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Abstract
Tungsten spectra in extreme ultraviolet (EUV)wavelength range of 10-480Å have been observed
fromhigh-temperature plasmas in Experimental Advanced Superconducting Tokamak (EAST)with
full tungsten divertor using four fast-time-response EUV spectrometers of EUV_Short (5-45Å),
EUV_Long_a (40–180Å), EUV_Long_c (130–330Å) and EUV_Long_b (270–480Å) and two space-
resolved EUV spectrometers of EUV_Short2_d (45–70Å) and EUV_Long2_d (40–130Å). The
wavelength ofmeasured spectra is accurately calibrated based on several well-known spectral lines
emitted from low-Z (He, Li, C,N andO), medium-Z (Fe andCu) and high-Z (Mo) impurity ions.
Measurements of the tungsten spectra were taken fromdischarges accompaniedwith 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 analyzedwith 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 ofWXXIII -WXLVI (W22+ -
W45+) at 10–140Å and 88 lines ofWV -W IX (W4+ -W8+) at 160–480Å, while 47 tungsten lines at
50–380Å 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 18–38Å, 45–70Å and 150–280Å atwhichWXXIII -WXXXVIII (W22+ -
W37+),WXXVII -WXLVI (W26+ -W45+) andWVI—WIX (W5+ -W8+) are dominantly emitted,
respectively. Through the analysis it is found that charge state distributions of tungstenUTA at
140–220Å significantly varywith 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 andmarked in the tables.

1. Introduction

In International Thermonuclear Experimental Reactor (ITER) the thermal heat load on divertor plates is
surprisingly large. Then, tungstenmaterial was decided to use for the divertor plate, replacing carbonmaterial
which has been used formany years, because the tungstenmaterial 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-coatedmaterials have been used in several tokamak devices, e.g. ASDEXUpgrade [1],
JET [2], EAST [3] andWEST [4]. In ITER, very recently, the tungstenmaterial was also decided to use for the first
wall on the vacuumvessel. 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 ismore 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 ITERplasmas is extremely high, e.g. several tens keV, a
variety of charge stages of tungsten ions exist in the ITERplasma, i.e. fromneutral tungsten atoms (W0) at the
divertor toHe-like tungsten ions (W72+) at plasma core.

So far, emission lines of the tungsten ions have beenmeasured in variouswavelength ranges of soft x-ray
(SXR: 1–10Å), extreme ultraviolet (EUV: 10–500Å), vacuumultraviolet (VUV: 500–3000Å) and visible
(3000–8000Å) ranges usingmagnetic 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 ofW I has been identified as an isolated linewith transition of 5d56s
7S3–5d

46s6p 7P°4 in the visible range of 4009Å [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 ofW III -W
VII from low-ionized tungsten ions have been found in theVUVwavelength range of 495–1475Å by injecting a
coaxial tungsten pellet on large helical device (LHD) [12]. Spectral lines ofWVIIwere also observed from the
SSPX spheromak in the EUVwavelength range of 180–450Åusing a flat-field spectrometer with spectral
resolution of 0.3Å [7]. In bothVUV andEUVwavelength ranges of 150–1480Å tungsten spectra ofW IV -W
VIII observed from JET tokamakwere analyzed in detail [29]. Ryabtsev et al accurately identified numerous
tungsten spectral lines ofWVIII -W IXobserved from vacuum spark plasma in the EUVwavelength range of
160–271Åusing a grazing-incidence spectrometer with 3600 lines/mmgrating [28]. These resultsmade a
significant contribution tofill inmissing experimental data for low-ionized tungsten ions. Nineteen tungsten
lines ofWV,WVII andWVIIIwere also found in bothVUV andEUV ranges of 160–500Å in LHD [13]. The
spectral feature of these lines, in particular,WVII andWVIII, was quite different from those observed in SSPX,
JET and EBIT devices. The reasonmay be due to entirely different electron density ranges among four devices.
Two isolated strongWVII lineswith transitions of 4f145s25p6 1S0—4f145s25p55d emitted in the EUVwavelength
range of 216.219Å and 261.387Åwere found at a tungsten burst phase after accumulated laser blow-off (LBO)
experiments in theHL-2A tokamak. The spectral feature of these twoWVII lines was quite similar to those from
SSPX and JET. The tungsten influx rate in theHL-2A dischargewas analyzed using theWVII line and studied
tungsten behavior at the plasma edge [14].

In addition to the above, highly ionized tungsten ions, e.g.W27+ -W50+, have been further studied
extensively. Tungsten lines ofWXXXVIII -WLI (W37+ -W50+) observed fromASDEXUpgrade bymean of
LBO techniquewere identified in the SXRwavelength range of 5–15Å [6]. Tungsten lines ofWXLVI (W45+)
andWXLVII (W46+) observed from JETusing an upgrade high-resolution x-ray spectrometer in the SXR
wavelength range of 5.20–5.24Åwere identified as 3p-4d inner-shell excitation lines [30]. Tungsten lines ofW
XLVII (W46+)were also observed in LHD in the SXRwavelength range of 7–8Å and 7.938Å by injecting a
tungsten pellet [15].

In the EUVwavelength range, on the other hand, the presence of quasi-continuum spectrum called
unresolved transition array (UTA) is particularly emphasized, while several isolated spectral lines fromhighly
ionized tungsten ions, e.g.WXLI -WXLVI (W40+ -W45+), have beenmeasured in the EUVwavelength range in
several EBIT [31, 32] and fusion devices [6, 13, 15, 18]. TheUTA spectra basically originate in a large relativistic
effect of the high-Z element, e.g. levelmixing due to spin–orbit interaction. The tungstenUTA spectra are
mainly located inwavelength ranges of 15–40Å, 45–56Å and 56–75Å. A typical feature of theUTA spectrum is
that the shape greatly varies with electron temperature. For example, the shape of theUTA at 15–40Å
wavelength rangemainly composed ofW22+ -W37+ ions [9, 11, 33, 34] largely shifts the peak intensity position
when the electron temperature increases from0.75 keV to 1.0 keV. Radial profiles of suchUTA spectra have
beenmeasured using a space-resolved EUV spectrometer in LHD and densities ofW24+,W25+ andW26+ ions
are evaluated at 32.16–33.32Å, 30.69–31.71Å and 29.47–30.47Å by analyzing the radial profile,
respectively [35].

In the high-Z element intensities ofmagnetic dipole (M1) forbidden transitions become sufficiently strong
due to an entire breaking of L-S coupling, e.g.M1 transition rate increases with Z10, while E1 transition rate
increases with Z4 [36]. TheM1 transitions have been observed in LHD forWXXVII -WXXVIII (W26+-W27+)
in the visible wavelength range of 3300–3900Å andWXXX -WXL (W29+-W39+) in theVUVwavelength range
of 500–900Å [16, 37, 38]. The visibleM1 transition is useful for tungsten diagnostic of ITERbecause use of the
opticalfiber and/ormirror enables visible spectroscopy in the absence of strong neutron and hard x-ray
backgrounds.
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This work focuses on observations of the tungsten emission lines in EAST discharges over the entire EUV
wavelength range of 10–480Å and analyses of the tungsten spectra. The observations have been carried outwith
four fast-time-response EUV spectrometers of EUV_Short, EUV_Long_a, EUV_Long_c and EUV_Long_b
working inwavelength ranges of 5–45Å, 40–180Å, 130–330Å and 270–480Å, respectively, and two space-
resolved EUV spectrometers of EUV_Short2_d and EUV_Long2_dworking inwavelength ranges of 45–70Å
and 40–130Å, 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 fromdifferent tungsten ionization stages. As a
result, several emission lines from low-ionized tungsten ions are found in EUV spectra at thewavelength range
of 150–480Å observed fromEASTplasmas.

In the present paper, experimental setup is explained in chapter 2with installed four fast-time-response and
two space-resolved EUV spectrometers. Results on spectroscopic analyses ofmeasured tungsten emission lines
are presented in chapter 3 including tungstenUTA 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 infinding 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 amedium-sized superconducting tokamak (major radius of R= 1.85 m at the plasma center,
averagedminor radius of a= 0.45 m at the plasma edge boundary and toroidal magnetic field of Bt= 3.5 T),
and creates high-temperature toroidal plasmawithD-shaped poloidal plasma cross section, as shown in
figure 1. Tomake an easy understanding of EAST tokamak plasma theD-shaped plasma areawithin 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 ofW6+ -W27+

(ionization energy: Ei= 122–1132 eV) andW28+ -W46+ (Ei= 1132–4180 eV) are localized, respectively, when

Figure 1.Poloidal cross section of EAST tokamakwith lower single null configuration. Vertical and horizontal axesmean vertical
distance from equator plane and horizontal distance from torus center (major radius), respectively. Plasma boundary definedwith
Last Closed Flux Surface (LCFS) is shown in solid red line. Lines-of-sights (LOS) of four fast-time-response EUV spectrometers are
indicatedwith 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 indicatedwith shaded area (EUV_Long2_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 mmandEUV_Long_b: 200 mm), and horizontal observation size is roughly
50 mm for all of them. For an easy understanding of EAST tokamak plasma, theD-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 ofW6+ -W27+ (ionization energy: Ei= 122–1132 eV) andW28+ -W46+ (Ei= 1132–4180 eV) are localizedwhen
central electron temperature is 4.5 keV, respectively. Tungsten atoms/ions ofW0+ -W5+ (Ei= 8–122 eV) are localized in scrape-off
layer and divertor region outside the LCFS denotedwith yellow-filled area.
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central electron temperature is 4.5 keV. Tungsten atoms/ions ofW0+ -W5+ (Ei= 8–122 eV) are localized in
the scrape-off layer and divertor region indicatedwith yellow-filled area. The line-averaged electron density
(ne) and electron temperature (Te) in EAST discharges range in ne� 7× 1019 m−3 and Te� 12 keV,
respectively [39]. The first wall of the vacuum chamber ismainly formed ofmolybdenum tiles. Replacement of
graphite divertor plates by tungsten divertor plates (tungsten-coppermonoblocks)was completed in 2021 for
both upper and lower divertor regions.Molybdenummaterial is partly used for the first wall on the inboard
side vacuum vessel. Iron and coppermaterials are used for protection of Ion-Cyclotron-Range-of-Heating
(ICRH) antennas [40].

In EAST two fast-time-response EUV spectrometers (EUV_Long_a: 20–500Å and EUV_Short: 5–138Å)
are installed formonitoring impurity behavior in the core plasma and other two fast-time-response EUV
spectrometers (EUV_Long_c: 20–500Å and EUV_Long_b: 20–500Å) are installed formonitoring 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/mmand ‘EUV_Short’
for 2400 grooves/mm.Therefore, ‘EUV_Short’has better spectral resolution in short wavelength range below
50Å, while the spectrometer throughput is extremely low in longer wavelength range above 100Å. The line-of-
sights (LOS) of these spectrometers are shown infigure 1. EUV spectra from the fast-time-response
spectrometers can be recorded every 5 ms using a back-illuminated charge-coupled detector (CCD:
26× 26 μm2/pixel, 1024× 255 pixels and 26.6× 6.6 mm2) operated in Full Vertical Binning (FVB)mode. The
wavelength range to bemeasured can be externally changed bymoving theCCDposition horizontally along the
focal planewith an electric pulsemotor equipped on the spectrometer. Observation range at the plasma center in
the vertical direction is roughly 120 mm for EUV_Long_c and 200 mm for EUV_Short, EUV_Long_a and
EUV_Long_b, while that in the horizontal (or toroidal) direction takes the same value of 50 mm for all
spectrometers. In this work thewavelength ranges of EUV_short, EUV_Long_a, and EUV_Long_c and
EUV_Long_b spectrometers are set to 5–45Å, 40–180Å, 130–330Å and 270–480Å, respectively, to observe
widerwavelength range in a single discharge.

In EAST, on the other hand, two space-resolved EUV spectrometers called EUV_Short2_d and
EUV_Long2_d equippedwith a space-resolved slit are installed for spatial distributionmeasurement of
impurity line emissions in thewavelength ranges of 5–138Å and 30–520Å, respectively [19, 42]. A
complementarymetal-oxide semiconductor (CMOS: 6.5× 6.5 μm2/pixel, 2048× 2048 pixels and
13.3× 13.3 mm2) detector is used for EUV_Short2_d spectrometer to increase the time response in recording
the spectral image, while the CCD (26.6× 6.6 mm2) detector, same as the fast-time-response spectrometer case,
is used for EUV_Long2_d spectrometer by arranging theCCDvertically. Then, the vertical observation range is
different between EUV_Short2_d and EUV_Long2_d, i.e.−18 cm�Z� 8 cm (0� r/a� 0.3) for
EUV_Short2_d and−40 cm�Z� 10 cm (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 1mean the plasma
center and edge boundary, respectively. The plasma edge boundary is defined by the LCFS as seen infigure 1. It is
noted that thewavelength range of EUV_Long2_dwithCCDwhich can be simultaneouslymeasured in a single
discharge,ΔλWR, ismuch narrower than ‘EUV_Long’withCCD, e.g.,ΔλWR= 30Å atλ0= 60Å, because the
short axis (6.6 mm) of CCD is set along the horizontal wavelength dispersion.

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

Infigure 2(a), n= 3-2 Lα transitions of CuXX—CuXXI and FeXVII—FeXVIIImainly contribute to the
spectrum formation in thewavelength ranges of 10–13Å and 15–18Å, respectively, whereas no impurity lines
appear in thewavelength range of 5–10Å. Spectral lines emitted in thewavelength range of 18–45Å aremainly
composed ofH- andHe-like C,N andO ionswith resonance series transitions of np-1s (n= 2 and 3). In
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figure 2(b) it is seen that a large number of Cu,Mo andW lines are very closely emitted in thewavelength range
of 40–180Å. In the present wavelength calibration, the line identification of Cu andMo spectra are important.
In particular, CuXI -CuXIX from low-ionized Cu ions at 139–180Å, CuXXI -CuXXVI fromhighly ionized
Cu ionswith n= 2-2 transitions at 75–135Å,MoV -MoXVII from low-ionizedMo ions at 42–70Å,
225–260Å and 320–380Å, andMoXXIV -MoXXXII fromhighly ionizedMo ions at 70–95Å and 104–130Å
are useful, as shown infigures 2(b)–(d). Several emission lines ofHe II, C III-V and FeV-XVI are also clearly seen
in the longwavelength range of 235–480Å.

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

Results of thewavelength calibration are shown infigure 3 for EUV_Short, EUV_Long_a, EUV_Long_c and
EUV_Long_b. The values of X0mean a distance from the grating center to#1CCDpixel position. Therefore,
thewavelength range ofΔλWR is a function of X0, i.e. X0= 12 mm (EUV_Short): 5–45Å, 6 mm (EUV_Long_a):
40–180Å, 25 mm (EUV_Long_c): 130–330Å and 40 mm (EUV_Long_b): 270–480Å. In the plot of
EUV_Short infigure 3 there are no experimental values in the first 300 pixels, which correspond to the
wavelength range of 2–10Å, due to the absence of spectral lines as shown infigure 2(a).

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

5

Phys. Scr. 99 (2024) 105609 WZhang et al



Thewavelength calibration curves plotted infigure 3 are in good agreement between the theoretical
calculation denotedwith red solid curve and the experimental calibration (cubic polynomialfitting) denoted
with blue dashed curve. Itmeans 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
thewavelength 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
betweenwavelengths estimated from cubic polynomial fitting (λfitting) andwavelengths determined fromwell-
known impurity lines (λexp), i.e.Δλerr=λfitting−λexp. The result is shown infigure 4. It is found that the values
ofΔλerr are sufficiently small, i.e. |Δλerr|< 0.03Å for EUV_Short and EUV_Long_a, and |Δλerr|< 0.11Å for
EUV_Long_c and EUV_Long_b.

In this study, other important diagnostics are also used for the data analysis, e.g. the line-averaged density, ne,
frompolarimeter-interferometer (POINT) system [46], the electron temperature, Te, and electron temperature
profiles, Te(r/a), from32-channel heterodyne radiometer system (ECE) [47], and the radiation loss from fast-
response bolometers (central chord at Core IAXUV and edge chord at Edge IAXUV) [48]. Detailed explanations on
the diagnostics are seen in each reference.

Figure 3.Wavelength calibrations based on theoretical calculation (method 1: red solid line,λcal) and cubic polynomialfitting among
experimental values (method 2: blue dashed line,λfitting) for EUV_Short (X0= 12 mm: 5–45 Å), EUV_Long_a (X0= 6 mm:
40–180 Å), EUV_Long_c (X0= 25 mm: 130–330 Å), and EUV_Long_b (X0= 40 mm: 270–480 Å). Emission lines used formethods
1 and 2 are indicated by red solid circles and blue stars, respectively. Value of X0means distance fromgrating center to#1CCDpixel
position.

Figure 4.Uncertainties inwavelength calibration for four EUV spectrometers. Vertical axis,Δλerr, indicates difference between cubic
polynomial fitting values,λfitting, and experimental values,λexp.
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3. Analysis and identification of tungsten spectra

A typical EASTdischarge with tungsten burst (#113762: upper single-null (USN) configuration) is shown in
figure 5. Line-averaged density of ne= 4.0× 1019 m−3 and central electron temperature of Te(0)∼ 2.5 keV are
sustainedwith additionally injected heating power fromneutral beamswith PNBI= 2.0 MWand lower-hybrid
wavewith 4.6 GHz frequency of PLHW= 2.0 MW.A sudden increase in the tungsten influx happens at
t= 2.946 s. It is clearly seen in the temporal intensity behavior ofWVII (216.351Å) from low-ionized tungsten
ions shown infigure 5(c). TheWVII intensity has themaximumvalue at t= 2.956 s after 10 ms of the burst start
(see red vertical dash-dotted line). The intensity ofWXXVIII (2× 49.436Å: 2nd order) emitted fromhighly
ionized tungsten ions existing in the plasma core region reaches themaximumvalue 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 infigure 5(d) for the edge and core channels as Edge IAXUV andCore IAXUV, respectively. The time
response of theCore IAXUV signals is almost identical to the intensity behavior ofWXXVIII, while a clear
difference appears between theWVII and Edge IAXUV signals. In this discharge a second tungsten burst seems to
be appeared at t= 3.021 s (see Edge IAXUV). However, theWVII intensity is unchanged. The reasonmay be
related to a three-dimensional structure of the ELMburst at the plasma edge (see figure 5(e)). If the ELMburst
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 burstmeans a single tungsten

Figure 5.Typical waveformof#113762 discharge shotwith sudden tungsten burst; (a) heating power of 4.6 GHz lower-hybridwave
(PLHW: LHW2) and neutral beams (PNBI1L: NBI1L and PNBI2L: NBI2L), (b) line-averaged electron density (ne) and central electron
temperature (Te(0)), (c)normalized tungsten line intensities (WVII: 216.351 Å,WXXVIII: 2× 49.436 Å), (d)normalized radiation
power (edge chord: Edge IAXUV, central chord: Core IAXUV) and (e) upper divertorDα 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 ofWVII and first intensity peak ofWXXVIII, respectively, at which three EUV spectra are plotted in
figure 7.
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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 temperaturemeasuredwith ECE
and the electron densitymeasuredwith POINT at tW XXVIII= 2.995 s is shown infigure 6 as a function of
normalized plasma radius, r/a. Asmentioned above, values of r/a= 0 and 1mean the plasma center
(Te(0)∼ 2.5 keV) and plasma edge boundary (Te(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 infigure 7 (before:
tbefore= 2.905 s in black color, during: tW VII= 2.956 s in red color and after: tW XXVIII= 2.995 s in blue color).
These three timings are also indicatedwith vertical lines in figure 7. Figures 7(a)–(d) showEUV spectra
measuredwith EUV_Short (5–40Å), EUV_Long_a (40–130Å), EUV_Long_c (130–330Å) and EUV_Long_b
(270–480Å) spectrometers, respectively. Identified isolated lines are indicated infigure 7 for several impurity
ions. It is obvious that the tungsten lines are emitted in different wavelength ranges depending on the ionization
stage, e.g. low-ionized tungsten ions at 150–320Å and highly ionized tungsten ions at 15–150Å. TheUTA
spectrum at 45–70Å during the tungsten burst plottedwith blue solid line infigure 7(b) is totally saturated due
to largely enhanced intensities. It is noticed here that the count rate of line emissions is less when thewavelength
is longer, as shown infigures 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 indicateweak
intensity of the line emissions.

In this paper, the identified tungsten lines are indicatedwith green labels forWV -WXLVI (W4+ -W45+)
and line emissions fromother impurities are indicatedwith black labels. In addition, unknown tungsten lines
having no information on the transition are indicatedwith red labels. It should be noted that, based on other
intrinsic impurity spectral lines identified in EASTdischarges [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 themanuscript, all other observed and
identified lines are determined to be tungsten lines.

3.1. Identification ofWXXIII -WXLVI fromhighly ionized tungsten ions
3.1.1. TungstenUTA spectrum at 15–40 Å
Figure 8 shows tungsten spectra expanded to 15–40Å offigure 7(a)measured at Te(0)∼ 2.5 keV (see figure 6(a)).
Since the relativistic effect becomes very large in high-Z elements such asMo (Z= 42) andW (Z= 74), the quasi-
continuum spectra likeUTA can be always observed due to the overlapping ofmany line emissions at an
extremely narrowwavelength interval. These tungsten lines can be analyzedwith higher reliability by
comparisonwith spectra fromCompact Electron BeamTrap (CoBIT). Identified tungsten spectral lines shown
infigure 8 aremainly composed ofmoderately ionized tungsten ions, i.e.WXXXIV -XXXVIII (W33+ -W37+) at
18–25Å,WXXVIII - XXXIV (W27+ -W33+) at 25–29Å andWXXIII - XXVII (W22+ -W26+) at 29–40Å.

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 infigure 9.
The tungsten line intensity from low-ionized ions likeW6+ quickly increases at t= 2.946 s just after the tungsten

Figure 6.Radial profiles of (a) electron temperaturemeasured by heterodyne radiometer (ECE) and (b) electron densitymeasured by
polarimeter interferometer (POINT) at t= 2.995 s in#113762 discharge. Horizontal axismeans normalizedminor radius (radial
position of r is normalized by plasmaminor radius of a= 0.450 m after conversion fromD-shaped plasma to circular plasma). Then,
values of r/a= 0 and 1 indicate plasma center and edge boundary defined by LCFS (seefigure 1), respectively.
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Figure 7.Three EUV spectra inwavelength ranges of (a) 5–40 Å (EUV_Short), (b) 40–130 Å (EUV_Long_a), (c) 130–330 Å
(EUV_Long_c) and (d) 270–480 Å (EUV_Long_b) observed at t= 2.905 s (before tungsten burst: black color), t= 2.956 s (intensity
peak ofWVII: red color) and t= 2.995 s (first intensity peak ofWXXVIII: blue color) in EAST discharge#113762with
Te(0)∼ 2.5 keV. Three discharge timings are indicated in figure 5with vertical dash-dotted lines.

Figure 8.Enlarged tungsten spectra offigure 7(a) inwavelength range of 15–40 Å. Tungsten lines analyzed here asWXXIII -W
XXXVIII (W22+ -W37+) are denotedwith green labels and lines fromother impurity species are denotedwith black labels. Discharge
timings at which three spectra are observed are indicated infigure 5.
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burst and disappears soon (see figure 9(a)). In contrast to this, the tungsten line intensity frommoderately
ionized tungsten ions gradually increases and remains a high level for a relatively long time until the end of the
burst at t= 3.3 s (see figures 9(b) and (c)). In the case of highly-ionized tungsten ions likeW40+, 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 Te(0) from2.5 to 1.9 keV (seefigure 5(b)). Based on the tungsten
UTA, tungsten densities ofW26+,W25+ andW24+ ions are evaluated in LHDatwavelength intervals of
29.47–30.47Å, 30.69–31.71Å and 31.16–33.32Å [35].

The tungstenUTA lines at 15–40Å identified infigure 8 are summarized in table 1. The tungsten lines ofW
XXIII—WXXXVIII (W22+ -W37+), wavelengths from referenced database, intensities and transitions are listed
withwavelengths and intensities observed in the present work. Some tungsten line transition data are not found
in the references.

3.1.2. TungstenUTA spectrum at 40–70 Å
As shown infigure 7(b), the EUV spectrum at 48–63Å exceeded a saturation level (216= 65,536 counts/pixel) of
the 16 bit CCD. Then, another dischargewith higher electron temperature and lower tungsten concentration
(EAST#103172: Te(0)= 4.5 keV)was selected for analysis of the tungsten spectra in thewavelength range of
40–140Å. The results are shown in figures 10(a) and (b) at wavelength ranges of 5–40Å (EUV_Short) and
40–140Å (EUV_Long_a), respectively. The spectra are taken at three different discharge timings similar to
figure 7, i.e. before tungsten burst (tbefore= 1.501 s: black lines), during tungsten burst (tW VII= 2.300 s at
intensity peak ofWVII: red lines), and after tungsten burst (tW XXVIII= 2.476 s atfirst intensity peak ofW
XXVIII: blue lines). A radial profile of the electron temperaturemeasuredwith ECE and electron density
measuredwith POINT at tW XXVIII= 2.476 s is shown infigure 11 as a function of normalized plasma radius, r/a.
Values of r/a= 0 and 1mean the plasma center (Te(0)= 4.5 keV) and plasma edge boundary (Te(1)∼ 0),
respectively.

Results of the line identification in thewavelength range of 15–40Å shown infigure 10(a) are totally
consistent with the results from figure 8 despite the different electron temperatures between the twofigures. On
the contrary, the tungsten spectra aremore complicated in thewavelength range of 45–70Å as shown in
figure 10(b). As reported in previous studies [5–11, 17, 33–35], the tungsten spectra aremainly composed of
W24+ -W45+ ions. A simple spectral identification of the tungstenUTA is quite difficult due to the entire
overlapping of tungsten spectra. Therefore, the EUV_Short2_d spectrometer (grating: 2400 grooves/mm)with

Figure 9.Time behaviors of tungsten line intensities at (a) 216.351 Å:WVII (W6+) and at wavelength intervals of (b)
34.027–34.439 Å:WXXIV (W23+) and 20.548–20.688 Å:WXXIX (W28+), (c) 23.772–24.121 Å:WXXV (W34+) and
21.156–21.251 Å:WXXXVIII (W37+) and (d) 46.941 Å:WXLI (W40+). Vertical dash-dotted lines at t= 2.946 s and 3.021 s indicate
start and end of firstWburst, respectively.
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Table 1.Quasi-continuum lines (calledUTA) ofWXXIII -WXXXVIII (W22+ -W37+) examined in the present work. First column shows tungsten lines. Second and third columns giveminimumandmaximumwavelengths,λ,
determined in this work and taken frompreviously published data in the references, respectively. Intensities observed in this work and taken frompreviously published data are listed in fourth and fifthwithminimumandmaximumvalues,
respectively. Label of ‘−−−’means the reference has no intensity information. Last two columns indicate lower and upper levels of the transition.

λ (Å) Intensities Transitions

Wq+
Thiswork Previous data

This work (1015

phs·m−2·s−1·Sr−1) Previous data (a.u.)
Lower level Upper level

Min Max Min Max Min Max Min Max

WXXIII (W22+) 34.972± 0.01 35.151± 0.01 35.26± 0.02a, b 0.89 0.91 −−− −−− 4d104f6 4d104f55g

36.231± 0.01 36.534± 0.01 36.2c 36.60± 0.04b 0.73 0.75 −−− −−− 4d104f6 4d104f55g

36.777± 0.01 36.899± 0.01 35.5d 37d 0.68 0.70 −−− −−− 4d104f6 4d104f55g

WXXIV (W23+) 34.027± 0.01 34.439± 0.01 34.12± 0.06a 0.75 0.91 −−− −−− 4d104f5 4d104f45g

WXXV (W24+) 32.171± 0.01 32.804± 0.01 32.16–32.28e 32.63± 0.2b 0.93 1.06 3.38–4.18 −−− 4d104f4 4d104f35g

WXXVI (W25+) 30.699± 0.01 30.923± 0.01 30.69–30.80e 30.90± 0.03c 1.23 1.36 3.38–3.88 −−− 4d104f3 4d104f25g

31.205± 0.01 31.658± 0.01 31.25–31.37e 31.59–31.71e 0.89 1.13 3.57–4.17 3.22 4d104f3 4d104f25g

WXXVII (W26+) 29.423± 0.01 29.920± 0.01 29.47–29.58e 29.7± 0.1a 1.03 1.18 3.48–3.53 −−− 4d104f2 4d104f5g

WXXVIII (W27+) 27.851± 0.01 28.335± 0.01 27.84–27.95e 0.69 1.24 −−− −−− 4d104f 4d105g

WXXIX (W28+) 20.548± 0.01 20.688± 0.01 20.8± 0.1a 0.55 0.62 −−− −−− 4d10 4d95f

27.159± 0.01 27.584± 0.01 27.20–27.30e 27.52–27.62e 0.76 0.97 2.64–3.42 1.82–2.32 4d94f 4d95g

WXXX (W29+) 19.948± 0.01 20.132± 0.01 20.2± 0.1a 0.49 0.55 −−− −−− 4d9 4d85f

WXXXII (W31+) 26.059± 0.01 26.423± 0.01 26.2± 0.1a, d 26.3c 0.73 0.84 −−− −−− 4d7 4d65p

WXXXIII (W32+) 18.505± 0.01 18.549± 0.01 18.6± 0.1a 0.38 0.41 −−− −−− 4d6 4d55f

25.234± 0.01 25.748± 0.01 25.6± 0.1a, d 25.5c 0.71 0.88 −−− −−− 4d6 4d55p

WXXXIV (W33+) 18.021± 0.01 18.152± 0.01 18.1± 0.1a 0.36 0.40 −−− −−− 4d5 4d45f

24.574± 0.02 24.624± 0.02 24.7c 24.9± 0.1a 0.75 0.77 −−− −−− 4d5 4d45p

WXXXV (W34+) 23.772± 0.02 24.121± 0.02 24c, d 24.2± 0.1a 0.82 0.87 −−− −−− 4d4 4d35p

WXXXVI (W35+) 23.178± 0.02 23.277± 0.02 23.300c 0.71 0.75 −−− −−− 4d3 4d25p

WXXXVII (W36+) 22.398± 0.01 22.543± 0.01 22.5± 0.1a 22.6c 0.68 0.71 −−− −−− 4d2 4d5p

22.689± 0.01 22.787± 0.01 22.5± 0.1a 0.79 0.81 −−− −−− 4d2 4d5p

WXXXVIII (W37+) 21.156± 0.01 21.251± 0.01 20.9± 0.1a, d 0.68 0.71 −−− −−− 4p64d 4p65p

21.773± 0.01 21.821± 0.01 21.9b 22.0± 0.1a 0.83 0.93 −−− −−− 4p64d 4p65p

a Data from [9].
b Data from [10].
c Data from [8].
d Data from [9].
e Data from [34].
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high spectral resolution usingCMOSdetector (Δλ1/2= 0.092Å at 33.734Å andΔλ1/2= 0.104Å at 115.999Å)
is also used to analyze the spectra in thewavelength range of 45–70Å.

The tungsten spectra are observed using EUV_Short2_d spectrometer in FVBmodewith long exposure time
of 1 s/frame. The result is plotted infigure 12(a). The spectrumoffigure 12(a) is created by adding two frames
together during t= 2–4 s. Figure 12(b) shows a simple extension offigure 10(b) at t= 2.476 s, observedwith
EUV_Long_a spectrometer (grating: 1200 grooves/mm) using CCDdetector (Δλ1/2= 0.183Å at 33.734Å and
Δλ1/2= 0.285Å at 115.999Å). Comparing the spectrumbetweenfigures 12(a) and (b), one can see that the
spectrum infigure 12(a) has better information on the tungsten spectral lines.

The tungstenUTAspectra in thiswavelength range aremainly dominated by transitions among sublevelswithin
n= 4 levels for tungsten ions below rhodium-like (W45+) ionization stage. In the 45–48Åwavelength range, the
tungstenUTAspectra aremainly composedof 4d-4p transitions forWXXXVIII -WXLV (W37+ -W44+). Shifting
thewavelength to 48–60Å range, themain transition changes to 4f-4d transitions forWXXVII -WXXXVIII
(W26+ -W37+). The transitionfinally changes to 4p-4s transitions forWXXVII -WXXXVIII (W26+ -W37+) in the

Figure 10.EUV spectra fromhigh-electron temperature plasma (EAST#103172: Te(0)∼ 4.5 keV) inwavelength ranges of (a) 5–40 Å
(EUV_Short) and (b) 40–140 Å (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.

Figure 11.Radial profiles of (a) electron temperaturemeasured by ECE and (b) electron densitymeasured by POINT at t= 2.476 s in
#103172 discharge. Horizontal axismeans normalizedminor radius (also seefigure caption offigure 6).
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tungstenUTAat thewavelength rangeof 48–60Å. In addition, four tungsten lines are found infigure 12(a) (see red
labels). Possible ionization stages of themare analyzed later in the discussion section.

Radial profiles of the tungstenUTA seen infigure 12 are examined for accurate line identification, since the
vertical profile of impurity lines has beenmeasured at the lower-half EASTplasmawith EUV_Long2_d
spectrometer (see blue LOS infigure 1). Some examples of the result are shown infigure 13 for the spectra in
wavelength range of 45–70Å observed at tW XXVIII= 2.476 s. The bottomhorizontal axismeans vertical distance
from the plasma center. Theminus value indicates the distance below themidplane at Z= 0 (seefigure 1). The
top horizontal axismeans the normalizedminor radius. Then, the vertical distance of−0.4 m�Z� 0 m
corresponds to the normalized radial position of 0� r/a� 0.62. The radial profile of the tungsten spectra shown
infigure 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
infigure 11. For example, the peak position ofWXXVII at 49.0Å locates at r/a= 0.47 near themiddle of plasma
radius, while the peak position ofWXLVI (W45+) at 62.302Å locates at r/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
profilemeasurement, we found that the tungsten line at 49.0Å isWXXVII but notWXXIX (NISTdatabase:
48.948Å). The result is consistent with the observation in LHD [34]. The tungstenUTA at 45–70Å is usually
used for tungsten diagnostics in tokamak experiments, in particular, for evaluation of the tungsten
concentration [49].

3.1.3. TungstenUTA spectrum at 70–140 Å
Figure 14 shows tungsten spectra extended to 70–140Å offigure 10(b). The 4d-4p transitions ofWXXXVIII -
WXLVI (W37+ -W45+) appear in thewavelength range of 70–90Å. TheWXLVI at 72.086Å is blendedwithMo
XXIV at 72.05Å and theWXLIII at 83.262Å is also blendedwithCuXXII at 83.183Å. These spectral structures
can be easily resolved by analyzing temporal intensity behaviors of the tungsten lines. In thewavelength range of
90–120Å, the tungsten lines aremainly occupied by the second-order spectra of tungstenUTA at 45–53Å as
denoted infigure 14. It is noted that theWXXVII at 2× 49.0Å and theWXXVIII at 2× 49.436Å are still
observedwith strong intensities. The second-order spectra of tungsten lines around 60–63Å consisting ofWXLI
-WXLVI (W40+ -W45+) are also appeared at 120–126Å as denoted infigure 14(b). In thewavelength range of
120–140Å fourM1 forbidden transitions can be found, i.e.WXLIV (W43+) at 126.325Å (3d104s24p 2P,

Figure 12.Enlarged tungsten spectra fromhigh-electron temperature plasma (EAST#103172: Te(0)∼ 4.5 keV) in wavelength range
of 45–70 Å observedwith (a)EUV_Short2_d (2400 grooves/mm,CMOSdetectorwith 6.5× 6.5 μm2pixel size, 2000ms/frame)
during t= 2–4 s and (b)EUV_Long_a (1200 grooves/mm,CCDdetectorwith 26× 26 μm2pixel size, 5 ms/frame) at t= 2.476 s
during tungsten burst. Tungsten lines confirmed the ionization stage are indicatedwith green labels asWXXVII -WXLVI (W26+ -
W45+). Tungsten lines of which the ionization stage is unknown are denotedwith red labels. Black labels indicate spectral lines from
other impurity species.

13

Phys. Scr. 99 (2024) 105609 WZhang et al



J= 3/2→3d104s24p2 2P, J= 1/2),WXLI (W40+) at 128.598Å (3d104s24p4 1D, J= 2→3d104s24p4 3P, J= 2),
WXLII (W41+) at 131.183Å (3d104s24p3 2D, J= 5/2→3d104s24p4 2D, J= 3/2) andWXLIII (W42+) at 135.491Å
(3d104s24p2 3P, J= 1→3d104s24p2 3P, J= 0). Electric quadrupole (E2) transition ofWXLIII (W42+) at 129.407Å
(3d104s24p2 1D, J= 2→3d104s24p2 3P, J= 0) can be found as an isolated linewith strong intensity. In addition,
three tungsten lines at 126.971Å, 128.101Å and 132.799Å are identified asWXLVI (W45+),WXLIV (W43+)
andWXLV (W44+), respectively. Analyzing temporal behaviors of the tungsten line intensities and the vertical
intensity profile, it is understood that theWXLIV line at 128.101Å is blendedwithMoXXXII at 127.868Å and
theWXLV at 132.799Å is blendedwith FeXXIII at 132.906Å. TheWXLIV at 126.325Å andWXLIII at
129.407Å have been used to evaluate the tungsten density in the core region of EAST andWEST
plasmas [18, 50].

In the present identificationmentioned above the reliability was also checked bymeasuring the radial profile
of line intensities. Radial profile of the electron temperature and densitymeasured at tW XXVIII= 3.876 s in the
#103162 discharge is plotted against the normalized plasma radius, as shown infigure 15. The central electron
temperature reaches 6.2 keV. As an example ofmeasured profile data, radial profiles ofWXXVII (W26+:
2× 49.0Å),WXXVIII (W27+: 2× 49.436Å),WXXX (W29+: 2× 49.985Å),WXLIII (W42+: 129.407Å),W
XLIV (W43+: 126.325Å) andWXLVI (W45+: 126.970Å) are plotted infigure 16. From thefigures, 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 forW26+ and r/a= 0.24 forW45+.

The tungsten lines identified at 15–140Å infigures 12 and 14 are summarized in table 2 except for the
unknown tungsten lines. Ionization stages of the tungsten lines (WXXVII -WXLVI:W26+ -W45+), intensities
andwavelengths from referred database and transitions are listed in the table withwavelengths and intensities

Figure 13.Vertical intensity profiles of tungsten lines inwavelength range of 45–65 Å (EAST#103172: Te(0)∼ 4.5 keV, t= 2.476 s
during tungsten burst)measuredwith EUV_Long2_d (20ms/frame); (a)W26+: 49.0 Å, (b)W27+: 49.436 Å, (c)W29+: 49.985 Å, (d)
W32+: 52.204 Å, (e)W34+: 53.326 Å, (f)W38+: 63.993 Å, (g)W41+: 60.819 Å, (h)W44+: 47.842 Å, and (i)W45+: 62.302 Å. Horizontal
axes at the bottom and top indicate plasma vertical position, Z, and normalizedminor radius, r/a, respectively (seefigures 1 and 6).
The intensity is normalized at the peak position and the peak vertical position is denotedwith vertical blue dotted lines.
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observed in the present work. Some transition data are not found in the reference data. Isolated tungsten lines
without spectralmerging are highlighted in bold in the table.

3.2. Identification ofWV-WIX from low-ionized tungsten ions
3.2.1. TungstenUTA spectrum at 140–330 Å
Figure 17 shows extended spectra offigure 7(c). In thewavelength range of 140–160Å, third-order spectra of
tungstenUTAwith 4f-4d transitions are observed at 45–53Å includingWXXVIII (48.780Å, 49.436Å,
50.868Å and 51.423Å) andWXXX (49.845Å and 50.315Å), as shown infigure 17(a). Fourth-order spectra of
these transitions are also seen in the 195–205Å range (seefigure 17(b)). The line identification of these higher-
order tungstenUTA is also done based on the temporal behavior and radial profile analyses.

Figure 14.Enlarged tungsten spectra offigure 10(b) in wavelength range of 70–140 Å. Tungsten lines ofWXXVII -WXLVI (W26+ -
W45+) identified here are denotedwith green labels. Red and black labels indicate unknown tungsten lines and spectral lines from
other impurity species intrinsically existing in EASTdischarges, respectively.

Figure 15.Radial profiles of (a) electron temperaturemeasured by ECE and (b) electron densitymeasured by POINT for t= 3.876 s
during tungsten burst in#103162 dischargewith higher electron temperature. Horizontal axismeans normalizedminor radius (also
see figure caption of figure 6).
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Since experimental data of tungsten lines forW9+ -W26+ ions are very few in thewavelength range of
170–330Å as reported in the previous study [45], the line identification ismainly carried out forW5+ -W8+

ions. Then, onlyWVI -W IX lines are identified infigure 17with reference to previously published data from
vacuum spark discharges byRyabtsev et al [28], NIST [45] andmagnetic-confinement fusion experiments (SSPX
spheromak [7], LHD stellarator [13], JET tokamak [29] andHL-2A tokamak [14]). As shown infigures 17(a) and
(b), tenW IX lines fromW8+ ions are found in thewavelength range of 170–195Å. Unfortunately, only one of
tenW IX lines, 193.764Å, is known as the transitionwith 4f135p5 3G, J= 6→4f135p45d 3H, J= 6. The intensity
of identifiedW IX lines is generally weak comparedwithWVII andWVIII 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 194.725Å because the intensity is not weak at all and the line is isolated fromother impurity lines.

A large number ofWVIII lines emitted fromW7+ ions can be found in thewavelength range of 190–265Å as
seen infigures 17(b) and (c) [28]. Fifty-nineWVIII lines with 6s-5p, 5d-5p and 6d-5p transitions are identified
by analyzing thewavelengths and intensities with reference to previously published data. TheWVIII lines in the
wavelength range of 197.5–202.0Åwith 6s-5p and 5d-5p transitions are observedwith strong intensities as
shown infigure 17(b), e.g. 198.781Å, 199.947Å, 200.530Å and 201.700Å. These linesmay be useful for
tungsten diagnostics. In thewavelength range of 225–255Å infigure 17(c), theWVIII lines with 5d-5p
transitions are seenwith slightly stronger intensity, e.g. 238.285Å, 252.253Å, 252.896Å and 253.540Å.
However, the intensity of thoseWVIII lines observed in this work at the twowavelength ranges is entirely
different from results in the vacuum spark, whereas results inHL-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. TheWVIII lines in thewavelength ranges of 197.5–202.0Å and 248–255Åwould be suitable for
tungsten diagnostics in fusion devices.

ManyWVII lines emitted fromW6+ ions are seen infigures 17(a)–(d). A total of elevenWVII lines are
found including twoWVII lineswith 6s-5p transitions (188.230Å and 223.836Å), sixWVII lines with 5d-5p
transitions (216.351Å, 261.317Å, 289.546Å, 294.446Å, 302.385Å and 313.580Å) and threeWVII lineswith
5f-5d transitions (321.142Å, 324.654Å and 326.802Å). The intensities ofWVII lines at 216.351Å and
261.317Å are very strong. As expected, the intensity observed here is consistent with results in other fusion
devices like SSPX andHL-2A [7, 14]. The result also indicates density dependence of theWVII intensities as well
as the result on theWVIII intensity. In any case, the twoWVII lines at 216.351Å and 261.317Å can be an

Figure 16.Vertical intensity profiles of tungsten lines inwavelength range of 95–130 Å (EAST#103162: Te(0)∼ 6.2 keV, t= 3.876 s
during tungsten burst); (a)W26+: 2× 49.000 Å, (b)W27+: 2× 49.436 Å, (c)W29+: 2× 49.985 Å, (d)W42+: 129.407 Å, (e)W43+:
126.325 Å and (f)W45+: 126.970 Å. Horizontal axes at the bottom and top indicate plasma vertical position, Z, and normalizedminor
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.
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Table 2. Isolated lines ofWXXVII -WXLVI (W26+ -W45+) frommoderately and highly ionized tungsten ions identified in the present work. First column shows tungsten lines. Second column gives wavelengths,λ, determined in this
work and taken frompreviously published data in the references. Third column gives intensities observed in this work and taken frompreviously published data. Label of ‘−−−‘means the reference has no intensity information. Fourth
column indicates lower and upper levels of the transition.

Wq+
λ (Å) Intensities Transitions

Thiswork Previous data This work (1015 phs·m−2·s−1·Sr−1) Previous data (a.u.) Lower level Upper level

WXXVII (W26+) 49.000± 0.01 40.81–49.03a 4.69 – 4d104f2 4d104f5g

WXXVIII (W27+) 48.780± 0.01 48.729b 5.06 15 4d104f 2F°7/2 4d94f(1P°)4 f 2F7/2
49.436± 0.01 49.403b 5.82 25 4d104f 2F°5/2 4d94f(1P°)4 f 2D3/2

50.868± 0.01 50.895b 5.55 15 4d104f 2F°7/2 4d94f(1P°)4 f 2G9/2

51.423± 0.01 51.457b 5.08 10 4d104f 2F°5/2 4d94f(1P°)4 f 2G7/2

WXXIX (W28+) 59.799± 0.01 59.852b 2.41 1 4d10 1S0 4d94f 3D°1
WXXX (W29+) 49.545± 0.01 49.5b 5.92 – 4d84p 4d84d

49.845± 0.01 49.785b 5.17 30 4d9 2D5/2 4d8(3F)4 f 2F°7/2
49.985± 0.01 49.938b 5.43 20 4d9 2D5/2 4d8(1G)4 f 2P°3/2
50.315± 0.01 50.265b 5.18 25 4d9 2D5/2 4d8(3F)4 f 2D°5/2

WXXXIII (W32+) 52.204± 0.01 52.200b 3.97 – unknown unknown

WXXXV (W34+) 53.326± 0.01 53.200b 2.56 – unknown unknown

WXXXVIII (W37+) 45.766± 0.01 45.781b 1.65 100 4p64d 2D3/2 4p5(2P°1/2)4d2(1D2) (1/2,2)°3/2
46.085± 0.01 46.064b 1.41 25 4p64d 2D5/2 4p5(2P°1/2)4d

2(1G4) (1/2,4)°7/2
56.874± 0.01 56.880b 1.92 35 4p64d 2D3/2 4p64f (0,5/2)°5/2
64.846± 0.01 64.825b 2.04 16 4p64d 2D3/2 4p5(2P°3/2)4d2(3F3) (3/2,3)°3/2
81.508± 0.01 81.457b 1.23 8 4p64d 2D3/2 4p5(2P°3/2)4d2(3F2) (3/2,2)°3/2

WXXXIX (W38+) 46.619± 0.01 46.670b 2.35 100 4p6 1S0 4p5(2P°1/2)4d (1/2,3/2)°1
57.803± 0.01 57.717b 1.81 18 unknown unknown

63.993± 0.01 63.883b 1.78 22 4p6 1S0 4p5(2P°3/2)4d (3/2,5/2)°1
80.573± 0.01 80.640b 1.01 6 4p6 1S0 4p5(2P°3/2)4d (3/2,3/2)°1

WXL (W39+) 45.978± 0.01 45.954b 1.68 1 unknown unknown

46.833± 0.01 46.827b 2.71 720 4s24p5 2P°3/2 4s24p4(1D2)4d (2,3/2)1/2
64.602± 0.01 64.661b 1.95 200 4s24p5 2P°3/2 4s24p4(3P2)4d (2,5/2)5/2
65.703± 0.01 65.658b 1.61 80 4s24p5 2P°3/2 4s24p4(3P2)4d (2,5/2)3/2
81.108± 0.01 81.153b 0.78 40 4s24p5 2P°3/2 4s24p4(3P2)4d (2,3/2)5/2

WXLI (W40+) 46.941± 0.01 46.957b 2.79 336 4s24p4 3P2 4s24p3(2D°5/2)4d (5/2,3/2)°3
62.212± 0.01 62.193b 2.48 30 4s24p4 1S0 4s4p5 (1/2,3/2)°1
62.686± 0.01 62.689b 2.09 74 4s24p4 3P2 4s4p5 (1/2,3/2)°2
65.826± 0.01 65.873b 1.97 100 4s24p4 3P2 4s24p3(2P°3/2)4d (3/2,5/2)°3
78.844± 0.01 78.952b 0.71 32 unknown unknown

128.598± 0.01 128.640b 0.84 220 4 s24p4 3P2 4 s24p4 1D2
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Table 2. (Continued.)

Wq+
λ (Å) Intensities Transitions

Thiswork Previous data This work (1015 phs·m−2·s−1·Sr−1) Previous data (a.u.) Lower level Upper level

WXLII (W41+) 47.049± 0.01 47.048b 2.73 73 4s24p3 2D°3/2 4s24p2(1D2)4d (2,3/2)3/2
47.263± 0.01 47.287b 2.92 100 4s24p3 2D°3/2 4s24p2(3P1)4d (1,3/2)5/2
60.819± 0.01 60.729b 2.54 23 4s24p3 2D°3/2 4s(2S1/2)4p

4 (1/2,2)3/2
64.968± 0.01 64.888b 2.06 18 4s24p3 2D°3/2 4s(2S1/2)4p

4(3P2) (1/2,2)5/2
70.184± 0.01 70.150 h 1.36 8 4 s24p3 2D°3/2 4s24p2(3P0)4d (0,5/2)5/2
131.183± 0.01 131.210b 0.78 20 4s24p3 2D°3/2 4s24p3 2D°3/2

WXLIII (W42+) 47.156± 0.01 47.191b 2.92 100 4s24p2 3P0 4s24p4d (1/2,3/2)°1
61.224± 0.01 61.304b 3.10 55 4s24p2 3P0 4s(2S1/2)4p

3(2P°3/2)(1/2,3/2)°1
83.262± 0.01 83.289b 0.44 2 4s24p2 1D2 4s24p4d (1/2,3/2)2
129.407± 0.01 129.41b 1.47 70 4s24p2 3P0 4s24p2 1D2

135.491± 0.01 135.45b 1.04 40 4s24p2 3P0 4s24p2 3P1
WXLIV (W43+) 47.911± 0.01 47.903b 2.97 100 4s24p 2P°1/2 4s24d 2D3/2

60.629± 0.01 60.616b 2.64 35 4s24p 2P°1/2 4s4p2 2P1/2
61.343± 0.01 61.334b 3.10 62 4s24p 2P°1/2 4s4p2 2D3/2

126.325± 0.01 126.29b 1.48 80 4s24p 2P°1/2 4s24p 2P°3/2
128.101± 0.01 128.17b 0.98 50 4 s24p 2P°1/2 4 s4p2 4P1/2

WXLV (W44+) 47.842± 0.01 47.9b 2.97 – 4s4p (1/2,1/2)°1 4s4d (1/2,3/2)1
48.598± 0.01 48.617b 3.71 9 4s4p (1/2,1/2)°1 4s4d (1/2,3/2)2
60.493± 0.01 60.581b 2.49 – 4s4p (1/2,1/2)°0 4p2 (1/2,3/2)1
60.866± 0.01 60.930b 4.18 100 4s2 1S0 4s4p (1/2,3/2)°1
132.799± 0.01 132.88b 2.23 100 4s2 1S0 4s4p (1/2,1/2)°1

WXLVI (W45+) 62.302± 0.01 62.336b 3.32 100 4s 2S1/2 4p 2P°3/2
72.086± 0.01 71.976b 0.82 70 4p 2P3/2 4d 2D5/2

126.971± 0.01 126.998b 1.84 20 4s 2S1/2 4p 2P°1/2

Useful lines for tungsten diagnostics are highlighted in bold.
a Data from [33].
b Data fromNIST database [45].
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extremely good tool for tungsten diagnostics in the SOL and/or divertor regions of fusion plasmas. InHL-2A
tokamak, the tungsten influx rate was evaluated using theWVII line for the first time [14].

OneWVI line emitted fromW5+ ions is observed at 219.575Å (see figure 17(b)). The intensity is veryweak.
The same line is also found in SSPX spheromak [7]. Through this studywe could notfind any tungsten lines
from ionization stages lower thanW5+ ions.

The ionization stage of these tungsten lines is also checked by analyzing the temporal behavior similar to
previous resultsmentioned before. Although there is no significant difference in the temporal behavior among

Figure 17.Tungsten spectra inwavelength ranges of (a) 130–190 Å, (b) 190–220 Å, (c) 220–265 Å and (d) 265–330 Å. Tungsten lines
analyzed here are composed ofWVI -WXLII (W5+ -W41+) indicatedwith green labels. Red and black labels indicate unknown
tungsten lines and spectral lines fromother impurity species intrinsically existing in EASTdischarges. The spectra are observed at
three discharge timings as shown infigure 5.
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W6+ -W8+ ions due to very close ionization energies of Ei= 65–160 eV, a noticeable difference in the temporal
behavior can be seen formoderately ionized tungsten ions, as shown in figure 18. The line emission from low-
ionized tungsten ions ofW6+ -W8+ quickly increases the intensity andmeet themaximum intensity at
t= 2.956 s just after the tungsten burst. As the tungsten ions after the tungsten burst are transferred from the
plasma edge region to the plasma core region, theW6+ -W8+ ions entirely disappear at t= 2.970 s. In contrast,
the line emission fromW27+ ions increases the intensity after disappearance of the line emission fromW6+ -
W8+ ions and keeps a sufficient intensity level for a long time until t= 3.021 s (see figure 18(a)). The spectral
appearance ofWXXVIII over a long time period suggests a long confinement time of tungsten ions in the core
region of tokamak plasmas.

The tungstenWV -W IX lines at 160–330Å analyzed here are summarized in table 3. In the table 3, first
column shows the tungsten ionization stages, and second and third columns give thewavelength from this work
and referred database, respectively. The line intensity observed in this work and referred database is listed in
fourth andfifth 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.

Infigure 17 several tungsten lines are indicatedwith red labels. These lines were carefully examined by
analyzing the temporal behavior after the tungsten burst inmany EASTdischarges 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 a lack of information on the lines in the database and previous
publications. Based on the temporal behavior, fourmoderately ionized tungsten lines are found in the
wavelength range of 160–180Å, i.e. 162.076Å, 165.305Å, 173.624Å and 176.618Å. Those are estimated to be
tungsten lines arising fromW27+ -W37+ ions. Using the samemethod,most of tungsten lines seen in the
wavelength range of 220–480Å are determined to belong to low-ionized tungsten ions ofW4+ -W8+. Some
tungsten lines are isolated fromother lines showing relatively high intensities, e.g. 223.022Å, 272.062Å and
305.746Å. The tungsten lines indicated in red color infigure 17 are summarized in table 4 as an unknown
tungsten line. Thewavelengths determined in this work are shown infirst 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 at 330–480 Å
The EUV spectra are also observed in thewavelength range of 270–480Å as shown infigure 7(d). However, no
tungsten linewas found in the spectrum. The reason probably originates in the radial position in the line-of-

Figure 18.Time behaviors of tungsten line intensities for (a)W27+: 48.780 Å (3rd and 4th orders), (b)W8+: 172.203 Å and
193.764–193.956 Å, (c)W7+: 201.115–201.310 Å and 233.495–233.703 Å and (d)W6+: 261.317 Å and 302.385 Å. Vertical dash-
dotted lines at t= 2.946 s and 3.021 s indicate start and end offirstWburst, respectively.
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Table 3. Isolated lines ofWV -WIX (W4+ -W8+) from low-ionized tungsten ions identified in the present work. First column shows tungsten lines. Second column gives wavelengths,λ, determined in this work and taken frompreviously
published data in the references. Third column gives intensities observed in this work and taken frompreviously published data. Label of ‘−−−‘means the reference has no intensity information. Fourth column indicates lower and upper
levels of transition.

Wq+
λ (Å) Intensities Transitions

This work Previous data This work (1015 phs·m−2·s−1·Sr−1) Previous data (a.u.) Lower level Upper level

W IX (W8+) 172.203± 0.05 172.038a 1.56 309 unknown unknown

178.100± 0.03 178.115a 1.83 97

178.140a 95

184.264± 0.02 184.200a 1.49 248

184.271a 117

192.806± 0.01 192.834a 4.10 541

192.997± 0.01 193.091a 4.71 132

193.764± 0.01 193.830a 1.85 696 4f135p5 3G6 4f135p45d (3P) 3H6

193.956± 0.01 193.999a 1.83 362 unknown unknown

194.725± 0.01 194.646a 2.25 1000

WVIII (W7+) 168.196± 0.05 168.381a 1.29 300 4f135p6 1F5/2 4f135p56s 7/2

196.074± 0.01 196.093a 2.51 640 4f135p6 2F5/2 4f135p56s 7/2

198.006± 0.01 197.835a 2.53 720 4f135p6 2F5/2 4f125p65d 3/2

197.941a 410 4f135p6 2F5/2 4f125p65d 5/2

198.394± 0.01 198.171a 2.51 590 4f135p6 2F7/2 4f135p56s 9/2

198.229a 670 4f135p6 2F5/2 4f135p56s 5/2

198.781± 0.01 198.779a 3.60 740 4f135p6 2F7/2 4f135p56s 7/2
199.947± 0.01 199.875a 3.68 710 4f135p6 2F7/2 4f135p56s 5/2
200.530± 0.01 200.367a 3.92 710 4f135p6 2F5/2 4f135p55d 5/2

200.483a 730 4f135p6 2F7/2 4f135p55d 7/2
201.115± 0.01 201.079a 3.08 440 4f135p6 2F5/2 4f135p56s 5/2
201.310± 0.01 201.205a 3.96 700 4f135p6 2F5/2 4f135p56s 7/2
201.700± 0.01 201.739a 4.16 770 4f135p6 2F7/2 4f135p55d 9/2
201.895± 0.01 201.864a 6.23 710 4f135p6 2F5/2 4f135p55d 7/2
205.225± 0.02 205.221a 1.98 620 4f135p6 2F5/2 4f125p65d 3/2

205.421± 0.02 205.479a 2.45 660 4f145p5 2P3/2 4f145p46 s 3/2

207.194± 0.02 207.092a 1.93 270 4f145p5 2P1/2 4f145p46s 1/2

207.391± 0.02 207.466a 2.02 340 4f145p5 2P3/2 4f135p56d 3/2

207.984± 0.03 207.884a 2.65 260 4f135p6 2F7/2 4f145p45d 5/2

208.181± 0.03 208.227a 2.31 170 4f145p5 2P3/2 4f145p46 s 5/2

208.577± 0.03 208.420a 1.95 660 4f145p5 2P3/2 4f145p45d 5/2

208.543a 490 4f145p5 2P1/2 4f145p46s 3/2
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Table 3. (Continued.)

Wq+
λ (Å) Intensities Transitions

This work Previous data This work (1015 phs·m−2·s−1·Sr−1) Previous data (a.u.) Lower level Upper level

211.155± 0.04 211.027a 1.54 670 4f145p5 2P3/2 4f145p45d 3/2

214.347± 0.04 214.229a 1.71 690 4f145p5 2P3/2 4f125p65d 5/2

215.148± 0.05 215.055a 2.37 600 4f145p5 2P3/2 4f125p65d 5/2

216.552± 0.05 216.596a 3.83 460 4f145p5 2P3/2 4f125p65d 3/2

218.413± 0.05 218.429a 1.49 550 4f145p5 2P3/2 4f125p65d 3/2

218.586± 0.05 218.507a 1.51 400 4f145p5 2P3/2 4f125p65d 3/2

222.005± 0.06 221.909a 1.50 220 4f135p6 2F5/2 4f125p65d 5/2

227.515± 0.05 227.497a 1.75 340 4f135p6 2F7/2 4f125p65d 7/2

227.720± 0.05 227.617a 2.02 440 4f145p5 2P1/2 4f145p45d 1/2

228.953± 0.05 229.011a 1.10 410 4f135p6 2F5/2 4f125p65d 7/2

231.633± 0.04 231.629a 1.62 510 4f145p5 2P3/2 4f125p65d 5/2

232.253± 0.04 232.176a 1.53 460 4f135p6 2F7/2 4f125p65d 7/2

233.495± 0.04 233.525a 2.72 190 4f135p6 2F7/2 4f125p65d 7/2

233.703± 0.04 233.709a 2.36 550 4f135p6 2F5/2 4f125p65d 5/2

238.285± 0.02 238.243a 2.92 310 4f135p6 2F5/2 4f125p65d 5/2

240.170± 0.01 240.107a 1.44 810 4f135p6 2F7/2 4f125p65d 9/2

241.850± 0.01 241.867a 1.6 960 4f135p6 2F7/2 4f125p65d 9/2

242.693± 0.01 242.819a 1.4 420 4f135p6 2F7/2 4f125p65d 7/2

245.439± 0.02 245.474a 1.38 470 4f135p6 2F5/2 4f125p65d 5/2

246.498± 0.02 246.362a 1.44 780 4f135p6 2F7/2 4f125p65d 9/2

248.410± 0.02 248.508a 2.18 490 4f135p6 2F5/2 4f125p65d 5/2

248.623± 0.02 248.649a 2.24 690 4f135p6 2F5/2 4f125p65d 7/2

249.475± 0.03 249.533a 1.94 960 4f145p5 2P3/2 4f145p45d 5/2

249.902± 0.03 249.873a 1.56 820 4f135p6 2F7/2 4f125p65d 9/2

250.970± 0.03 250.978a 1.32 420 4f135p6 2F5/2 4f125p65d 5/2

251.661± 0.03 251.584a 1.53 790 4f135p6 2F5/2 4f125p65d 7/2

252.253± 0.04 252.203a 1.76 960 4f135p6 2F7/2 4f135p55d 7/2

252.896± 0.03 252.740a 1.98 930 4f145p5 2P3/2 4f135p55d 3/2

252.862a 790 4f135p6 2F7/2 4f135p55d 7/2

253.540± 0.04 253.541a 1.73 820 4f135p6 2F5/2 4f125p65d 5/2

253.754± 0.04 253.812a 2.37 1000 4f135p6 2F7/2 4f125p65d 7/2

254.399± 0.04 254.294a 2.57 930 4f135p6 2F5/2 4f125p65d 7/2

254.614± 0.04 254.551a 2.72 1000 4f135p6 2F5/2 4f125p65d 3/2

255.475± 0.04 255.401a 1.53 860 4f135p6 2F7/2 4f135p55d 9/2
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Table 3. (Continued.)

Wq+
λ (Å) Intensities Transitions

This work Previous data This work (1015 phs·m−2·s−1·Sr−1) Previous data (a.u.) Lower level Upper level

258.713± 0.04 258.592a 1.35 980 4f135p6 2F7/2 4f135p55d 5/2

259.146± 0.04 259.069a 1.39 280 4f145p5 2P1/2 4f145p45d 3/2

259.363± 0.04 259.419a 1.57 920 4f145p5 2P3/2 4f135p55d 5/2

260.231± 0.04 260.146a 1.28 290 4f135p6 2F7/2 4f135p55d 9/2

261.752± 0.03 261.767a 1.63 680 4f135p6 2F7/2 4f135p55d 7/2

262.623± 0.03 262.637a 1.33 530 4f135p6 2F7/2 4f135p55d 9/2

263.931± 0.03 263.787a 1.32 300 4f135p6 2F5/2 4f135p55d 7/2

264.586± 0.02 264.644a 1.34 320 4f135p6 2F5/2 4f135p55d 5/2

WVII (W6+) 188.230± 0.01 188.159b 1.72 800 4f145p6 1S0 4f145p5(2P°1/2)6s (1/2,1/2)°1
216.351± 0.03 216.219b 14.85 500 4f145p6 1S0 4f145p5(2P°1/2)5d (1/2,3/2)°1
223.836± 0.06 223.846b 2.88 300 4f145p6 1S0 4f145p5(2P°3/2)6s (3/2,1/2)°1
261.317± 0.03 261.387b 7.61 3000 4f145p6 1S0 4f145p5(2P°3/2)5d (3/2,5/2)°1
289.546± 0.04 289.526b 1.93 300 4f145p6 1S0 4f13(2F°5/2)5p

65d (5/2,5/2)°1
294.446± 0.02 294.376b 2.20 200 4f145p6 1S0 4f13(2F°5/2)5p

65d (5/2,3/2)°1
302.385± 0.03 302.272b 2.44 700 4f145p6 1S0 4f13(2F°7/2)5p

65d (7/2,5/2)°1
313.580± 0.04 313.573b 1.79 30 4f145p6 1S0 4f145p5(2P°3/2)5d (3/2,3/2)°1
321.142± 0.06 321.211b 1.43 150 4f13(2F°5/2)5p

65d (5/2,3/2)°4 4f13(2F°5/2)5p
65 f (5/2,5/2)4

324.654± 0.08 324.563b 1.24 500 4f13(2F°7/2)5p
65d (7/2,3/2)°4 4f13(2F°7/2)5p

65 f (7/2,5/2)6
326.802± 0.08 326.644b 1.13 500 4f13(2F°7/2)5p

65d (7/2,3/2)°4 4f13(2F°7/2)5p
65 f (7/2,5/2)5

332.855± 0.07 332.842b 0.28 500 4f13(2F°7/2)5p
65d (7/2,5/2)°4 4f13(2F°7/2)5p

65f (7/2,7/2)5
333.536± 0.07 333.509b 5.36 200 4f13(2F°7/2)5p

65d (7/2,5/2)°4 4f13(2F°7/2)5p
65f (7/2,7/2)4

334.251± 0.07 334.311b 5.29 500 4f13(2F°5/2)5p
65d (5/2,5/2)°5 4f13(2F°5/2)5p

65f (5/2,7/2)6
337.119± 0.07 337.045b 4.95 450 4f13(2F°7/2)5p

65d (7/2,5/2)°3 4f13(2F°7/2)5p
65f (7/2,7/2)4

338.823± 0.07 338.679b 6.64 500 4f135p65d (7/2,5/2)°5 4f13(2F°7/2)5p
65f (7/2,7/2)6

WVI (W5+) 219.575± 0.05 219.461c 1.65 −−− 5p 5d

382.133± 0.02 382.145b 18.09 20 5d 2D3/2 5f 2F°5/2
394.072± 0.06 394.133b 20.41 20 5d 2D5/2 5f 2F°7/2

WV (W4+) 434.327± 0.06 434.439b 11.14 10 5d2 3P2 5d(2D3/2)7p (3/2,1/2)°1
449.673± 0.06 449.649b 8.41 70 5d2 3P1 5d(2D5/2)5f (5/2,5/2)°2

Useful lines for tungsten diagnostics are highlighted in bold.
a Data from [28].
b Data from [45].
c Data from [23].
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sight of the EUV_Long_b spectrometer. Since the ionization stage fromwhich the tungsten line is emitted
becomes low in longerwavelength range such asfigures 7(c) and (d), a line-of-sight of the spectrometer
observing the plasma edgewith lower electron temperature is optimal formeasuring 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_cwithwhich the tungsten line from low-ionized tungsten ions could be observed as shown in
figure 7(c) (see alsofigure 1). In order to analyze the line emission from low-ionized tungsten ions in the
wavelength range of 330–480Å, therefore, the studywas continued for discharges with lower electron
temperatures.

A typical result from low-temperature EASTdischarges is shown infigure 19 (EAST#113757: Te(0)∼
1.0 keV). Three discharge timings are chosen as in the previous figures, i.e. before tungsten burst
(tbefore= 7.626 s: black lines), during tungsten burst (tW VII=7.716 s: red lines) and after tungsten burst
(tW XXVIII=7.781 s: blue lines). Radial profile of the electron temperature and densitymeasured at
tW VII= 7.716 s in the#113757 discharge is plotted against the normalized plasma radius, as shown infigure 20.
Figures 19(a) and (b) are observedwith the EUV_Long_c and EUV_Long_b in thewavelength ranges of
130–330Å and 270–480Å, respectively, as well asfigures 7(c) and (d). Several emission lines from low-ionized
tungsten ions are observed in thewavelength range of 180–330Å as shown infigure 19(a). These tungsten
spectra identified infigure 19(a) are basically consistent with the result infigure 17.

Figure 21 shows expanded spectra offigure 19(b).Many emission lines from low-ionized tungsten ions can
be found in the spectra. Results of the line identification in thewavelength range of 270–330Å are shown in
figure 21(a). All tungsten lines clearly identified in this wavelength range arise fromWVII (see green labels in
figure 21(a)). The tungsten lines denotedwith 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 thewavelength range of 330–480Å, as shown in
figure 21(b). FiveWVII spectrawith 5f-5d transitions are foundwithweak intensities at 332.855Å, 333.536Å,
334.251Å, 337.119Å and 338.823Å.We found twoWVI spectral lines with 5f-5d transitions at 382.133Å and

Table 4. Isolated tungsten lines newly confirmed in longwavelength range of 70–480 Å. First column gives wavelengths,λ, 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.

λ (Å) Ionization stages Intensities (1015 phs·m−2·s−1·Sr−1) Transitions

80.172± 0.01 W38+ -W45+ 0.67

162.076± 0.05 W26+ -W37+ 2.51 unknown

165.305± 0.05 W26+ -W37+ 2.15

172.874± 0.05 W26+ -W37+ 1.02

173.624± 0.05 W26+ -W37+ 4.30

176.618± 0.04 W26+ -W37+ 3.85

220.383± 0.05 W4+ -W8+ 1.85

223.022± 0.06 W4+ -W8+ 2.68

226.081± 0.05 W4+ -W8+ 1.48

229.982± 0.05 W4+ -W8+ 1.82

231.219± 0.04 W4+ -W8+ 1.77

232.874± 0.04 W4+ -W8+ 1.40

237.240± 0.02 W4+ -W8+ 1.68

239.541± 0.01 W4+ -W8+ 2.26

266.995± 0.02 W4+ -W8+ 1.51

272.062± 0.01 W4+ -W8+ 2.78

272.283± 0.01 W4+ -W8+ 2.81

274.227± 0.02 W4+ -W8+ 1.55

274.943± 0.02 W4+ -W8+ 1.21

276.055± 0.03 W4+ -W8+ 0.84

276.278± 0.03 W4+ -W8+ 0.88

279.850± 0.04 W4+ -W8+ 2.08

283.833± 0.05 W4+ -W8+ 1.79

287.617± 0.05 W4+ -W8+ 1.31

290.341± 0.04 W4+ -W8+ 1.30

291.707± 0.04 W4+ -W8+ 1.32

295.591± 0.02 W4+ -W8+ 0.95

295.820± 0.02 W4+ -W8+ 1.14

298.576± 0.01 W4+ -W8+ 1.16

305.746± 0.05 W4+ -W8+ 2.95

306.785± 0.05 W4+ -W8+ 1.32
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394.072Å are emittedwith relatively strong intensities. The intensity observed here is considerably higher than
that in the database, as shown in table 3. These twoWVI linesmay be also used for tungsten diagnostics in the
divertor plasmawith extremely low electron temperature because theW5+ 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 themagneticfield connection length from the divertor. In addition, twoweakWV spectrawith 5 f - 5d
transitions are observed at 434.327Å and 449.673Å infigure 21(b). Information on theseWVII andWV lines
is also added to the table 3.

Figure 19.Tungsten spectra from lower electron temperature plasma (EAST#113757: Te(0)∼ 1.0 keV) inwavelength range of
130–480 Å; (a) 130–330 Å (EUV_Long_c) and (b) 270–480 Å (EUV_Long_b). Three spectra are taken before (tbefore= 7.626 s: black
color) and after (tW VII= 7.716 s: red color and tW XXVIII= 7.781 s: blue color) tungsten burst, similar to that shown in previous
figures.

Figure 20.Radial profiles of (a) electron temperaturemeasured by ECE and (b) electron densitymeasured by POINT for t= 7.716 s
during tungsten burst in#113757 dischargewith lower electron temperature. Horizontal axismeans normalizedminor radius (also
see figure caption of figure 6).
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4.Discussions

4.1. Analysis of tungstenUTA spectra at 50–70Åusing radial profilemeasurement
Infigure 12, we only showed results of the line identification on strong and isolated tungsten lines based on the
existing database.However, the analysis of theUTA spectra was not entirely straightforward. The analysis of
temporal behavior alonewas insufficient to determine the ionization stage. Then, the analysis of the radial
profile was attempted to understand the tungstenUTA spectra in thewavelength range of 50–70Å. Figure 22
shows extended spectra offigure 12. Fifteen narrowwavelength intervals are chosen as indicatedwith areas filled
in red, since those intervals include small tungsten peak, e.g. 52.03–52.334Å and 67.811–68.195Å. In addition
to the narrowwavelength intervals, four peak positions are also chosen for the analysis (see figure 12). Results of
the radial profilemeasurement on the tungstenUTA 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 infigure 13.

The peak position of the radial profiles shown infigure 23was analyzed in the sameway as infigure 13. It is
noted here that bothfigures 13 and 23 are obtained from the same discharge of#103172. Therefore, the
ionization stage at thewavelength interval or the spectral peak infigure 23 can be easily determined by referring
to the result obtained infigure 13, if the radial profile has a clear peak position. That is, tungsten spectra with
peak positions of Z=−26.56 cm at 50.768Å (figure 23(a)), Z=−25.0 cm at 51.353Å (figure 23(b)),
Z=−28.12 cm at 59.064–59.292Å (figure 23(f)) andZ=−24.22 cm at 67.388Å (figure 23(i)) are determined
to arise fromW29+,W31+,W27+ andW32+, respectively. It is interesting that thewavelength interval of
59.064–59.292Å can be explained by only a single ionization stage ofW27+ (WXXVIII).

Themethodmentioned above can be also applied for the radial profile with flatter peak. Theflat peak shape
suggests that several spectral lines arising from tungsten ions in adjacent ionization stages are emitted in the
narrowwavelength 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 stagewhich has been already
examined infigure 13. For example, the peak position of the radial profile infigure 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 ofW31+

-W38+ ions. The same analysis is done for other flat profile cases. Results on the examined ionization stages are
indicated in eachfigure offigure 23.

Results of the analysis on theUTA spectra are summarized in table 5. First column showswavelengths
observed in this work, and second and third columns give the range of ionization stages evaluated from the

Figure 21.Enlarged tungsten spectra offigure 19(b) in wavelength ranges of (a) 270–330 Å and (b) 330–480 Å. Tungsten lines
analyzed here are composed ofWV -WVII (W4+ -W6+) denotedwith green labels. Red and black labels indicate unknown tungsten
lines and spectral lines fromother impurity species intrinsically existing in EAST discharges.Meaning of three spectra with different
colors is the same asfigure 19.
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vertical profile and the intensity of observed tungsten lines orwavelength intervals, respectively. The transition is
unknown for all spectra.

4.2. Effect of electron temperature on the tungstenUTA spectra at 140–220Å
Two tungsten spectra at 130–330Å observed in EASTdischarges with different central electron temperatures of
Te(0)= 2.5 and 1.0 keV are shown infigures 7(c) and 19(a), respectively. One can notice from the spectra that the
UTA spectrum appears at thewavelength range of 140–220Å infigure 19(a) taken from the low-temperature
plasma (Te(0)= 1.0 keV), while such theUTA spectrum almost disappears infigure 7(c) taken from the high-
temperature plasma (Te(0)= 2.5 keV). Although 3rd-order light of theUTA spectrum at 45–70Å still remains at
135–210Å infigure 7(c), it entirely disappears from the spectra infigure 19(a) because tungsten ions ofW26+ -
W45+ consisting of theUTA spectrum at 45–70Å do not exist in such low-temperature plasmas.

When theUTA spectrum at 140–220Å infigure 19(a) is carefully examined, we notice the peak position of
theUTA spectrum changes from185Å to 197Å between tW VII= 7.716 s and tW XXVIII= 7.781 s. As the central
electron temperature continuously decreases after the tungsten burst as shown infigure 5, the electron
temperature at tW XXVIII= 7.781 s is lower than that at tW VII= 7.716 s. Then, it indicates that the peak position
of theUTA shifts toward shorter wavelength sidewhen the electron temperature decreases. In EBIT
experiments, on the other hand, theUTA spectrum at 140–220Å can be studied by changing the beam energy.
The peak position of theUTAwas located near 200Åwhen the beam energywas 70–135 eV [23].When the
beam energy increased to 400 eV, the peak position shifted to 175Å. Increasing the beam energy above 400 eV,
theUTA spectrumfinally disappeared. This EBIT experiment canwell explain the present result.

TheUTA spectrum at 140–220Å is composed ofW5+ -W8+ ions as shown infigure 19(a). A little change in
the electron temperature during the tungsten burstmodifies the charge distribution of tungsten ions among
W5+ -W8+ consisting of theUTA 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
infigure 7, the low-ionized tungsten ions ofW5+ -W8+ 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 veryweak, and line emissions arising fromW26+ -W37+ ions
appear in thewavelength range of 140–220Å as seen infigure 17(a), i.e. 173.624Å and 176.618Å fromW26+ -
W37+ ions (see also table 4). Similar results are also seen for theUTA spectrum at 10–50Å observed in LHD
experiments [11]. TheUTA spectrum largely changes the peak positionwhen the central electron temperature
decreases from1.7 keV to 0.13 keV. The peak shift is also accompanied by a change in the combination of
dominant transitions consisting of theUTA spectrum, i.e. 5f-4d and 5p-4d at Te(0)∼ 1.5 keV, 6g-4f and 5g-4f at
Te(0)∼ 0.6 keV and 5g-4f at Te(0)∼ 0.13 keV.

Figure 22.Tungsten spectra inwavelength range of 50–70 Åmeasuredwith (a)EUV_Short2_d and (b)EUV_Long_a.Data offigure 22
are the same asfigure 12. Red shaded areas indicate wavelength interval of unknown tungsten lines for examination of the ionization
stage by analyzing the radial profile.
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Figure 23.Vertical intensity profiles of unknown tungsten lines at t= 2.476 s during tungstenburstmeasuredwith EUV_Long2_d;
(a) 50.768 Å:W29+, (b) 51.353 Å:W31+, (c) 53.415–53.614 Å:W31+ -W38+, (d) 53.886–54.196 Å:W27+ -W38+,
(e) 58.045–58.252 Å:W29+ -W38+, (f) 59.064–59.292 Å:W27+, (g) 62.578–62.695 Å:W30+ -W38+, (h) 64.321–64.913 Å:W30+ -W41+

and (i) 67.388 Å:W32+. Thewavelength interval of unknown tungsten lines is indicated infigure 22.Horizontal axes at the bottomand
top indicate plasma vertical position, Z, andnormalizedminor radius, r/a, respectively (seefigures 1 and13). The intensity is normalized
at the peak position. The peak position orpeakwidth is indicatedwithone or two vertical dotted lines, respectively.

Table 5. Isolated and quasi-continuum tungsten lines newly confirmed in short wavelength range of 50–70 Å. First column gives the
wavelengths,λ, 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 thewavelength determination is estimated to be 0.01 Å.

λ (Å) Ionization stages Intensities (1015 phs·m−2·s−1·Sr−1) Transitions

50.768 W29+ 0.84 unknown

51.353 W31+ 0.71

53.09–53.216 W34+ 0.25

53.415–53.614 W31+ -W35+ 0.26–0.28

53.886–54.196 W27+ -W35+ 0.25–0.27

56.811–56.92 W30+ -W37+ 0.24–0.24

57.352–57.743 W30+ -W38+ 0.15–0.16

58.045–58.252 W29+ -W38+ 0.17–0.19

58.686–58.856 W30+ 0.18–0.21

59.064–59.592 W27+ 0.17–0.19

59.71–59.882 W27+ -W30+ 0.20–0.25

61.185 W38+ -W41+ 0.38

62.578–62.695 W30+ -W38+ 0.18–0.21

64.321–64.913 W30+ -W41+ 0.13–0.18

67.388 W32+ 0.34

67.811–68.195 W32+ 0.06–0.08
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5. Summary

Tungsten spectra in thewavelength range of 10–480Åwere observed in EAST tokamak discharges with tungsten
burst events. The observationwas done by utilizing four upgraded grazing incidence flat-field fast-time-
response EUV spectrometers and two space-resolved EUV spectrometers. EUV spectra at fourwavelength
ranges of 5–45Å, 40–180Å, 130–330Å and 270–480Åwere simultaneouslymeasuredwith EUV_Short,
EUV_Long_a, EUV_Long_c, and EUV_Long_b spectrometers, respectively. Radial profiles of the tungsten
spectrawere also observed in thewavelength range of 40–130Å using EUV_Long2_d spectrometer with
function of spatial distributionmeasurement.

Tungsten lines are examined by comparing the spectra observed before and after the tungsten burst, and
identifiedbasedonNISTdatabase andpreviously published data. The tungsten lines identified are re-examinedby
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 frommoderately andhighly ionized tungsten ions ofW22+ -W45+ in thewavelength range of
10–140Å and 88 lines arising from low-ionized tungsten ions ofW4+ -W8+ in thewavelength range of
160–480Å. In other 47 tungsten lines thewavelength ornarrowwavelength interval is evaluated in thewavelength
range of 50–380Å and the ionization stages fromwhich the line orwavelength interval arises are determined based
on the temporal behavior and the radial profile of tungsten lines. Finally, all tungsten lines studied in thiswork are
summarized in tables. Tungsten lines useful for diagnostics are selected andhighlighted in the tables. For example,
two strong and isolatedWVII lines at 216.351Å and 261.317Å andWVIII lines at 197–202Å canbe applied to
evaluation of the tungsten influx in fusion experiments. TungstenUTA spectra in thewavelength of 45–70Å are
useful for evaluationof the tungsten concentration. IsolatedWXXV-WXXVII (W24+ -W26+) lines at 29–34Å
andWXLIII -WXLVI (W42+ -W45+) lines at 60–135Å can be alsoused for determining the tungsten density if
the radial profile ismeasured.

TheUTA spectrum consisting of quasi-continuum lines is observed in threewavelength ranges for highly
ionized and low-ionized tungsten ions, i.e. 18–38Å forW22+ -W33+, 45–70Å forW26+ -W45+ and 150–280Å
forW5+ -W8+. The tungstenUTA spectra are examined in detail by analyzing the radial profilemeasuredwith
newly developed EUV_Short2_d spectrometer withCMOSdetector, in particular, for theUTA spectrum at
45–70Å. Finally, the temperature dependence on theUTA spectrum at 140–220Å is discussedwith results from
EBIT and other fusion devices. The structural change of theUTA spectrum and the peak shift against the
electron temperature observed in this workwas very reasonable andwell agreedwith the EBIT result.

In the near future, the radial profilemeasurement becomes possible in the full wavelength range of 10–500Å
by installing other space-resolved EUV spectrometers. Further detailed analysis of the tungsten spectra can be
expected. In addition, observations of tungsten lines fromhigher ionization stages ofW46+ -W63+ ions are
currently in progress for contributions to ITERdiagnosis.
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