measurements of the tungsten spectra were taken from discharges accompanied with a transient
tungsten burst event, which creates a pulsed influx of tungsten atoms into the EAST plasma. The
tungsten spectra observed before and after the burst event are carefully analyzed with temporal
behavior and radial profile distribution of the tungsten line intensity. As a result, 213 tungsten lines are
successfully confirmed in the spectra observed after the tungsten burst, and the results are summarized
in tables. These tungsten lines include line identifications of 78 lines of W XXIII - W XLVI (W*** -
W* ) at 10-140 A and 88 lines of W V - W IX (W*" - W) at 160-480 A, while 47 tungsten lines at
50-380 A could not be clarified the transition. In addition, quasi-continuum spectra called unresolved
transition array (UTA) from tungsten ions in low- and high-ionization stages are also analyzed in three
wavelength ranges of 18-38 A, 45-70 A and 150-280 A at which W XXIII - W XXXVIII (W?2* -

W27, W XXVIL- W XLVI (W - W* ) and W VI—W IX (W - W¥") are dominantly emitted,
respectively. Through the analysis it is found that charge state distributions of tungsten UTA at
140220 A significantly vary with decrease in the electron temperature. Ionization stages of all
observed tungsten lines including both isolated and quasi-continuum lines are experimentally
reconfirmed by comparing the radial intensity profile with the electron temperature profile. Finally,
spectral lines useful for tungsten diagnostic in fusion plasmas are selected and marked in the tables.

1. Introduction

In International Thermonuclear Experimental Reactor (ITER) the thermal heatload on divertor plates is
surprisingly large. Then, tungsten material was decided to use for the divertor plate, replacing carbon material
which has been used for many years, because the tungsten material has high-melting point, high-physical
sputtering threshold energy, low-tritium retention and low-dust production rate. At present, the tungsten
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monoblock and tungsten-coated materials have been used in several tokamak devices, e.g. ASDEX Upgrade [1],
JET [2], EAST [3] and WEST [4]. In ITER, very recently, the tungsten material was also decided to use for the first
wall on the vacuum vessel. It is well-known that high-Z element like tungsten easily lowers the plasma
temperature and degrades the plasma performance due to the huge radiation rate once it enters the plasma as an
impurity ion. Therefore, diagnostic of the tungsten atom/ions is more important than ever before because of the
inevitable importance of protecting the plasma from tungsten contamination for steady sustainment of high-
performance plasma. Since the electron temperature of ITER plasmas is extremely high, e.g. several tens keV, a
variety of charge stages of tungsten ions exist in the ITER plasma, i.e. from neutral tungsten atoms (W°) at the
divertor to He-like tungsten ions (WM at plasma core.

So far, emission lines of the tungsten ions have been measured in various wavelength ranges of soft x-ray
(SXR: 1-10 10\), extreme ultraviolet (EUV: 10-500 A), vacuum ultraviolet (VUV: 500-3000 10\) and visible
(3000-8000 A) ranges using magnetic confinement devices for fusion research [5-19], electron-beam ion trap
(EBIT) for atomic physics study [20-23] and sliding-spark light discharges for laboratory plasma study [24-28].

A neutral tungsten emission line of W I has been identified as an isolated line with transition of 5d°6s
7S,-5d*6s6p 'P°, in the visible range 0f 4009 A [11]. The emission line with relatively strong intensity is now an
important experimental tool for plasma-wall interaction study of in fusion research. Line emissions of W III - W
VII from low-ionized tungsten ions have been found in the VUV wavelength range of 495-1475 A byinjectinga
coaxial tungsten pellet on large helical device (LHD) [12]. Spectral lines of W VII were also observed from the
SSPX spheromak in the EUV wavelength range of 180—450 A using a flat-field spectrometer with spectral
resolution of 0.3 A [7]. In both VUV and EUV wavelength ranges of 150-1480 A tungsten spectra of W IV - W
VIII observed from JET tokamak were analyzed in detail [29]. Ryabtsev et al accurately identified numerous
tungsten spectral lines of W VIII - W IX observed from vacuum spark plasma in the EUV wavelength range of
160271 A using a grazing-incidence spectrometer with 3600 lines/mm grating [28]. These results made a
significant contribution to fill in missing experimental data for low-ionized tungsten ions. Nineteen tungsten
lines of WV, W VIl and W VIII were also found in both VUV and EUV ranges of 160—500 AinLHD [13]. The
spectral feature of these lines, in particular, W VII and W VIII, was quite different from those observed in SSPX,
JET and EBIT devices. The reason may be due to entirely different electron density ranges among four devices.
Two isolated strong W VII lines with transitions of 4f'*5s*5p® ' S—4f'*55*5p”5d emitted in the EUV wavelength
range 0f 216.219 A and 261.387 A were found at a tungsten burst phase after accumulated laser blow-off (LBO)
experiments in the HL-2A tokamak. The spectral feature of these two W VII lines was quite similar to those from
SSPX and JET. The tungsten influx rate in the HL-2A discharge was analyzed using the W VII line and studied
tungsten behavior at the plasma edge [14].

In addition to the above, highly ionized tungsten ions, e.g. W' - W>°* have been further studied
extensively. Tungsten lines of W XXXVIII - W LI (W7 - W**") observed from ASDEX Upgrade by mean of
LBO technique were identified in the SXR wavelength range of 5-15 A [6]. Tungsten lines of W XLVI (W*>™)
and W XLVII (W**™") observed from JET using an upgrade high-resolution x-ray spectrometer in the SXR
wavelength range of 5.20-5.24 A were identified as 3p-4d inner-shell excitation lines [30]. Tungsten lines of W
XLVII (W) were also observed in LHD in the SXR wavelength range of 7-8 A and 7.938 A by injectinga
tungsten pellet [15].

In the EUV wavelength range, on the other hand, the presence of quasi-continuum spectrum called
unresolved transition array (UTA) is particularly emphasized, while several isolated spectral lines from highly
ionized tungsten ions, e.g. W XLI - W XLVI (W _W* %) have been measured in the EUV wavelength range in
several EBIT [31, 32] and fusion devices [6, 13, 15, 18]. The UTA spectra basically originate in a large relativistic
effect of the high-Z element, e.g. level mixing due to spin—orbit interaction. The tungsten UTA spectra are
mainly located in wavelength ranges of 15-40 A, 45-56 A and 5675 A. A typical feature of the UTA spectrum is
that the shape greatly varies with electron temperature. For example, the shape of the UTA at 15-40 A
wavelength range mainly composed of W*** - W>" " ions [9, 11, 33, 34] largely shifts the peak intensity position
when the electron temperature increases from 0.75 keV to 1.0 keV. Radial profiles of such UTA spectra have
been measured using a space-resolved EUV spectrometer in LHD and densities of W***, W*** and W**" ions
are evaluated at 32.16-33.32 A, 30.69-31.71 A and 29.47-30.47 A by analyzing the radial profile,
respectively [35].

In the high-Z element intensities of magnetic dipole (M1) forbidden transitions become sufficiently strong
due to an entire breaking of L-S coupling, e.g. M1 transition rate increases with Z'°, while E1 transition rate
increases with Z* [36]. The M1 transitions have been observed in LHD for W XXVII - W XXVIII (W**"-W?"T)
in the visible wavelength range of 3300-3900 A and W XXX - W XL (W?*-W>°*) in the VUV wavelength range
0f500-900 A [16,37,38]. The visible M1 transition is useful for tungsten diagnostic of ITER because use of the
optical fiber and/or mirror enables visible spectroscopy in the absence of strong neutron and hard x-ray
backgrounds.
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Figure 1. Poloidal cross section of EAST tokamak with lower single null configuration. Vertical and horizontal axes mean vertical
distance from equator plane and horizontal distance from torus center (major radius), respectively. Plasma boundary defined with
Last Closed Flux Surface (LCFS) is shown in solid red line. Lines-of-sights (LOS) of four fast-time-response EUV spectrometers are
indicated with thick solid lines (EUV_Long_c: purple, EUV_Short: black, EUV_Long_a: pink, and EUV_Long_b: cyan). Vertical
observation ranges of two space-resolved EUV spectrometers are indicated with shaded area (EUV_Long?2_d: blue and
EUV_Short2_d: green). Vertical observation size of the LOS is different for each fast-time-response EUV spectrometer (EUV_Long_c:
120 mm, EUV_Short: 200 mm, EUV_Long_a: 200 mm and EUV_Long_b: 200 mm), and horizontal observation size is roughly

50 mm for all of them. For an easy understanding of EAST tokamak plasma, the D-shaped plasma area within the LCFS is simply
categorized by two different temperature regions of edge plasma region (orange-filled area) and core plasma region (red-filled area),
where tungsten ions of WO - W (jonization energy: E; = 122-1132 eV) and W2 W4 (B, = 1132-4180 eV) are localized when
central electron temperature is 4.5 keV, respectively. Tungsten atoms/ions of WO - W (E; = 8-122 V) are localized in scrape-off
layer and divertor region outside the LCFS denoted with yellow-filled area.

This work focuses on observations of the tungsten emission lines in EAST discharges over the entire EUV
wavelength range of 10-480 Aand analyses of the tungsten spectra. The observations have been carried out with
four fast-time-response EUV spectrometers of EUV_Short, EUV_Long a, EUV_Long cand EUV_Long b
working in wavelength ranges of 5-45 A, 40-180 A, 130-330 A and 270—480 A, respectively, and two space-
resolved EUV spectrometers of EUV_Short2_d and EUV_Long2_d working in wavelength ranges of 45-70 A
and 40-130 A, respectively. Temporal behaviors and radial profiles of the tungsten emission lines are utilized for
the accurate analysis of tungsten spectral lines. To analyze accurately the temporal behavior of tungsten ion a
spontaneous tungsten burst event appeared during a discharge is used. In such discharges the tungsten influx
suddenly increases due to an enhanced plasma-wall interaction. Based on the burst event time differences in
spectral appearance can be clearly observed among spectral lines from different tungsten ionization stages. Asa
result, several emission lines from low-ionized tungsten ions are found in EUV spectra at the wavelength range
of 150-480 A observed from EAST plasmas.

In the present paper, experimental setup is explained in chapter 2 with installed four fast-time-response and
two space-resolved EUV spectrometers. Results on spectroscopic analyses of measured tungsten emission lines
are presented in chapter 3 including tungsten UTA spectra and emission lines from low-ionized tungsten ions.
Identified tungsten lines are summarized in tables. Transitions of several tungsten emission lines observed here
were unfortunately unknown. In chapter 4 unknown tungsten emission lines are discussed in finding their
possible ionization stages through analyses of the temporal behavior and radial profile. Results are also
summarized in tables. Finally, the present work is summarized in chapter 5.

2. Experimental setup

The EAST is a medium-sized superconducting tokamak (major radius of R = 1.85 m at the plasma center,
averaged minor radius of a = 0.45 m at the plasma edge boundary and toroidal magnetic field of B;=3.5T),
and creates high-temperature toroidal plasma with D-shaped poloidal plasma cross section, as shown in
figure 1. To make an easy understanding of EAST tokamak plasma the D-shaped plasma area within the last
closed flux surface (LCFS) is simply categorized by two different temperature regions of the edge plasma
region (orange-filled area) and the core plasma region (red-filled area), where tungsten ions of W - W*"*
(ionization energy: E; = 122-1132 eV) and W2 _ W (E; = 1132-4180 eV) are localized, respectively, when

3
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central electron temperature is 4.5 keV. Tungsten atoms/ions of W - W>" (E; = 8-122 eV) are localized in
the scrape-offlayer and divertor region indicated with yellow-filled area. The line-averaged electron density
(n.) and electron temperature (T.) in EAST discharges rangeinn, <7 x 10'* m~>and T, < 12 keV,
respectively [39]. The first wall of the vacuum chamber is mainly formed of molybdenum tiles. Replacement of
graphite divertor plates by tungsten divertor plates (tungsten-copper monoblocks) was completed in 2021 for
both upper and lower divertor regions. Molybdenum material is partly used for the first wall on the inboard
side vacuum vessel. Iron and copper materials are used for protection of Ion-Cyclotron-Range-of-Heating
(ICRH) antennas [40].

In EAST two fast-time-response EUV spectrometers (EUV_Long_a: 20-500 Aand EUV_Short: 5-138 A)
are installed for monitoring impurity behavior in the core plasma and other two fast-time-response EUV
spectrometers (EUV_Long_c: 20-500 Aand EUV _Long_b:20-500 A)areinstalled for monitoring impurity
behavior in the edge plasma [40, 41]. Two types of the spectrometers named ‘EUV_Long’ and ‘EUV_Short’ use
holographic gratings with different number of grooves, i.e. ‘EUV_Long’ for 1200 grooves/mm and ‘EUV_Short’
for 2400 grooves/mm. Therefore, ‘EUV_Short’ has better spectral resolution in short wavelength range below
50 A, while the spectrometer throughput is extremely low in longer wavelength range above 100 A.Theline-of-
sights (LOS) of these spectrometers are shown in figure 1. EUV spectra from the fast-time-response
spectrometers can be recorded every 5 ms using a back-illuminated charge-coupled detector (CCD:

26 x 26 pm?/pixel, 1024 x 255 pixelsand 26.6 x 6.6 mm?) operated in Full Vertical Binning (FVB) mode. The
wavelength range to be measured can be externally changed by moving the CCD position horizontally along the
focal plane with an electric pulse motor equipped on the spectrometer. Observation range at the plasma center in
the vertical direction is roughly 120 mm for EUV_Long cand 200 mm for EUV_Short, EUV_Long aand
EUV_Long b, while that in the horizontal (or toroidal) direction takes the same value of 50 mm for all
spectrometers. In this work the wavelength ranges of EUV_short, EUV_Long_a,and EUV_Long cand
EUV_Long_b spectrometers are set to 5-45 A, 40-180 A, 130-330 A and 270—480 A, respectively, to observe
wider wavelength range in a single discharge.

In EAST, on the other hand, two space-resolved EUV spectrometers called EUV_Short2_d and
EUV_Long2_d equipped with a space-resolved slit are installed for spatial distribution measurement of
impurity line emissions in the wavelength ranges of 5-138 A and30-520 A, respectively [19,42]. A
complementary metal-oxide semiconductor (CMOS: 6.5 x 6.5 pm?/pixel, 2048 x 2048 pixels and
13.3 x 13.3 mm?) detector is used for EUV_Short2_d spectrometer to increase the time response in recording
the spectral image, while the CCD (26.6 X 6.6 mmz) detector, same as the fast-time-response spectrometer case,
isused for EUV_Long2_d spectrometer by arranging the CCD vertically. Then, the vertical observation range is
different between EUV_Short2_dand EUV_Long2_d,i.e. —18 cm <Z <8 cm (0 <r/a<0.3) for
EUV_Short2_dand —40cm < Z<10cm (0 <r/a<0.7) for EUV_Long2_d. Here, r and a are the poloidally-
averaged radial position and radial plasma size, respectively. Therefore, values of r/a = 0 and 1 mean the plasma
center and edge boundary, respectively. The plasma edge boundary is defined by the LCFS as seen in figure 1. Itis
noted that the wavelength range of EUV_Long2_d with CCD which can be simultaneously measured in a single
discharge, A Adwr, is much narrower than ‘EUV_Long’ with CCD, e.g., A\ywgr = 30 Aat Ao =60 10\, because the
short axis (6.6 mm) of CCD is set along the horizontal wavelength dispersion.

The wavelength calibration of four fast-time-response EUV spectrometers is performed using two
methods based on theoretical prediction calculated from spectrometer dispersion equation and CCD pixel
positions of experimentally observed impurity spectral lines. In EAST discharges intrinsically existing several
impurity species can be found such as He, Li, C, N, O, Fe, Cu, Mo and W. The impurities of He and Li originate
in glow discharge and lithium coating for wall conditioning, respectively, and N and O originate from a small
air leakage of the vacuum vessel and water vapor in the vacuum vessel, respectively. In main discharges with
heating systems, several metallic impurities such as Fe, Cu, Mo and W are contaminated in plasmas due to an
interaction with plasma facing components. In radiofrequency (RF) wave heating antennas and guard limiter
interact with particles accelerated by the heating wave, when the RF wave does not couple effectively to the
edge plasma. High-energy particles accelerated by the heating waves interact with first wall, when those
particles deviate from LCFS. In neutral beam injection the high-energy beam penetrates the plasma in low-
density discharges and interacts with first wall. The neutral beam may also interact with plasma facing
components around the injection port due to the beam divergence effect. Figure 2 shows the EUV spectra
measured for the wavelength calibration. The spectral lines were analyzed and identified in the wavelength
range of 10-480 A [40, 43, 44]. The wavelengths denoted in the figures are taken from National Institute of
Standards and Technology (NIST) database [45].

In figure 2(a), n = 3-2 L, transitions of Cu XX—Cu XXI and Fe XVII—Fe XVIII mainly contribute to the
spectrum formation in the wavelength ranges of 10-13 A and 15-18 A, respectively, whereas no impurity lines
appear in the wavelength range of 5-10 A. Spectral lines emitted in the wavelength range of 18-45 A are mainly
composed of H- and He-like C, N and O ions with resonance series transitions of np-1s (n =2 and 3). In

4



10P Publishing

Phys. Scr. 99 (2024) 105609 W Zhang et al

=]

LA S R

| SN B B e B S B B B B B B S B NN S e S B E B S S

N -
= 3 2 (a) EUV_Short & ]
- R L B s - ]
Saf 195,22, 8 b B e : 5 .
21 SeNs; 24 - w2 : : g 88 ]
[ Eg3x| E:z% ek ~ o S &%
9ot 33|3 £o ¢ o ¥, 3s 52
= M ! wmmw St WWWNMWMMME,‘EN:
=k LU
O PR S T T N T P | 1 PR ST S NN TR TN S SN [N TR SN TN S NN SN U S S N S S N1
5 10 15 20 25 30 35 40 45
3'8 T 'El '3[ T T T T T I le a @ | ]
= F 8 g 48 82 (b)EUV_Longa J15 ¢ & 3 ]
E. [~ g3 S8 &g £ g s Hoid Ex 3 B g
- an € & 3 SIE: 8 245 &5 &4
ST Reeziz i & & 131 s f 73398 53 i
St 22 |2 % % xs 5 E g 5| 5% %giel
§1-_ = d‘[\' ug 88 g ; 2 3 35 ugag_-
= L | lanlllg 2 = of &]
- WMMJ W ULMM“HANJ 2 L I sl A
O 1 H L L 1 i i L 1 i " 1 L N i 1 " i 1 L L
40 60 100 120 140 160 180
4 ]...,...,,..,.......,...,.”,....m.....,_
s - (c) EUV_Long_c g ]
Eafd ;85 g 8 g . 7
n 298 o -] g 2 e ]
@ =50 : 8 .2 8 e ® =& o B 8 1
E2f|3%%8%  Zgek -8 E @g e PR - 2 .
3F|7%38z fg£d E3g g I g& 3 3 I
g, =g Ex; 81z § #Eg; 4 ¢ g §8]
= T 111 900 K N 1 00 N DO § 3]
0 PR R 1 | ST S TN [N SN ST T NN SN SN TN SN TN TN SO T T SN U [N TR SN S [T ST T S RN
140 160 180 200 220 240 260 280 300 320
0.4 [T T T T T T T T T T T T
-~ F s g (d) EUV_Long_b 5 ]
243E 8 + g = £
EOS_ = §n 3 g © o 3
L% [ o 2 o ;B g& R 3 3_;3 8 s ||z
a bg @ ¥ gs8 5 84 2 3 88 2 Z (¢
c02F ¢ S id s [ & ¢ g 3> s 8 3 pi
2 3% = 87 % SE )2 e s s % 5
§o1:§§ [ Eé? : | JLm mﬁﬂ X
=01 fid
— o MA,M‘ \n./\'\v W
C PR |

PO ST [T R S (SN TR S ST ST SR S N T PR PR PR PRI PR
280 300 320 340 360 380 400 420 440 460 480
A(A)

o

Figure 2. Well-known EUV spectral lines for wavelength calibration in wavelength range of 5-480 A; (a) 5-45 A (EUV_Short), (b)
40-180 A (EUV_Long_a), (c) 130-330 A (EUV_Long_c),and (d) 270-480 A (EUV_Long_b). Each spectrum is observed at different
discharges. Spectral resolution becomes quickly worse above 400 A due to increased discrepancy between focal plane and linear
detector position. Spectral lines indicated with red color are used for determination of absolute position in theoretical wavelength
calibration.

figure 2(b) it is seen that a large number of Cu, Mo and W lines are very closely emitted in the wavelength range
0f40-180 A. In the present wavelength calibration, the line identiﬁcation of Cuand Mo spectra are important.
In particular, CuXI - Cu XIX from low- 1omzed Cuionsat 139-180 A, Cu XXI - CuXXVI from hlghly ionized
Cuions w1th n=2-2 transmons at75-135 A, Mo V - Mo XVII from low-ionized Mo ions at 42-70 A,

225-260 A and 320-380 A, and Mo XXIV - Mo XXXII from highlyionized Mo ions at 70-95 Aand 104-130 A
are useful, as shown in figures 2(b)—(d). Several emission lines of He II, CIII-V and Fe V-XVI are also clearly seen
in the long wavelength range 0f 235-480 A.

For the theoretical wavelength calibration based on the dispersion equation reflecting the present
spectrometer geometry a single well-known spectral line (see red lines in figure 2) is selected for each spectrum of
figure 2 to determine the absolute value of the wavelength position. Here, we call it as theoretically calculated
wavelength, A.,. Next, for the full experimental calibration, a cubic polynomial fitting is performed using several
well-known spectral lines denoted with blue and red lines in figure 2. Here, we call it as experimentally
determined wavelength, Aeyp.

Results of the wavelength calibration are shown in figure 3 for EUV_Short, EUV_Long a, EUV_Long cand
EUV_Long_b. The values of X, mean a distance from the grating center to #1 CCD pixel position. Therefore,
the wavelength range of A A\wr is a function of X, i.e. Xy = 12 mm (EUV_Short): 5-45 A,6 mm (EUV_Long a):
40-180 A, 25 mm (EUV_Long_c): 130-330 A and 40 mm (EUV_Long_b): 270-480 A. In the plot of
EUV_Shortin figure 3 there are no experimental values in the first 300 pixels, which correspond to the
wavelength range of 2-10 A, due to the absence of spectral lines as shown in figure 2(a).
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The wavelength calibration curves plotted in figure 3 are in good agreement between the theoretical
calculation denoted with red solid curve and the experimental calibration (cubic polynomial fitting) denoted
with blue dashed curve. It means the position of optical components, in particular, the grating position, is placed
precisely according to the designed values in the present spectrometer systems. It should be noted that, in
figure 3, the theoretical calculation values for the EUV_Long _a, EUV_Long b,and EUV_Long_ c spectrometers
are calibrated based on the experimental reciprocal linear dispersion of the gratings. This causes a difference in
the wavelength calibration at overlapping ranges due to the nonlinearity of the grating dispersion based on a
small deviation from theoretically determined value to each spectrometer component [41]. Then, the error in
the present wavelength determination, i.e. wavelength uncertainty, can be estimated from the difference
between wavelengths estimated from cubic polynomial fitting (Agying) and wavelengths determined from well-
known impurity lines (Aexp)s i-6. Aderr = Afitting— Aexp- The result is shown in figure 4. It is found that the values
of A, are sufficiently small, i.e. IAA.,| < 0.03 A for EUV_Short and EUV_Long a,and A\l <0.11 A for
EUV_Long cand EUV_Long b.

In this study, other important diagnostics are also used for the data analysis, e.g. the line-averaged density, n.,
from polarimeter-interferometer (POINT) system [46], the electron temperature, T, and electron temperature
profiles, T.(r/a), from 32-channel heterodyne radiometer system (ECE) [47], and the radiation loss from fast-
response bolometers (central chord at Core I yxyv and edge chord at Edge Iy xuy) [48]. Detailed explanations on
the diagnostics are seen in each reference.
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Figure 5. Typical waveform of #113762 discharge shot with sudden tungsten burst; (a) heating power of 4.6 GHz lower-hybrid wave
(Praw: LHW2) and neutral beams (Pygyr: NBI1L and Pygpor: NBI2L), (b) hne averaged electron den31ty (n.) and central electron
temperature (T.(0)), (c) normalized tungsten line intensities (W VII: 216.351 A W XXVIIL: 2 x 49.436 A) (d) normalized radiation
power (edge chord: Edge Ixxuv, central chord: Core Ixxyv) and (e) upper divertor D,, emission. The tungsten line intensity and
radiation power are normalized at peak values. Vertical dash-dotted lines at t = 2.905 s, 2.956 s, and 2.995 s denote timings before
tungsten burst, intensity peak of W VII and first intensity peak of W XXVIII, respectively, at which three EUV spectra are plotted in
figure 7.

3. Analysis and identification of tungsten spectra

A typical EAST discharge with tungsten burst (#113762: upper single-null (USN) configuration) is shown in
figure 5. Line-averaged density of n, = 4.0 x 10"” m ™~ and central electron temperature of To(0) ~ 2.5 keV are
sustained with additionally injected heating power from neutral beams with Pyg; = 2.0 MW and lower-hybrid
wave with 4.6 GHz frequency of Py iy = 2.0 MW. A sudden increase in the tungsten influx happens at

t =2.946 s. Itis clearly seen in the temporal intensity behavior of W VII (216.351 A) from low-ionized tungsten
ions shown in figure 5(c). The W VI intensity has the maximum value at t = 2.956 s after 10 ms of the burst start
(see red vertical dash-dotted line). The intensity of W XXVIII (2 x 49.436 A: 2nd order) emitted from highly
ionized tungsten ions existing in the plasma core region reaches the maximum value after 49 ms (t =2.995 s) of
the burst start (see blue vertical dash-dotted line).

These intensity behaviors on such low-ionized and highly ionized tungsten ions show a common impurity
transport feature seen in every tokamak device after an external injection of impurity particles. For comparisons
with the tungsten line intensity behavior, signals from absolute extreme ultraviolet photodiode (AXUV) array
are plotted in figure 5(d) for the edge and core channels as Edge [,xyy and Core Lyxyy, respectively. The time
response of the Core I,xyv signals is almost identical to the intensity behavior of W XXVIII, while a clear
difference appears between the W VII and Edge I sxuv signals. In this discharge a second tungsten burst seems to
be appeared att = 3.021 s (see Edge Ixyv). However, the W VIl intensity is unchanged. The reason may be
related to a three-dimensional structure of the ELM burst at the plasma edge (see figure 5(e)). If the ELM burst
happens on a tungsten plate toroidally far from the spectrometer observation position, it will be difficult to
observe the emission from such low-charge state tungsten ions. In addition, we compared time evolutions of
bulk radiated power and tungsten radiation before and after the tungsten burst (t = 2.90-3.20 s). The result
shows that after the tungsten burst, the time evolution of tungsten radiation is consistent with changes in the
bulk radiated power. Compared to other intrinsic impurity spectral lines (C, O, Fe, Cu, Mo), the tungsten line
intensity after the tungsten burst increases 3 times higher that before the tungsten burst, while the other intrinsic
impurity lines are almost no significant change. This indicates that the tungsten burst means a single tungsten
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Figure 6. Radial profiles of (a) electron temperature measured by heterodyne radiometer (ECE) and (b) electron density measured by
polarimeter interferometer (POINT) at t = 2.995 s in #113762 discharge. Horizontal axis means normalized minor radius (radial
position of r is normalized by plasma minor radius of a = 0.450 m after conversion from D-shaped plasma to circular plasma). Then,
values of r/a =0 and 1 indicate plasma center and edge boundary defined by LCFS (see figure 1), respectively.

impurity sputtering event. In the present analysis, therefore, the first tungsten burst during t = 2.946 and 3.021 s
is used for the identification of tungsten lines. A radial profile of the electron temperature measured with ECE
and the electron density measured with POINT at ty xxvir = 2.995 s is shown in figure 6 as a function of
normalized plasma radius, r/a. As mentioned above, values of r/a = 0 and 1 mean the plasma center

(Te(0) ~ 2.5 keV) and plasma edge boundary (T.(1) ~ 0), respectively. The temperature profile is necessary for
detailed analysis of the tungsten spectra described in later section.

To accurately identify the tungsten spectral lines, three EUV spectra observed at different timings are
selected, i.e. before, during and after the tungsten burst. The three spectra are plotted in figure 7 (before:
thefore = 2.905 s in black color, during: tw vy = 2.956 s in red color and after: ty xxyir = 2.995 s in blue color).
These three timings are also indicated with vertical lines in figure 7. Figures 7(a)—(d) show EUV spectra
measured with EUV_Short (540 A), EUV_Long_a(40-130 1&), EUV_Long_c(130-330 A) and EUV_Long b
(270-480 A) spectrometers, respectively. Identified isolated lines are indicated in figure 7 for several impurity
ions. Itis obvious that the tungsten lines are emitted in different wavelength ranges depending on the ionization
stage, e.g. low-ionized tungsten ions at 150-320 Aand highlyionized tungsten ions at 15-150 A.The UTA
spectrum at 45-70 A during the tungsten burst plotted with blue solid line in figure 7(b) is totally saturated due
to largely enhanced intensities. It is noticed here that the count rate of line emissions is less when the wavelength
islonger, as shown in figures 7(b) and (d), because the throughput of the grazing-incidence spectrometer
generally decreases with increasing wavelength. Therefore, the low count rate does not directly indicate weak
intensity of the line emissions.

In this paper, the identified tungsten lines are indicated with green labels for W V - W XLVI (W** - W*>™)
and line emissions from other impurities are indicated with black labels. In addition, unknown tungsten lines
having no information on the transition are indicated with red labels. It should be noted that, based on other
intrinsic impurity spectral lines identified in EAST discharges [40, 43, 44], i.e. He, Li, C, O, Al, Fe, Cu, Mo
spectral lines, we carefully examined the overlapping of identified tungsten lines with other intrinsic impurity
lines. Except for the overlapping of tungsten lines specifically noted in the manuscript, all other observed and
identified lines are determined to be tungsten lines.

3.1.Identification of W XXIII - W XLVI from highly ionized tungsten ions
3.1.1. Tungsten UTA spectrum at 1 5-40A
Figure 8 shows tungsten spectra expanded to 15-40 Aof figure 7(a) measured at T.(0) ~ 2.5 keV (see figure 6(a)).
Since the relativistic effect becomes very large in high-Z elements such as Mo (Z = 42) and W (Z = 74), the quasi-
continuum spectra like UTA can be always observed due to the overlapping of many line emissions at an
extremely narrow wavelength interval. These tungsten lines can be analyzed with higher reliability by
comparison with spectra from Compact Electron Beam Trap (CoBIT). Identified tungsten spectral lines shown
in figure 8 are mainly composed of moderately ionized tungsten ions, i.e. W XXXIV - XXXVIII (WH* W37+) at
18-25 A, W XXVIII - XXXIV (W?7* - W) at 25-29 A and W XXIII - XXVII (W2 - W?5") at 29-40 A.

The present identification of tungsten spectral lines can be also checked by comparing the temporal behavior
of tungsten line intensities among different ionization stages of tungsten ions. The result is plotted in figure 9.
The tungsten line intensity from low-ionized ions like W®* quickly increases at t = 2.946 s just after the tungsten
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Figure 7. Three EUV spectrain w§velength ranges of (a) 5-40 A (EUV_Short), (b) 40-130 A (EUV_Long_a), (c) 130-330 A
(EUV_Long_c)and (d) 270—-480 A (EUV_Long_b) observed att =2.905 s (before tungsten burst: black color), t =2.956 s (intensity
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T.(0) ~ 2.5 keV. Three discharge timings are indicated in figure 5 with vertical dash-dotted lines.
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Figure 9. Time behaviors of tungsten line intensities at (a) 216.351 A:WVII (W®*)and at wavelength intervals of (b)

34.027-34.439 A: WXXIV (W>*) and 20.548-20.688 A: W XXIX (W), (¢) 23.772-24.121 A: W XXV (W***) and
21.156-21.251 A: W XXXVIII (W %)and (d) 46.941 A:WXLI (W*), Vertical dash-dotted lines at t = 2.946 s and 3.021 s indicate
start and end of first W burst, respectively.

burst and disappears soon (see figure 9(a)). In contrast to this, the tungsten line intensity from moderately
ionized tungsten ions gradually increases and remains a high level for a relatively long time until the end of the
burstatt = 3.3 s (see figures 9(b) and (c)). In the case of highly-ionized tungsten ions like W*’*, on the other
hand, the line intensity rapidly decreases at t = 3.021 s just after the second tungsten burst is triggered (see
figure 9(d)). This is due to a sudden decrease in T.(0) from 2.5 to 1.9 keV (see figure 5(b)). Based on the tungsten
UTA, tungsten densities of W>**, W*** and W**" ions are evaluated in LHD at wavelength intervals of
29.47-30.47 A, 30.69-31.71 A and 31.16-33.32 A [35].

The tungsten UTA lines at 15-40 A identified in figure 8 are summarized in table 1. The tungsten lines of W
XXIT—W XXXVIIL (W - W), wavelengths from referenced database, intensities and transitions are listed
with wavelengths and intensities observed in the present work. Some tungsten line transition data are not found
in the references.

3.1.2. Tungsten UTA spectrum ar40-70 A

As shown in figure 7(b), the EUV spectrum at 48—63 A exceeded a saturation level (2" = 65,536 counts/pixel) of
the 16 bit CCD. Then, another discharge with higher electron temperature and lower tungsten concentration
(EAST #103172: T.(0) = 4.5 keV) was selected for analysis of the tungsten spectra in the wavelength range of
40-140 A. The results are shown in figures 10(a) and (b) at wavelength ranges of 5-40 A (EUV_Short) and
40-140 A (EUV_Long_a), respectively. The spectra are taken at three different discharge timings similar to
figure 7, i.e. before tungsten burst (tpegore = 1.501 s: black lines), during tungsten burst (ty vy = 2.300 s at
intensity peak of W VII: red lines), and after tungsten burst (tw xxvir = 2.476 s at first intensity peak of W
XXVIII: blue lines). A radial profile of the electron temperature measured with ECE and electron density
measured with POINT at ty xxyi = 2.476 s is shown in figure 11 as a function of normalized plasma radius, r/a.
Values of r/a = 0and 1 mean the plasma center (T.(0) = 4.5 keV) and plasma edge boundary (T (1) ~ 0),
respectively.

Results of the line identification in the wavelength range of 15-40 A shown in figure 10(a) are totally
consistent with the results from figure 8 despite the different electron temperatures between the two figures. On
the contrary, the tungsten spectra are more complicated in the wavelength range of 45-70 Aasshownin
figure 10(b). As reported in previous studies [5-11, 17, 33-35], the tungsten spectra are mainly composed of
W - W** jons. A simple spectral identification of the tungsten UTA is quite difficult due to the entire
overlapping of tungsten spectra. Therefore, the EUV_Short2_d spectrometer (grating: 2400 grooves/mm) with
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Table 1. Quasi-continuum lines (called UTA) of W XXIII - W XXXVIII (W?** - W7 *) examined in the present work. First column shows tungsten lines. Second and third columns give minimum and maximum wavelengths, A,

determined in this work and taken from previously published data in the references, respectively. Intensities observed in this work and taken from previously published data are listed in fourth and fifth with minimum and maximum values,

respectively. Label of ‘———"means the reference has no intensity information. Last two columns indicate lower and upper levels of the transition.
Intensities Transitions
This work (10"°
Previous data phsm™%s~.srt) Previous data (a.u.)
wet — Lower level Upper level
Min Max Min Max Min Max Min Max

W XXIIT (W) 34.97240.01 35.15140.01 35.26 4 0.02"" 0.89 0.91 —_— —_— 4d'04f° 4d"°4f5g

36.23140.01 36.534 4 0.01 36.2° 36.60 +0.04" 0.73 0.75 — - 4d'04f° 4d"4f°5¢g

36.777 +0.01 36.899 4 0.01 35.5¢ 374 0.68 0.70 - R 4d"04f° 4d"4f5¢g
W XXIV (W2 34.027 40.01 34.43940.01 34.12 4 0.06" 0.75 0.91 —_— —_— 4d'"°af 4d"04f'sg
W XXV (W) 32.1714£0.01 32.804 4 0.01 32.16-32.28° 32.6340.2° 0.93 1.06 3.38-4.18 — 4d"04f* 4d"4f5¢
W XXVI (W) 30.699 +0.01 30.923 +0.01 30.69-30.80° 30.90 4 0.03¢ 1.23 1.36 3.38-3.88 - 4d"4f 4d"4f*5g

31.20540.01 31.658 +0.01 31.25-31.37° 31.59-31.71° 0.89 1.13 3.57-4.17 3.22 4d'"af 4d"4f5g
W XXVII (W) 29.423 +£0.01 29.920 +0.01 29.47-29.58° 29.7£0.1° 1.03 1.18 3.48-3.53 — 4d"4f> 4d'"4f5g
W XXVIIL (W) 27.851 +0.01 28.335+0.01 27.84-27.95° 0.69 1.24 - - 4d"04f 4d'"%5g
W XXIX (W2EH) 20.548 +0.01 20.688 +0.01 20.8+0.1° 0.55 0.62 — — 4d"° 4d°sf

27.159 4 0.01 27.58440.01 27.20-27.30° 27.52-27.62° 0.76 0.97 2.64-3.42 1.82-2.32 4d°4f 4d°5g
W XXX (W) 19.948 +0.01 20.132 +0.01 20.240.1° 0.49 0.55 - - 4d° 4d®sf
W XXXIT (W' 26.05940.01 26.42340.01 26.2+0.1%¢ 26.3° 0.73 0.84 E— — 4d’ 4d°5p
W XXXIII (W32 18.505 4 0.01 18.549 4 0.01 18.6£0.1° 0.38 0.41 - — 4d° 4d°5f

25.23440.01 25.748 40.01 25.6+0.1% 25.5° 0.71 0.88 E— E— 4d° 4d°5p
W XXXIV (W) 18.021£0.01 18.15240.01 18.1+0.1° 0.36 0.40 — - 4d 4d*sf

24,574 4 0.02 24.624 %+ 0.02 24.7° 249+0.1° 0.75 0.77 - - 4d° 4d*sp
W XXXV (W) 23.772+0.02 24.121+0.02 2454 24.240.1° 0.82 0.87 - R 4d* 4d’sp
W XXXVI (W) 23.178 4 0.02 23.27740.02 23.300° 0.71 0.75 E— — 4d® 4d*sp
W XXXVII (W) 22.398 4 0.01 22.54340.01 22.5+0.1° 22.6° 0.68 0.71 - R 4d> 4dsp

22.689+0.01 22.787 £0.01 22.5+0.1° 0.79 0.81 - — 4d? 4dsp
W XXXVIIT (W) 21.156 4 0.01 21.25140.01 20.9+0.1%¢ 0.68 0.71 E— E— 4p®ad 4p°5p

21.773 4+ 0.01 21.82140.01 21.9° 22.0£0.1° 0.83 0.93 - - 4p°ad 4p°sp

2 Data from [9].
® Data from [10].
¢ Data from [8].
4 Data from [9].
¢ Data from [34].
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Figure 10. EUV spectra from hﬂigh—electron temperature plasma (EAST #103172: T.(0) ~ 4.5 keV) in wavelength ranges of (a) 5-40 A
(EUV_Short) and (b) 40-140 A (EUV_Long_a) before (t =1.501 s: black color) and during (t = 2.300 s: red color and 2.476 s: blue
color) tungsten burst.
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Figure 11. Radial profiles of (a) electron temperature measured by ECE and (b) electron density measured by POINT att =2.476 sin
#103172 discharge. Horizontal axis means normalized minor radius (also see figure caption of figure 6).

high spectral resolution using CMOS detector (A ), /, = 0.092 Aat33.734 Aand AM,=0.104 Aat115.999 A)
is also used to analyze the spectra in the wavelength range of 45-70 A.

The tungsten spectra are observed using EUV_Short2_d spectrometer in FVB mode with long exposure time
of 1 s/frame. The resultis plotted in figure 12(a). The spectrum of figure 12(a) is created by adding two frames
together during t = 2—4 s. Figure 12(b) shows a simple extension of figure 10(b) att = 2.476 s, observed with
EUV_Long_aspectrometer (gratlng 1200 grooves/mm) using CCD detector (A\; , =0.183 Aat33.734 Aand
AN/, =0.285 Aat115.999 A) Comparing the spectrum between figures 12(a) and (b), one can see that the
spectrum in figure 12(a) has better information on the tungsten spectral lines.

The tungsten UTA spectra in this wavelength range are mainly dominated by transitions among sublevels within
n = 4 levels for tungsten ions below rhodium-like (W***) ionization stage. In the 45-48 A wavelength range, the
tungsten UTA spectra are mainly composed of 4d-4p transitions for WXXXVIII - WXLV (W>"* - W**), Shifting
the wavelength to 4860 A range, the main transition changes to 4f-4d transitions for WXXVII - WXXXVIII
(W?*T - W31, The transition finally changes to 4p-4s transitions for WXXVII - WXXXVIII (W 260 W) inthe
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Figure 12. Enlarged tungsten spectra from high-electron temperature plasma (EAST #103172: T.(0) ~ 4.5 keV) in wavelength range
0f45-70 A observed with (a) EUV_Short2_d (2400 grooves/mm, CMOS detector with 6.5 X 6.5 umz pixel size, 2000 ms/frame)
during t =2—4 sand (b) EUV_Long_a (1200 grooves/mm, CCD detector with 26 x 26 um? pixel size, 5 ms/frame) at t = 2.476 s
during tungsten burst. Tungsten lines confirmed the ionization stage are indicated with green labels as W XXVII - W XLVI (W>*" -
W*), Tungsten lines of which the ionization stage is unknown are denoted with red labels. Black labels indicate spectral lines from
other impurity species.

tungsten UTA at the wavelength range of 4860 A. In addition, four tungsten lines are found in figure 12(a) (see red
labels). Possible ionization stages of them are analyzed later in the discussion section.

Radial profiles of the tungsten UTA seen in figure 12 are examined for accurate line identification, since the
vertical profile of impurity lines has been measured at the lower-half EAST plasma with EUV_Long2_d
spectrometer (see blue LOS in figure 1). Some examples of the result are shown in figure 13 for the spectra in
wavelength range of 45-70 A observed at tw xxvin = 2.476 s. The bottom horizontal axis means vertical distance
from the plasma center. The minus value indicates the distance below the midplane at Z = 0 (see figure 1). The
top horizontal axis means the normalized minor radius. Then, the vertical distance of —0.4m <Z <0 m
corresponds to the normalized radial position of 0 < r/a < 0.62. The radial profile of the tungsten spectra shown
in figure 13 can accurately suggest the ionization stage of observed spectral lines from the peak position because
the peak position changes against the ionization stage of tungsten ions based on the temperature profile shown
in figure 11. For example, the peak position of WXXVII at 49.0 Alocates atr/a = 0.47 near the middle of plasma
radius, while the peak position of WXLVI (W* ") at 62.302 Alocatesatr/a=0.22 closer to plasma center. That
is, the tungsten ion locates at certain electron temperature range near the ionization energy. Based on the radial
profile measurement, we found that the tungsten line at 49.0 A is W XXVII but not W XXIX (NIST database:
48.948 A). The resultis consistent with the observation in LHD [34]. The tungsten UTA at45-70 Ais usually
used for tungsten diagnostics in tokamak experiments, in particular, for evaluation of the tungsten
concentration [49].

3.1.3. Tungsten UTA spectrum at 701 40A

Figure 14 shows tungsten spectra extended to 70-140 A of figure 10(b). The 4d-4p transitions of WXXXVIII -
WXLV (W?7* - W* ™) appear in the wavelength range of 70-90 A.The W XLVIat 72.086 A is blended with Mo
XXIV at 72.05 A and the W XLIII at 83.262 A is also blended with Cu XXII at 83.183 A. These spectral structures
canbe easﬂy resolved by analyzing temporal intensity behaviors of the tungsten lines. In the wavelength range of
90-120 A, the tungsten lines are mainly occupied by the second order spectra of tungsten UTA at45-53 Aas
denoted in figure 14. Itis noted that the W XXVII at 2 x 49.0 A and the W XXVIII at 2 x 49.436 A are still
observed with strong intensities. The second-order spectra of tungsten lines around 60-63 A consisting of WXLI
-WXLVI (W** - W* ") are also appeared at 120126 A asdenoted in figure 14(b). In the wavelength range of
120-140 A four M1 forbidden transitions can be found, i.e. WXLIV (W*%)at126.325 A (3d"°4s%4p 2P,

13
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Figure 13. Vertical intensity profiles of tungsten lines in wavelength range of 45-65 A (EAST #103172: T(0) ~ 4.5 keV, t=2.476 5
during tungsten burst) measured with EUV_Long2_d (20 ms/frame); (a)W26+ 49.0 A, (b)W27Jr 49.436 A, () W 49.985 A
W3+:52.204 A, () W:53.326 A, () W7:63.993 A, (g) W' +:60.819 A, (h) W**:47.842 A, and (i) W***: 62.302 A. Horizontal
axes at the bottom and top indicate plasma vertical position, Z, and normalized minor radius, r/a, respectively (see figures 1 and 6).
The intensity is normalized at the peak position and the peak vertical position is denoted with vertical blue dotted lines.

] =3/2—3d"%4s%4p? 2P, ] = 1/2), WXLI (W**") at 128.598 A (3d'%4s%4p* 'D, ] = 2—3d'%4s%4p* >P, ] = 2),
WXLII(W#+)at 131.183 A (3d'°4s%4p> 2D, ] = 5/2—3d'%4s%4p* >D, ] = 3/2) and WXLIII (W*2*) at 135.491 A
(3d"°4s*4p*°P, ] = 1—3d'%4s%4p* °P, ] = 0). Electric quadrupole (E2) transition of WXLIII (W***) at 129.407 A
(3d104s 4p2 D, =2—3d"%s> 4p2 p,J= O) can be found as an isolated line with strong intensity. In addition,
three tungsten lines at 126.971 A, 128.101 A and 132.799 A are identified as WXLVI (W), WXLIV (W)
and WXLV (W**™), respectively. Analyzing temporal behaviors of the tungsten line intensities and the vertical
intensity profile, it is understood that the W XLIV line at 128.101 A is blended with Mo XXXII at 127.868 A and
the WXLV at 132.799 A is blended with Fe XXIII at 132.906 A. The W XLIV at 126.325 A and W XLIII at
129.407 A have been used to evaluate the tungsten density in the core region of EAST and WEST

plasmas [18, 50].

In the present identification mentioned above the reliability was also checked by measuring the radial profile
of line intensities. Radial profile of the electron temperature and density measured at ty xxvi = 3.876 sin the
#103162 discharge is plotted against the normalized plasma radius, as shown in figure 15. The central electron
temperature reaches 6.2 keV. As an example of measured profile data, radial profiles of W XXVII (W>**:

2 % 49.0 A), WXXVIIL (W?7+:2 x 49.436 A), WXXX (W12 x 49.985 A), W XLIII (W*>*:129.407 A), W
XLIV (W**:126.325 A) and W XLVI (W***: 126.970 A) are plotted in figure 16. From the figures, one can
understand that the peak position of the radial profile shifts toward the plasma center with increase in the
ionization stage of tungsten ions, e.g. r/a = 0.57 for W**" and r/a = 0.24 for W**,

The tungsten lines identified at 15-140 A in figures 12 and 14 are summarized in table 2 except for the
unknown tungsten lines. Ionization stages of the tungsten lines (W XXVII - W XLVI: W?** - W**) intensities
and wavelengths from referred database and transitions are listed in the table with wavelengths and intensities

14



10P Publishing

Phys. Scr. 99 (2024) 105609

W Zhang et al

Mo XXIV 71.175
Mo XXIV 72.050
W XLVI 72:686

1. cuou 78384
W XLI 78.844
W XXXVill 81.508

1..Cu X011 83.183

W XLl 83.262

. 2"IW XXXIX 46.619
2" XL 46.833

EAST #103172: T_(0) ~ 4.5 keV (EUV_Long_a)

|- W XXX 2::49.845

W XLII 70.184
el Mo XXV 74.170
el Mo XXVI 76.624

-
[e2]

TYF T

I (‘105 counts/s)
o

] Mo XXIX 88.173
Cu XXII 90.276

© 2 8
65 9 Ko
e @ @ g @
o :

8% Sax Y ¥
SE >HN a
=d Jd9=gz==
% T Bl ol
Ly wmz T2

=

0
70 75 80 85 90 95 100
n p ©
iy Sao%bd E 883808 228 sy .
aom, P80 N0 . SoraCmorcavs..2 RO o ~
BB XIAIT - CE©L ogeNSOG I g 3 -
- L Pl - x% x x e IArlSAG g oo ) b
NOS=EO0ExE @ > S NS eRaNTar Ty = e
*xBSCERE 8 2 2525 9>s8>r=8C 1= s =
O x =X =T % dddod dddRddded 9% ] =
XSaXSXTX = g RR XX XRRGRRRSR XX s ]
z =2z 3 3 222323233822303 22 338 3

14 & i i

| (‘105 counts/s)
-

- O
o
o |

120
A (A)

105

other impurity species intrinsically existing in EAST discharges, respectively.

125

130

135

140

1(b)

Figure 14. Enlarged tungsten spectra of figure 10(b) in wavelength range of 70—-140 A Tungsten lines of W XXVII - W XLVI (W2 -
W**)identified here are denoted with green labels. Red and black labels indicate unknown tungsten lines and spectral lines from

see figure caption of figure 6).
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Figure 15. Radial profiles of (a) electron temperature measured by ECE and (b) electron density measured by POINT for t =3.876 s
during tungsten burst in #103162 discharge with higher electron temperature. Horizontal axis means normalized minor radius (also

observed in the present work. Some transition data are not found in the reference data. Isolated tungsten lines

without spectral merging are highlighted in bold in the table.

3.2.Identification of W V- W IX from low-ionized tungsten ions

3.2.1. Tungsten UTA spectrum at 140—-330 A

Figure 17 shows extended spectra of figure 7(c). In the wavelength range of 140-160 A, third-order spectra of
tungsten UTA with 4f-4d transitions are observed at 45-53 A including W XXVIII (48.780 A, 49.436 A,

50.868 A and 51.423 1&) and W XXX (49.845 Aand50.315 /ok), as shown in figure 17(a). Fourth-order spectra of
these transitions are also seen in the 195-205 A range (see figure 17(b)). The line identification of these higher-
order tungsten UTA is also done based on the temporal behavior and radial profile analyses.
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Figure 16. Vertical intensity profiles of tungsten lines in wavelength range of 95-130 A (EAST #103162: To(0) ~ 6.2 keV, t =3.876 s
during tungsten burst); (a) W25™: 2 x 49.000 A, (b) W27*:2 x 49.436 A, () W *: 2 x 49.985 A, (d) W**:129.407 A, () WH™:
126.325 A and (f) W**: 126.970 A. Horizontal axes at the bottom and top indicate plasma vertical position, Z, and normalized minor
radius, r/a, respectively (see figures 1 and 6). The intensity is normalized at the peak position and the peak vertical position is denoted
with vertical blue dotted lines.

Since experimental data of tungsten lines for W?* - W?°* jons are very few in the wavelength range of
170330 A as reported in the previous study [45], the line identification is mainly carried out for Wo* - W8+
ions. Then, only W VI- W IX lines are identified in figure 17 with reference to previously published data from
vacuum spark discharges by Ryabtsev et al [28], NIST [45] and magnetic-confinement fusion experiments (SSPX
spheromak [7], LHD stellarator [13], JET tokamak [29] and HL-2A tokamak [14]). As shown in figures 17(a) and
(b), ten W IX lines from W** ions are found in the wavelength range of 170-195 A. Unfortunately, only one of
ten W IX lines, 193.764 A, is known as the transition with 4f*5p” °G, ] = 6—4f>5p*5d °H, ] = 6. The intensity
of identified W IX lines is generally weak compared with W VII and W VIII lines described later. This result was
consistent with the reference database [14, 28]. Then, the candidate for tungsten diagnostics seems to be only the
W IX line at 194.725 A because the intensity is not weak at all and the line is isolated from other impurity lines.

Alarge number of W VIII lines emitted from W’* ions can be found in the wavelength range of 190-265 A as
seen in figures 17(b) and (c) [28]. Fifty-nine W VIII lines with 6s-5p, 5d-5p and 6d-5p transitions are identified
by analyzing the wavelengths and intensities with reference to previously published data. The W VIII lines in the
wavelength range of 197.5-202.0 A with 6s-5p and 5d-5p transitions are observed with strong intensities as
shown in figure 17(b), e.g. 198.781 A, 199.947 A, 200.530 A and 201.700 A. These lines may be useful for
tungsten diagnostics. In the wavelength range 0f 225-255 A in figure 17(c), the W VIII lines with 5d-5p.
transitions are seen with slightly stronger intensity, e.g. 238.285 A, 252.253 A, 252.896 A and 253.540 A.
However, the intensity of those W VIII lines observed in this work at the two wavelength ranges is entirely
different from results in the vacuum spark, whereas results in HL-2A and JET fusion devices show the same
tendency as our results. The reason is probably in the different electron density range between the two types of
devices. The W VIII lines in the wavelength ranges of 197.5-202.0 A and 248-255 A would be suitable for
tungsten diagnostics in fusion devices.

Many W VIl lines emitted from W°® ions are seen in figures 17(a) (d). A total of eleven W VII lines are
found including two W VII lines with 6s-5p transitions (188.230 A and 223.836 A), six W VII lines with 5d-5p
transitions (216.351 A,261.317 A, 289.546 A, 294.446 A, 302.385 A and 313.580 A) and three W VII lines with
5f-5d transitions (321.142 A, 324.654 A and 326.802 A). The intensities of W VII lines at 216.351 A and
261.317 A are very strong. As expected, the intensity observed here is consistent with results in other fusion
devices like SSPX and HL-2A [7, 14]. The result also indicates density dependence of the W VII intensities as well
as the result on the W VIII intensity. In any case, the two W VII lines at 216.351 A and 261.317 A can be an
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Table 2. Isolated lines of W XXVII - W XLVI (W>** - W*>™) from moderately and highly ionized tungsten ions identified in the present work. First column shows tungsten lines. Second column gives wavelengths, \, determined in this
work and taken from previously published data in the references. Third column gives intensities observed in this work and taken from previously published data. Label of ‘———* means the reference has no intensity information. Fourth
column indicates lower and upper levels of the transition.

A (A) Intensities Transitions
wat
This work Previous data This work (10"® phs-m s~ "-Sr™ ") Previous data (a.u.) Lower level Upper level
W XXVII (W) 49.000 +0.01 40.81-49.03" 4.69 - 4d"%af” 4d"4f5g
W XXVIIL (W) 48.780 + 0.01 48.729" 5.06 15 4d"°4f2F°,), 4d°4f('P°)4 £°F,,,
49.436 4 0.01 49.403° 5.82 25 4d"°4f2F°;, 4d°4f('P°)4 £°D;,,
50.868 + 0.01 50.895" 5.55 15 4d"4£%F°,, 4d°4('P°)4 £2Gy),
51.423 £ 0.01 51.457° 5.08 10 4d"°4f2F°;, 4d°4f('P°)4 £2G,,
W XXIX (W) 59.799 + 0.01 59.852° 241 1 4d"™'s, 4d°4£°D°,
W XXX (W2 49.54540.01 49.5 5.92 - 4d®4p 4d®ad
49.845 4 0.01 49.785" 5.17 30 4d°?Ds,, 4d®CP)4 £7F°,),
49.985+0.01 49.938° 5.43 20 4d°?Ds, 4d%('G)4 £7P°%; 5
50.315 4 0.01 50.265" 5.18 25 4d°’Ds ), 4d*CP)4 £°D°% ),
W XXXIIT (W) 52.204+0.01 52.200" 3.97 - unknown unknown
W XXXV (W) 53.326 + 0.01 53.200° 2.56 - unknown unknown
W XXXVIIL (W) 45.766 +0.01 45.781° 1.65 100 4p°®4d’D;), 4p°(*P°,2)4d*('D,) (1/2,2)%3,
46.085+0.01 46.064" 1.41 25 4p®4d*Ds ), 4p°CP°, )4d*('Gy) (1/2,4)%7 2
56.87440.01 56.880" 1.92 35 4p®4d°Ds ), 4p°4£(0,5/2)°s 2
64.846 4 0.01 64.825" 2.04 16 4p°®4d’D;), 4p°(*P°3,,)4d*CF3) (3/2,3)%32
81.508 + 0.01 81.457" 1.23 8 4p®4d°D;), 4p°(*P°3,)4d°CF,) (3/2,2)%32
W XXXIX (W) 46.619+0.01 46.670° 2.35 100 4p°'s, 4p°(CP°,0)4d (1/2,3/2)°)
57.803 +0.01 57.717° 1.81 18 unknown unknown
63.993 +0.01 63.883" 1.78 22 4p°'s, 4p°(*P°;)4d (3/2,5/2)°
80.573 40.01 80.640" 1.01 6 4p°®'s, 4p°(*P%5,,)4d (3/2,3/2)°)
W XL (W*™) 45.978 £0.01 45.954" 1.68 1 unknown unknown
46.833 £0.01 46.827" 2.71 720 45%4p>?P°; ), 45%4p*('D,)4d (2,3/2)1 ),
64.602 4 0.01 64.661° 1.95 200 4s%4p° 2P°;), 4s%4p*(°P,)4d (2,5/2)5)
65.703 £ 0.01 65.658" 1.61 80 4s%4p° 2P, 4s%4p*(°P,)4d (2,5/2)3)
81.108 £0.01 81.153" 0.78 40 45%4p>?P°; ), 45*4p*(°P,)4d (2,3/2)s 2
W XLI (W) 46.94140.01 46.957" 2.79 336 4s%4p*°P, 45%4p>(°D°5),)4d (5/2,3/2)°;
62.212+£0.01 62.193" 2.48 30 45%4p* 'S, 4s4p° (1/2,3/2)%
62.686 +0.01 62.689" 2.09 74 4s%4p*°p, 4s4p® (1/2,3/2)°,
65.826 +0.01 65.873" 1.97 100 45%4p*>P, 45%4p>(*P°312)4d (3/2,5/2)°5
78.844 4+0.01 78.952" 0.71 32 unknown unknown
128.598 + 0.01 128.640" 0.84 220 4 s%4p*°P, 4 s%4p*'D,

suiysiiand dol

609501 (F202) 66 19 "shid

v12 Sueyz m




81

Table 2. (Continued.)

A (A) Intensities Transitions
wat
This work Previous data This work (10'® phs-m~%s~"-Sr™ ") Previous data (a.u.) Lower level Upper level

W XLIIT(W*'™) 47.049 £0.01 47.048" 2.73 73 45%4p>*D°% ), 45%4p*('D,)4d (2,3/2)3,
47.263 +£0.01 47.287° 2.92 100 45%4p>?D°; ), 45*4p*(P1)4d (1,3/2)s 2
60.819+0.01 60.729" 2.54 23 45*4p>?D°; ), 45(°S1/2)4p* (1/2,2)3/2
64.968 £0.01 64.888" 2.06 18 45%4p>*D°5 ), 45(°S1/)4p*CP,) (1/2,2)s
70.184 +0.01 70.150 1.36 8 4 s%4p>*D°,), 45%4p*(’Py)4d (0,5/2)s
131.183 4 0.01 131.210° 0.78 20 4s%4p>*D°), 454p>*D°),

W XLIIT (W*) 47.156 £0.01 47.191° 2.92 100 45%4p” P, 45°4pad (1/2,3/2)°
61.224 +0.01 61.304° 3.10 55 4s%4p>>P, 45(381,,)4p°(*P°32)(1/2,3/2)°,
83.262 +0.01 83.289" 0.44 2 45°4p° 'D, 45*4p4ad (1/2,3/2),
129.407 + 0.01 129.41° 1.47 70 4s%4p> 3P, 4s*4p>'D,
135.491 £ 0.01 135.45" 1.04 40 4s%4p*>P, 4s%4p>°p,

W XLIV (W*) 47.91140.01 47.903" 2.97 100 4s%4p°P°y), 45%4d°Ds,
60.629 £0.01 60.616" 2.64 35 45%4p?P°, ) 4s4p>?P, ),
61.343 4 0.01 61.334" 3.10 62 4s%4p*P°, ), 454p> Dy,
126.325 4+ 0.01 126.29° 1.48 80 4s%4p°P°y), 45%4p °P°5),
128.101 4+ 0.01 128.17° 0.98 50 45%4p°P° ) 44p”*Py

WXLV (W) 47.842+0.01 47.9" 2.97 - 4s4p (1/2,1/2)° 454d (1/2,3/2);
48.598 +0.01 48.617° 3.71 9 4s4p (1/2,1/2)°; 4s4d(1/2,3/2),
60.493 +0.01 60.581" 2.49 - 454p (1/2,1/2)°% 4p*(1/2,3/2),
60.866 + 0.01 60.930" 4.18 100 4s21s, 4s4p (1/2,3/2)°
132.799 £ 0.01 132.88" 2.23 100 45%1s, 4s4p (1/2,1/2)°;

W XLVI (W*T) 62.302 4 0.01 62.336" 3.32 100 4578, 4p?P°,,
72.086 +0.01 71.976" 0.82 70 4p°P; ), 4d°Ds,
126.971 4+ 0.01 126.998° 1.84 20 4528, 4p2P°y,

Useful lines for tungsten diagnostics are highlighted in bold.
2 Data from [33].
® Data from NIST database [45].
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(¢)220-265 A and (d) 265-330 A. Tungsten lines

W*™) indicated with green lab
tungsten lines and spectral lines from other impurity species intrinsically existing in EAST discharges. The spectra are observed at

three discharge timings as shown in figure 5.

els. Red and black labels indicate unknown

o

°

Figure 17. Tungsten spectra in wavelength ranges of (a) 130-190 A, (b) 190-220 A,
19

5+

W XLII (W
One W VI line emitted from W™ ions is observed at 219.575 A (see figure 17(b)). The intensity is very weak.

The same line is also found in SSPX spheromak [7]. Through this study we could not find any tungsten lines

from ionization stages lower than W>* ions.
The ionization stage of these tungsten lines is also checked by analyzing the temporal behavior similar to

previous results mentioned before. Although there is no significant difference in the temporal behavior among

analyzed here are composed of W VI -

extremely good tool for tungsten diagnostics in the SOL and/or divertor regions of fusion plasmas. In HL-2A

tokamak, the tungsten influx rate was evaluated using the WVII line for the first time [14].
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Figure 18. Time behaviors of tungsten line intensities for (a) W, 48.780 A (3rd and 4th orders), (b) wot 172.203 Aand
193.764-193.956 A, (¢) W’+:201.115-201.310 A and 233.495-233.703 A and (d W°t:261.317 A and 302.385 A. Vertical dash-
dotted lines at t =2.946 sand 3.021 sindicate start and end of first W burst, respectively.

WO - W*" ions due to very close ionization energies of E; = 65160 eV, a noticeable difference in the temporal
behavior can be seen for moderately ionized tungsten ions, as shown in figure 18. The line emission from low-
ionized tungsten ions of W - W*" quickly increases the intensity and meet the maximum intensity at
t=2.956 sjust after the tungsten burst. As the tungsten ions after the tungsten burst are transferred from the
plasma edge region to the plasma core region, the W - W®* ions entirely disappear at t = 2.970 s. In contrast,
the line emission from W’ ions increases the intensity after disappearance of the line emission from W*™ -
W?*T ions and keeps a sufficient intensity level for along time until t = 3.021 s (see figure 18(a)). The spectral
appearance of W XXVIII over a long time period suggests along confinement time of tungsten ions in the core
region of tokamak plasmas.

The tungsten WV - W IX lines at 160-330 A analyzed here are summarized in table 3. In the table 3, first
column shows the tungsten ionization stages, and second and third columns give the wavelength from this work
and referred database, respectively. The line intensity observed in this work and referred database is listed in
fourth and fifth columns, respectively. Lower and upper levels of the transition are shown in sixth column. Some
tungsten lines have no transitions due to a lack of database. The tungsten lines which seem to be useful for
diagnostics are highlighted in bold in the table.

In figure 17 several tungsten lines are indicated with red labels. These lines were carefully examined by
analyzing the temporal behavior after the tungsten burst in many EAST discharges and finally determined to be
the spectral line arising from tungsten ions. However, it was difficult to determine the ionization stage of such
tungsten lines indicated in red color due to alack of information on the lines in the database and previous
publications. Based on the temporal behavior, four moderately ionized tungsten lines are found in the
wavelength range of 160-180 A, i.e.162.076 10\, 165.305 10\, 173.624 A and 176.618 A. Those are estimated to be
tungsten lines arising from W* - W*>"* ions. Using the same method, most of tungsten lines seen in the
wavelength range of 220-480 A are determined to belong to low-ionized tungsten ions of W** - W**. Some
tungsten lines are isolated from other lines showing relatively high intensities, e.g. 223.022 A,272.062 A and
305.746 A. The tungsten lines indicated in red color in figure 17 are summarized in table 4 as an unknown
tungsten line. The wavelengths determined in this work are shown in first column, and the ionization stages
estimated through this work and the observed intensities are listed in second and third columns, respectively.

3.2.2. Tungsten spectrum ar330—480 A
The EUV spectra are also observed in the wavelength range of 270-480 A as shown in figure 7(d). However, no
tungsten line was found in the spectrum. The reason probably originates in the radial position in the line-of-

20
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Table 3. Isolated lines of W V - W IX (W** - W) from low-ionized tungsten ions identified in the present work. First column shows tungsten lines. Second column gives wavelengths, A, determined in this work and taken from previously
published data in the references. Third column gives intensities observed in this work and taken from previously published data. Label of ‘— ——‘ means the reference has no intensity information. Fourth column indicates lower and upper
levels of transition.

609501 (F202) 66 19 "shid

wat A (A) Intensities Transitions
This work Previous data This work (10'® phs-m s~ '-Sr™ ") Previous data (a.u.) Lower level Upper level
WIX (W) 172.203 +0.05 172.038* 1.56 309 unknown unknown
178.100 +0.03 178.115° 1.83 97
178.140° 95
184.264 =+ 0.02 184.200° 1.49 248
184.271° 117
192.806 = 0.01 192.834° 4.10 541
192.997 40.01 193.091° 4.71 132
193.764 + 0.01 193.830° 1.85 696 4f5p° 3Gy 4f5p*5d (°P) *H,
193.956 4 0.01 193.999 1.83 362 unknown unknown
194.72540.01 194.646" 2.25 1000
W VIIL (W) 168.196 = 0.05 168.381° 1.29 300 4f75p°'F5 ), 4f35p°657/2
196.074 +0.01 196.093* 2.51 640 4f%5p°?F; 4f35p°657/2
198.006 + 0.01 197.835° 2.53 720 4f?5p° %F; 4f'5p°5d3/2
197.941° 410 4%5p°%F; 4f'25p®5d 5/2
198.394 +0.01 198.171° 2.51 590 4f35p°°F; ), 4f35p°659/2
198.229° 670 4f?5p°%F; 4f%5p%65 5,2
198.781 £ 0.01 198.779° 3.60 740 4f5p°%F,;, 4f5p°6s7/2
199.947 + 0.01 199.875" 3.68 710 4f35p°2F,), 4f5p6s 5/2
200.530 + 0.01 200.367° 3.92 710 4f35p° 2F; ), 4f5p5d 5/2
200.483" 730 4f5p°2F,;, 4f5p°5d7/2
201.115 4+ 0.01 201.079° 3.08 440 4f35p°2Fs, 4f"35p6s 5/2
201.310 £ 0.01 201.205° 3.96 700 4f35p° F; ), 4f35p°6s7/2
201.700 £ 0.01 201.739° 4.16 770 4f5pS2F,;, 4f5p°5d9/2
201.895 +0.01 201.864" 6.23 710 4f35p°2Fs, 4f35p°5d 7/2
205.225 +0.02 205.221° 1.98 620 4f%5p°%F; 4f'5p°5d3/2
205.421 4 0.02 205.479° 2.45 660 4f*5p° *P; ), 4f'*5p*6 532
207.194 4+ 0.02 207.092° 1.93 270 4f5p°2p, 4f"*5p*6s1/2
207.391 +0.02 207.466" 2.02 340 4f"*5p° *P; ) 4f%5p°6d 3/2
207.984 4+ 0.03 207.884° 2.65 260 4f5p°°F; 4f'*5p*5d 5/2
208.18140.03 208.227° 2.31 170 4f5p°2P; 4f"*5p*6 55/2 E
208.577 +0.03 208.420" 1.95 660 4f*5p° *P; ), 4f'*5p*5d5/2 g
208.543" 490 4f'5p°2p, 4f'*5p*6s 3/2 s
I
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Table 3. (Continued.)

Wit A (A) Intensities Transitions
This work Previous data This work (10"° phs-m™%.s~'-Sr™ ") Previous data (a.u.) Lower level Upper level

211.155 +0.04 211.027° 1.54 670 4f5p°2P; ) 4f'*5p*5d3/2
214.347 +0.04 214.229° 1.71 690 4f*5p° *P; ), 4f'25p®5d 5/2
215.148 +0.05 215.055" 2.37 600 4f5p°2p; 4f'*5p°5d 5/2
216.552 +0.05 216.596" 3.83 460 4f5p>2P; ) 4f'*5p°5d3/2
218.413 4+ 0.05 218.429° 1.49 550 4f*5p° *P; ), 4f'25p°5d 3/2
218.586 4+ 0.05 218.507° 1.51 400 4f5p°2P; 4f'%5p°5d 3/2
222.005 £ 0.06 221.909° 1.50 220 4f25p°%F; 4f'5p°5d5/2
227.51540.05 227.497° 1.75 340 4f75p°°F, 4f'25p°5d7/2
227.720 4 0.05 227.617° 2.02 440 4f5p°2P, 4f"5p*5d 1/2
228.953 4 0.05 229.011° 1.10 410 4f?5p°%F; 4f'5p°5d7/2
231.633 4 0.04 231.629° 1.62 510 4f*5p° *P; ), 4f'25p®5d 5/2
232.253 +0.04 232.176" 1.53 460 4f25p°°F, 4f'*5p°5d 7/2
233.495 4 0.04 233.525° 2.72 190 4f?5p°%F; 4f'5p%5d7/2
233.703 4 0.04 233.709° 2.36 550 4%5p°%F; 4f'25p°5d 5/2
238.285 +0.02 238.243" 2.92 310 4f5p°2F5 4f'*5p°5d 5/2
240.170 4 0.01 240.107° 1.44 810 4f75p°%F; 4f'25p°5d9,/2
241.850 4 0.01 241.867° 1.6 960 4f%5p°%F, 4f'25p°5d9/2
242.693 4 0.01 242.819° 1.4 420 4f5p°2F, 4f'%5p°5d 7/2
245.439 4 0.02 245.474° 1.38 470 4f75p°%F; 4f'5p%5d5/2
246.498 +0.02 246.362° 1.44 780 4f%5p°%F; 4f'25p®5d9/2
248.410 +0.02 248.508" 2.18 490 4f35p° %F; 4f'%5p°5d 5/2
248.623 4 0.02 248.649° 224 690 4f%5p°%F; 4f'?5p°5d7/2
249.475 4+ 0.03 249.533° 1.94 960 4f*5p° *P; ), 4f"*5p*5d 5/2
249.902 +0.03 249.873" 1.56 820 4f5p°°F, 4f'5p°5d9,/2
250.970 £ 0.03 250.978° 1.32 420 4f?5p°%F; 4f'?5p%5d5/2
251.661 % 0.03 251.584° 1.53 790 4%5p°%F; 4f'25p°5d7,/2
252.253 +0.04 252.203" 1.76 960 4f5p°°F, 4f%5p5d 7/2
252.896 4 0.03 252.740° 1.98 930 4f5p°2P; 4f%5p5d3/2

252.862° 790 4f%5p°°F, 4f35p°5d7/2
253.540 + 0.04 253.541" 1.73 820 4f5p°2Fs 4f'5p°5d 5/2
253.754 +0.04 253.812" 2.37 1000 4f?5p°%F; 4f5p°5d7/2
254.399 4 0.04 254.294° 2.57 930 4f%5p°%F; 4f'25p®5d 7,/2
254.614 + 0.04 254.551" 2.72 1000 4f?5p°%F; 4f'5p°5d 3/2
255.475 +0.04 255.401" 1.53 860 4f75p°%F, 4f%5p5d9,/2
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Table 3. (Continued.)

Wit A (A) Intensities Transitions
This work Previous data This work (10"° phs-m™%.s~'-Sr™ ") Previous data (a.u.) Lower level Upper level

258.713 £0.04 258.592" 1.35 980 4f?5p°%F; 4f5p°5d5/2
259.146 4 0.04 259.069° 1.39 280 4f*5p° P, 1, 4f'*5p*5d 3/2
259.363 4 0.04 259.419° 1.57 920 4f5p°2p; 4f%5p°5d 5/2
260.231 £0.04 260.146" 1.28 290 4f?5p°%F; 4f?5p°5d9,/2
261.75240.03 261.767° 1.63 680 4f75p°°F, 4f35p°5d7/2
262.623 +0.03 262.637" 1.33 530 4f5p°°F, 4f%5p°5d9,/2
263.931 4+0.03 263.787° 1.32 300 4f25p°%F; 4f%5p5d7/2
264.586 % 0.02 264.644° 1.34 320 475p°%F; 4f35p°5d 5/2

W VI (W) 188.230 + 0.01 188.159" 1.72 800 4f'"*5p°'s, 4f"5p°(*P°,,,)6s (1/2,1/2)°;
216.351 £0.03 216.219" 14.85 500 af'*5p®'s, 4f"5p°(*P°,,)5d (1/2,3/2)°%,
223.836 4 0.06 223.846" 2.88 300 4f"5p°1s, 4f"5p°(P°;,,)6s (3/2,1/2)°;
261.317 4+ 0.03 261.387" 7.61 3000 af'*5p°'s, 4f"*5p°(PP°;,)5d (3/2,5/2)°%
289.546 4 0.04 289.526" 1.93 300 4f'*5pS s, 4f(F°52)5p%5d (5/2,5/2)%
294.446 £ 0.02 294.376° 2.20 200 4f'5p°1s, 4f°CF°5,)5p%5d (5/2,3/2)°
302.385 4+ 0.03 302.272" 2.44 700 4f'*5p°'s, 4f3(CF% )5p°5d (7/2,5/2)°)
313.580 4 0.04 313.573" 1.79 30 4f'5p® s, 4f*5p°(CP°; ,)5d (3/2,3/2)%
321.142 4+ 0.06 321.211° 1.43 150 4f°CF°55)5p%5d (5/2,3/2)% 4fCF°52)5p°% £(5/2,5/2)4
324.654£0.08 324.563" 1.24 500 4f3CF°;)5p°5d (7/2,3/2)°, 4f3CF%; 0)5p°%5 £(7/2,5/2)s
326.802 4 0.08 326.644" 1.13 500 4f3CF°,)5p%5d (7/2,3/2)% 4fCF°; ,)5p°%5 £(7/2,5/2)5
332.855+0.07 332.842° 0.28 500 4f°CF°; ,)5p%5d (7/2,5/2)% 4 CF°; ,)5p%5£(7/2,7/2)s
333.536£0.07 333.509" 5.36 200 4f3CF°;)5p°5d (7/2,5/2)°% 43 CF%, )5p°56(7/2,7/2)s
334.251 +0.07 334.311° 5.29 500 4f3CF°5)5p°5d (5/2,5/2)° 4fCF°5 ,)5p%5£(5/2,7/2)6
337.11940.07 337.045° 4.95 450 4f°CF°; ,)5p°5d (7/2,5/2)°% 4fCF°; )5p%5£(7/2,7/2)4
338.823 +0.07 338.679" 6.64 500 4f%5p°5d (7/2,5/2)°5 4f3CF%, )5p°56(7/2,7/2)6

WVI(W) 219.575 +0.05 219.461¢ 1.65 - 5p 5d
382.133 +£0.02 382.145" 18.09 20 5d%Ds), 5£2F°,,
394.072 £ 0.06 394.133" 20.41 20 5d’Ds, 5£2F°,,

WV W) 434.327 +0.06 434.439" 11.14 10 5d*°p, 5d(*D3/,)7p (3/2,1/2)°;
449.673 £0.06 449.649" 8.41 70 5d*°P, 5d(*Ds2)5£(5/2,5/2)°

Useful lines for tungsten diagnostics are highlighted in bold.

2 Data from [28].
® Data from [45].
¢ Data from [23].
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Table 4. Isolated tungsten lines newly confirmed in long wavelength range 0f 70-480 A. First column gives wavelengths, ), determined in
this work. Ionization stages estimated from temporal behavior and radial intensity profile are listed in the second column. Third column
shows observed intensity. At present transitions are ‘unknown’ as indicated in the last column.

A (A) Ionization stages Intensities (10" phs~m’2~571~5r71) Transitions
80.172+0.01 W3 oWt 0.67
162.076 +0.05 W2 oW 2.51 unknown
165.305 + 0.05 W2 W3 2.15
172.874 +0.05 W2 oW 1.02
173.624 +0.05 W2 W3 4.30
176.618 + 0.04 W2t W3 3.85
220.383 £ 0.05 W oW 1.85
223.022 4 0.06 WA oW 2.68
226.081 £0.05 W oW 1.48
229.982 +0.05 W oW 1.82
231.21940.04 W oW 1.77
232.874 +0.04 W oW 1.40
237.240 £ 0.02 W oW 1.68
239.541 4 0.01 W oW 2.26
266.995 =+ 0.02 W oW 1.51
272.062 4 0.01 W oW 2.78
272.28340.01 W oW 2.81
274.227 £0.02 W oW 1.55
274.943 +0.02 W oW 1.21
276.055 4 0.03 W oW 0.84
276.278 4 0.03 W oW 0.88
279.850 4 0.04 W oW 2.08
283.833 4 0.05 W oW 1.79
287.617 £0.05 W oW 1.31
290.341 4 0.04 W oW 1.30
291.707 4 0.04 W oW 1.32
295.591 + 0.02 W oW 0.95
295.820 4 0.02 WA oW 1.14
298.576 4 0.01 W oW 1.16
305.746 + 0.05 W o WE 2.95
306.785 + 0.05 WA oW 1.32

sight of the EUV_Long_b spectrometer. Since the ionization stage from which the tungsten line is emitted
becomes low in longer wavelength range such as figures 7(c) and (d), a line-of-sight of the spectrometer
observing the plasma edge with lower electron temperature is optimal for measuring line emissions from low-
ionized tungsten ions. The line-of-sight of the EUV_Long_b is closer to the core compared to that of the
EUV_Long_cwith which the tungsten line from low-ionized tungsten ions could be observed as shown in
figure 7(c) (see also figure 1). In order to analyze the line emission from low-ionized tungsten ions in the
wavelength range of 330-480 A, therefore, the study was continued for discharges with lower electron
temperatures.

A typical result from low-temperature EAST discharges is shown in figure 19 (EAST #113757: T.(0) ~
1.0 keV). Three discharge timings are chosen as in the previous figures, i.e. before tungsten burst
(tpefore = 7.626 s: black lines), during tungsten burst (tw yi; =7.716 s: red lines) and after tungsten burst
(tw xxxvir =7.781 s: blue lines). Radial profile of the electron temperature and density measured at
tw v = 7.716 sin the #113757 discharge is plotted against the normalized plasma radius, as shown in figure 20.
Figures 19(a) and (b) are observed with the EUV_Long cand EUV_Long b in the wavelength ranges of
130-330 A and 270-480 A, respectively, as well as figures 7(c) and (d). Several emission lines from low-ionized
tungsten ions are observed in the wavelength range of 180-330 A as shown in figure 19(a). These tungsten
spectraidentified in figure 19(a) are basically consistent with the result in figure 17.

Figure 21 shows expanded spectra of figure 19(b). Many emission lines from low-ionized tungsten ions can
be found in the spectra. Results of the line identification in the wavelength range of 270-330 A are shown in
figure 21(a). All tungsten lines clearly identified in this wavelength range arise from W VII (see green labels in
figure 21(a)). The tungsten lines denoted with red labels could not be found the ionization stage and transition.
Results of these lines are added to the tables 3 and 4.

The line identification of tungsten spectra is also done in the wavelength range of 330-480 A, as shown in
figure 21(b). Five W VII spectra with 5{-5d transitions are found with weak intensities at 332.855 A, 333.536 A,
334.251 A, 337.119 A and 338.823 A. We found two W VI spectral lines with 5f-5d transitions at 382.133 Aand

24
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EAST #113757: T _(0) ~ 1.0 keV

_tb =7.626 s: before W burst
efore

?w V"=7.716 s: intensity peak of W VII
— oo =7.781 s: intensity peak of W XXVIII

w
o

— e

- W -wW (a) EUV_Long_c 1

E 3 - ©

2 3 2 3 2338 g

215 - g fgfif =

3 = F 3 S9o9B a8 o

8 g wvih = X XSz 38 S

—F e g &7 g ¥ ]

0 i s “’””M‘“_JL“M

240 260 280 300 320
40 e

= (b) EUV_Long_b -

& | ¢ szess 2] B = 2 '

@[ 2 3u/8 S 3| 3 ¢ 2

LS s i | =
- > |1Z5)2 5z l|jo | e o A o

§ i z (3 = ; o Uﬁ‘ 3 R '\ AN f" I R - e

= AW sl I A NS e

280 300 320 340 360 380 400 420 440 460 480
A (A)

Figure 19. Tungsten spectra from lower electron temperature plasma (EAST #113757: T.(0) ~ 1.0 keV) in wavelength range of
130-480 A;(a) 130-330 A (EUV_Long c) and (b) 270-480 A (EUV_Long_b). Three spectra are taken before (tpefore = 7.626 s: black
color) and after (tw vy = 7.716 s: red color and ty xxvi = 7.781 s: blue color) tungsten burst, similar to that shown in previous
figures.
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Figure 20. Radial profiles of (a) electron temperature measured by ECE and (b) electron density measured by POINT for t=7.716 s
during tungsten burst in #113757 discharge with lower electron temperature. Horizontal axis means normalized minor radius (also
see figure caption of figure 6).

394.072 A are emitted with relatively strong intensities. The intensity observed here is considerably higher than
thatin the database, as shown in table 3. These two W VIlines may be also used for tungsten diagnostics in the
divertor plasma with extremely low electron temperature because the W”" ion stays in the electron temperature
range between 51.6 eV and 64.77 eV in corona equilibrium. It is noted here that the electron temperature in the
vicinity of separatrix X-point is typically below 100 eV in on-going tokamak devices, although it largely depends
on the magnetic field connection length from the divertor. In addition, two weak W V spectrawith 5 f - 5d
transitions are observed at 434.327 A and 449.673 A in figure 21(b). Information on these W VIl and W'V lines
is also added to the table 3.
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EAST #113757: T_(0) ~ 1.0 keV (EUV_Long_b)
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Figure 21. Enlarged tungsten spectra of figure 19(b) in wavelength ranges of (a) 270330 A and (b) 330480 A. Tungsten lines
analyzed here are composed of WV - W VII (W*" - W®") denoted with green labels. Red and black labels indicate unknown tungsten
lines and spectral lines from other impurity species intrinsically existing in EAST discharges. Meaning of three spectra with different
colors is the same as figure 19.

4. Discussions

4.1. Analysis of tungsten UTA spectra at 50-70 A using radial profile measurement

In figure 12, we only showed results of the line identification on strong and isolated tungsten lines based on the
existing database. However, the analysis of the UTA spectra was not entirely straightforward. The analysis of
temporal behavior alone was insufficient to determine the ionization stage. Then, the analysis of the radial
profile was attempted to understand the tungsten UTA spectra in the wavelength range of 50-70 A. Figure 22
shows extended spectra of figure 12. Fifteen narrow wavelength intervals are chosen as indicated with areas filled
in red, since those intervals include small tungsten peak, e.g. 52.03-52.334 A and 67.811-68.195 A. In addition
to the narrow wavelength intervals, four peak positions are also chosen for the analysis (see figure 12). Results of
the radial profile measurement on the tungsten UTA spectra are shown in figure 23. One can understand that the
radial profile obtained here is remarkably similar to that on the isolated tungsten line shown in figure 13.

The peak position of the radial profiles shown in figure 23 was analyzed in the same way as in figure 13. It is
noted here that both figures 13 and 23 are obtained from the same discharge of #103172. Therefore, the
ionization stage at the wavelength interval or the spectral peak in figure 23 can be easily determined by referring
to the result obtained in figure 13, if the radial profile has a clear peak position. That is, tungsten spectra with
peak positions of Z = —26.56 cm at 50.768 A (figure 23(a)), Z= —25.0 cmat 51.353 A (figure 23(b)),
Z=—28.12 cm at 59.064-59.292 A (figure 23(f)) and Z = —24.22 cm at 67.388 A (figure 23(i)) are determined
to arise from W2°T, W3 W¥ T and W32, respectively. It is interesting that the wavelength interval of
59.064-59.292 A can be explained by only a single ionization stage of W™ (W XXVIII).

The method mentioned above can be also applied for the radial profile with flatter peak. The flat peak shape
suggests that several spectral lines arising from tungsten ions in adjacent ionization stages are emitted in the
narrow wavelength interval. Therefore, the ionization stages of tungsten ions existing in the flat peak can be also
inferred from the relationship between the peak position and tungsten ionization stage which has been already
examined in figure 13. For example, the peak position of the radial profile in figure 23(c) can be estimated to
range in —25.0 cm < Z < —19.53 cm. Then, we understand this range corresponds to the peak position of W>'*
- W?** ions. The same analysis is done for other flat profile cases. Results on the examined ionization stages are
indicated in each figure of figure 23.

Results of the analysis on the UTA spectra are summarized in table 5. First column shows wavelengths
observed in this work, and second and third columns give the range of ionization stages evaluated from the
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EAST #103172 Unknown W lines: TE(O) ~ 4.5 keV
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Figure 22. Tungsten spectra in wavelength range of 50-70 A measured with (a) EUV_Short2_d and (b) EUV_Long_a. Data of figure 22
are the same as figure 12. Red shaded areas indicate wavelength interval of unknown tungsten lines for examination of the ionization
stage by analyzing the radial profile.

vertical profile and the intensity of observed tungsten lines or wavelength intervals, respectively. The transition is
unknown for all spectra.

4.2. Effect of electron temperature on the tungsten UTA spectra at 140-220 A

Two tungsten spectraat 130-330 A observed in EAST discharges with different central electron temperatures of
Te(0)=2.5and 1.0 keV are shown in figures 7(c) and 19(a), respectively. One can notice from the spectra that the
UTA spectrum appears at the wavelength range of 140-220 Ain figure 19(a) taken from the low-temperature
plasma (T.(0) = 1.0 keV), while such the UTA spectrum almost disappears in figure 7(c) taken from the high-
temperature plasma (T(0) = 2.5 keV). Although 3rd-order light of the UTA spectrum at 45-70 A still remains at
135-210 A in figure 7(c), it entirely disappears from the spectra in figure 19(a) because tungsten ions of W2 -
W** consisting of the UTA spectrum at 45-70 A do not exist in such low-temperature plasmas.

When the UTA spectrum at 140-220 Ain figure 19(a) is carefully examined, we notice the peak position of
the UTA spectrum changes from 185 A 0197 A between tw vir = 7.716 s and tyy xxvi = 7.781 s. As the central
electron temperature continuously decreases after the tungsten burst as shown in figure 5, the electron
temperature at ty xxvi = 7.781 sislower than that at ty y;; = 7.716 s. Then, it indicates that the peak position
of the UTA shifts toward shorter wavelength side when the electron temperature decreases. In EBIT
experiments, on the other hand, the UTA spectrum at 140-220 A can be studied by changing the beam energy.
The peak position of the UTA was located near 200 A when the beam energy was 70-135 eV [23]. When the
beam energy increased to 400 eV, the peak position shifted to 175 A. Increasing the beam energy above 400 eV,
the UTA spectrum finally disappeared. This EBIT experiment can well explain the present result.

The UTA spectrum at 140-220 A is composed of W?* - W** jons as shown in figure 19(a). A little change in
the electron temperature during the tungsten burst modifies the charge distribution of tungsten ions among
W>T - W?*" consisting of the UTA spectrum, and resultantly the peak position is changed as a function of
discharge time after the tungsten burst. However, once the electron temperature is sufficiently high such as seen
in figure 7, the low-ionized tungsten ions of W>* - W* are pushed to the plasma peripheral region and
moderately ionized tungsten ions are dominant in high-temperature plasmas. As a consequence, the intensity of
line emissions from low-ionized tungsten ions are very weak, and line emissions arising from W*** - W>"* ions
appear in the wavelength range of 140-220 A as seen in figure 17(a), i.e. 173.624 A and 176.618 A from W2°* -
W>"* jons (see also table 4). Similar results are also seen for the UTA spectrum at 10-50 A observed in LHD
experiments [11]. The UTA spectrum largely changes the peak position when the central electron temperature
decreases from 1.7 keV t0 0.13 keV. The peak shift is also accompanied by a change in the combination of
dominant transitions consisting of the UTA spectrum, i.e. 5f-4d and 5p-4d at T.(0) ~ 1.5 keV, 6g-4f and 5g-4f at
T.(0) ~ 0.6 keV and 5g-4fat T.(0) ~ 0.13 keV.
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EAST #103172: T (0) ~ 4.5 keV (EUV_Long2_d)
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Figure 23. Vertical intensity profiles of unknown tungsten lines at t = 2.476 s during tungsten burst measured with EUV_Long2_d;
(@)50.768 A: W, () 51.353 A: W', () 53.415-53.614 A: W' - W, (d) 53.886-54.196 A: W7+ - W™, .
() 58.045-58.252 A: W™+ - W***, () 59.064-59.292 A: W™, (g) 62.578-62.695 A: W*** - W***, (h) 64.321-64.913 A: W**F - W'+
and (i) 67.388 A: W?2", The wavelength interval of unknown tungsten lines is indicated in figure 22. Horizontal axes at the bottom and
top indicate plasma vertical position, Z, and normalized minor radius, r/a, respectively (see figures 1 and 13). The intensity is normalized
at the peak position. The peak position or peak width is indicated with one or two vertical dotted lines, respectively.

Table 5. Isolated and quasi-continuum tungsten lines newly confirmed in short wavelength range of 5070 A. First column gives the
wavelengths, ), determined in this work. Ionization stages estimated from temporal behavior and radial intensity profile are listed in the
second column. Third column shows observed intensities. At present transitions are ‘unknown’ as indicated in the last column. Uncertainty
in the wavelength determination is estimated to be 0.01 A.

A (A) Ionization stages Intensities (10" phs-mfz-sfl-Srfl) Transitions
50.768 Wt 0.84 unknown
51.353 w3 0.71

53.09-53.216 W 0.25

53.415-53.614 WA w3 0.26-0.28

53.886-54.196 W2 _oWsT 0.25-0.27

56.811-56.92 W3 _oW 0.24-0.24

57.352-57.743 W0 wIs 0.15-0.16

58.045-58.252 W2 oW 0.17-0.19

58.686—58.856 w3oF 0.18-0.21

59.064-59.592 W2 0.17-0.19

59.71-59.882 W2 oW 0.20-0.25

61.185 W oW 0.38

62.578-62.695 W wIs 0.18-0.21

64.321-64.913 W3 _wA 0.13-0.18

67.388 w3t 0.34

67.811-68.195 w3t 0.06-0.08
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5. Summary

Tungsten spectra in the wavelength range of 10-480 A were observed in EAST tokamak discharges with tungsten
burst events. The observation was done by utilizing four upgraded grazing incidence flat-field fast-time-
response EUV spectrometers and two space-resolved EUV spectrometers. EUV spectra at four wavelength
ranges of 5-45 A, 40-180 A, 130-330 A and 270480 A were simultaneously measured with EUV_Short,
EUV_Long_a, EUV_Long c,and EUV_Long_b spectrometers, respectively. Radial profiles of the tungsten
spectra were also observed in the wavelength range of 40-130 A using EUV_Long2_d spectrometer with
function of spatial distribution measurement.

Tungsten lines are examined by comparing the spectra observed before and after the tungsten burst, and
identified based on NIST database and previously published data. The tungsten lines identified are re-examined by
analyzing the temporal intensity behavior and the radial intensity profile. In all, 213 tungsten lines are found in the
spectra after the tungsten burst. The line identification is successfully carried out for 166 tungsten lines, including
78 lines arising from moderately and highly ionized tungsten ions of W>** - W*>* in the wavelength range of
10-140 A and 88 lines arising from low-ionized tungsten ions of W** - W** in the wavelength range of
160—480 A. In other 47 tungsten lines the wavelength or narrow wavelength interval is evaluated in the wavelength
range of 50380 A and the ionization stages from which the line or wavelength interval arises are determined based
on the temporal behavior and the radial profile of tungsten lines. Finally, all tungsten lines studied in this work are
summarized in tables. Tungsten lines useful for diagnostics are selected and highlighted in the tables. For example,
two strong and isolated W VII lines at 216.351 Aand261.317 A and W VIII lines at 197-202 A can be applied to
evaluation of the tungsten influx in fusion experiments. Tungsten UTA spectra in the wavelength of 45-70 A are
useful for evaluation of the tungsten concentration. Isolated W XXV - W XXVII (W>** - W?°") lines at 29-34 A
and W XLIII - W XLVI (W*2* - W) lines at 60-135 A can be also used for determining the tungsten density if
the radial profile is measured.

The UTA spectrum consisting of quasi-continuum lines is observed in three wavelength ranges for highly
ionized and low-ionized tungsten ions, i.e. 18-38 A for W2 - W 45-70 A for W+ - W** and 150-280 A
for W>* - W®". The tungsten UTA spectra are examined in detail by analyzing the radial profile measured with
newly developed EUV_Short2_d spectrometer with CMOS detector, in particular, for the UTA spectrum at
45-70 A. Finally, the temperature dependence on the UTA spectrum at 140-220 A is discussed with results from
EBIT and other fusion devices. The structural change of the UTA spectrum and the peak shift against the
electron temperature observed in this work was very reasonable and well agreed with the EBIT result.

In the near future, the radial profile measurement becomes possible in the full wavelength range of 10-500 A
by installing other space-resolved EUV spectrometers. Further detailed analysis of the tungsten spectra can be
expected. In addition, observations of tungsten lines from higher ionization stages of W**™ - W** ions are
currently in progress for contributions to ITER diagnosis.
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