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Abstract

In order to study the behavior and radial transport of tungsten ions in long-pulse H-mode plasmas, a space-
resolved spectrometer working at 30-520Å has been newly developed to measure a radial profile of the 
tungsten line emission. The radial profiles of tungsten line emissions from W42+ – W45+ ions with 4p-4s and 
4d-4p transitions measured at 45-70Å and 120-140Å are analyzed for the ion density evaluation based on the 
photon emissivity coefficient from ADAS database. The result shows that the densities of W43+ – W45+ ions 
range at 2-6×108cm-3 in steady H-mode discharges with Te(0)=3keV and ne(0)=4×1013cm-3.

1. Introduction

Impurity plays an important role in sufficiently sustaining an original performance of magnetically 
confined fusion plasmas because of the radiation power loss and ion dilution. In particular, the radiation loss in 
the core plasma quickly increases with atomic number of the impurity element.  In ITER, on the other hand, 
tungsten is used as the divertor material instead of carbon. The use of tungsten is also planned in CFETR. In 
order to examine effects of the tungsten divertor on tokamak discharges, several tokamak devices have installed 
the tungsten plasma facing component (PFC), e.g. ASDEX-U [1] and WEST [2] with full tungsten environment,
JET with ITER-like wall [3]. In addition EAST tokamak has been equipped with upper tungsten divertor since 
2014 to improve the heat exhaust capability and to examine the ITER-like divertor configuration [4]. To study 
the tungsten transport in EAST discharges, the tungsten spectra have been measured with fast-time-response 
EUV spectrometers working in wavelength ranges of 10-130Å (EUV_Short) and 20-500Å (EUV_Long) [5] at
time resolution of 5ms. Recently, a space-resolved EUV spectrometer working in 30-520Å (EUV_Long2) has 
been developed to measure a radial profile of the tungsten line emission in long-pulse H-mode discharges with 
high heating power. 

2. The space-resolved EUV spectrometer

In the space-resolved EUV spectrometer newly developed a flat-field focal plane along the wavelength 
dispersion direction, which enables the use of a linear detector such as CCD, is achieved by a laminar VLS
concave holographic grating (Shimadzu 3-002) with an angle of incidence of 87°.  A back-illuminated CCD
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(Andor DO920-BN) with sensitive area of 26.6×6.6mm2 and pixel numbers of 1024×255 (26 26 m2/pixel) is 
used for recording the two-dimensional image. The long axis of CCD is set perpendicular to the horizontal 
wavelength dispersion for the radial profile measurement along the vertical direction, while the short axis of 
CCD is set along the horizontal wavelength dispersion for the spectrum measurement. A stepping motor 
installed on the spectrometer makes possible to move the CCD along the wavelength dispersion on the focal 
plane for the wavelength range selection to be measured. The vertical observation range of the space-resolved 
EUV spectrometer (EUV_Long2) is indicated in Figure 1. The line of sight of the fast-response EUV 
spectrometers (EUV_Long and EUV_Short) is also plotted in Figure 1.

                                

3. Radial profiles of tungsten spectra in H-mode discharges
Figure 2 illustrates typical EUV spectra from EUV_Long observed in RF heated H-mode discharges of 

EAST with heating power of PLHW=2.0-2.5, PICRH=1.2-1.8 and PECRH=0.3MW. The discharges are carried out 
at line-averaged electron density of ne=3.5×1013cm-3, and Te0=3.0-3.5keV. In the spectra the pseudo-continuum 
called unresolved transition array (UTA) is clearly appeared at 40-75 Å as a typical indication of the tungsten 
spectrum. Line emissions from highly ionized ions in high-Z impurities are also observed in the spectra, e.g., 
Ti18+-Ti19+, Cu25+-Cu26+, Mo30+-Mo31+ and W41+-W45+.  The W-UTA (5f-4d, 5p-4d, 6g-4f and 5g-4f transitions) 
composed of W24+-W33+ ions appeared in the wavelength range of 20-40 Å is very weak, while the W-UTA (4f-
4d, 4d-4p and 5d-4f transitions) composed of W24+-W45+ appeared in the wavelength range of 45-70 Å is strong.
The second order of W-UTA near 50Å is also observed near 100Å. Although isolated line emissions from 
highly ionized tungsten ions, e.g., W41+-W45+, can be identified at 120-140Å, the intensity is very weak. Then, 
the tungsten spectrum extended at 45-135 Å is plotted in Figures 3(a)-(c).  As seen in Figure 3, there exist 
many tungsten line emissions in the wavelength range.  Detailed identifications are made for all the tungsten 
line emissions. In order to make the accurate identification of tungsten line emissions, radial profiles of the 
tungsten line are extremely important as described in a previous report [6].

Tow-dimensional images of tungsten line emissions are observed in H-mode discharges as shown in 
Figure 4. Identified line emissions are denoted in right hand of the CCD image. Vertical profiles of tungsten 
line emissions are obtained from the CCD image, as plotted in Figures 5 (a)-(c).  Figure 5 (a) shows the 
vertical profile of tungsten lines from highly ionized tungsten ions existing in the W-UTA, W43+ (4s24p 2P2/1 –

FIGURE 1. Lines of sight (LOSs) of 
EUV_Long2 (blue thin lines) and LOS of
EUV_Long (purple thick line) and EUV_Short
(brown thick line). 

FIGURE 2. Typical EUV spectra observed with EUV_Long
from EAST H-mode discharges in wavelength ranges of (a) 
20-140Å, (b) 140-290Å and (c) 290-500Å.
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4s4p2 2D3/2) at 61.334Å, W44+ (4s2 1S0 – 4s4p (1/2,3/2)1) at 60.93Å and W45+ (4s 2S1/2 – 4p 2P3/2) at 62.336 Å.
Based on the vertical profile of line emissions from W43+-W45+ ions, the ionization stage of other tungsten lines 
can be easily estimated.  Vertical profiles at the wavelength intervals indicated by shaded areas in Figure 3 (a)
are plotted in Figure 5 (b). When we compare the peak position among three radial profiles, each peak locates 
in different radial positions.  Then, we can easily identify that three wavelength intervals of 48.81-49.02 Å,
49.24-49.57 Å and 49.79-50.01 Å arise from W26+, W27+ and W29+, respectively [6]. The ionization stage of 
other tungsten line emissions at the W-UTA in Figure 3 (a) is also determined through the analysis of vertical 
profiles observed from EUV_Long2. 

   

                     

                       

FIGURE 4. Typical two-dimensional CCD images observed 
from H-mode discharges (Te0=2.9-4.0keV and ne~3.5×1019m-3); 
(a) 46.6-76.9 Å, (b) 64.4-98.3 Å, (c) 95.1-134.4 Å

FIGURE 3. Tungsten spectra in different wavelength 
ranges of (a) 43-73 Å, (b) 77-107 Å and (c) 107-137 Å 
in RF heated H-mode discharges (Te0=3.3keV).  

FIGURE 6. Vertical intensity profile of (a) W45+

(62.336Å), W44+ (60.93Å) and W43+ (61.334 Å) in W-
UTA, (b) W26+-W29+, (c) W45+ (126.998 Å), W43+ (126.29 
Å) and W42+ (129.41 Å) and (d) Fe XXIII blended with 
W44+ (132.9 Å), Cu XXVI (111.186 Å), Mo XXXII 
(127.868 Å) and Mo XXXI (116.0 Å) . Data are taken 
from H-mode discharges with Te0=3.3keV ((a) and (b)) and 
2.9keV ((c) and (d)).

FIGURE 5. Radial profiles of (a) chord-integrated line 
intensity and (b) local emissivity of W45+ (62.336Å),
W44+ (60.93Å) and W43+ (61.334Å) and (c) chord-
integrated line intensity and (d) local emissivity of W45+

(126.998 Å), W43+ (126.29 Å) and W42+ (129.41 Å). 
Data are taken from H-mode discharges with Te0=3.3keV 
((a) and (b)) and 2.9keV ((c) and (d)).
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Vertical profiles of isolated line emissions are plotted in Figures 5 (c) and (d).  Figure 5 (c) shows vertical 
profiles of W42+ (4s24p2 3P0 – 4s24p2 1D2) at 129.41Å, W43+ (4s24p 2P1/2 – 4s24p 2P3/2) at 126.29 Å and W45+ (4s
2S1/2 – 4p 2P1/2) at 126.998Å. We notice that the radial profiles are more peaked compared to those in Figure 5
(a) due to the relatively low electron temperature of Te0=2.9keV. Figure 5 (d) shows vertical profiles of other 
heavy impurities, i.e. Cu XXVI (2s2 1S0 - 2s2p 1P1, Ei=2479eV) at 111.186 Å, Mo XXXI (3s2 1S0 - 3s3p 1P1,
Ei=1730eV) at 116.0 Å and Mo XXXII (3s 2S1/2 - 3p 2P3/2, Ei=1791eV) at 127.868 Å and Fe XXIII (2s2 1S0 -
2s2p 1P1, Ei=1950eV) at 132.9 Å. The line emission from Fe XXIII at 132.91 Å is totally overlapped with
W44+ (4s2 1S0 – 4s4p P1/2, Ei=2355eV) at 132.88Å. When we compare the radial profile between inner and outer 
regions near the plasma center, i.e. -10 Z 0cm and 0 Z 10cm, it may suggest an asymmetric profile.  Further 
experiments are necessary to confirm the truth by changing the vertical observation range. 

4. Preliminary analysis of tungsten ion density profile

The chord-integrated intensity of tungsten line at vertical position of Z is calculated by integrating the local 
emissivity along the line of sight of EUV_Long2, l, in the equation ofI (Z) = (Z, l)dl = n (Z, l)PEC (Z, l)n (Z, l)dl ,                        (1)
where I and mean the intensity and local emissivity of line emission from tungsten ions with 
ionization stage of q, and  n and PEC mean the density of  Wq+ ions and photon emissivity coefficient of 
the line emission. Tungsten ion density profile is then analyzed from the vertical profile of tungsten spectral
intensity. Firstly, the spectral intensity measured with spectrometer has to be absolutely calibrated, and then 
the emissivity profile of tungsten line can be calculated from the vertical intensity profile based on Abel 
inversion technique. Finally, the density profile of tungsten ions is obtained with measured Te and ne profiles 
and the PEC data.

The absolute calibration for the space-resolved EUV spectrometer has been excellently carried out at high 
density discharges with ne0=2.2×1014cm-3 in LHD [7, 8]. The EUV bremsstrahlung continuum intensity is
accurately calculated from measured visible bremsstrahlung intensity profile with considering Te profile. The 
calibration factor can be then obtained by comparing the EUV bremsstrahlung intensity profile between 
measurement and calculation. Since the operational density range of EAST is relatively low, e.g. 
ne0=5.5×1013cm-3, the EUV bremsstrahlung intensity from EUV_Long2 is weak due to the relatively low 
throughput compared to EUV_Long. In addition, the visible bremsstrahlung measurement diagnostic in EAST 
has no sufficient profile data. Then, the calibration of EUV_Long2 is only carried out at short wavelength 
range where the EUV bremsstrahlung emission is strong referring the data from EUV_Long from which the 
spectral intensity has been already calibrated [5], e.g. 4×109phs·cm-2·s-1/(counts·s-1) at 62 Å, and 
8.5×109phs·cm-2·s-1/(counts·s-1) at 130Å.  Since the same grating and CCD as LHD are being used in EAST, 
we assume the wavelength dependence of the calibration factor is identical between EAST and LHD.  Thus, the 
vertical intensity profiles are obtained for tungsten line emissions as shown in Figures 6 (a) and (c).  Figure 6
(a) shows the intensity profiles of W45+ at 62.336Å, W44+ at 60.93Å and W43+ at 61.334 Å from H-mode 
plasmas with Te0=3.3keV and Figure 6 (c) shows W45+ at 126.998 Å, W43+ at 126.29 Å and W42+ at 129.41 Å
from H-mode plasmas with Te0=2.9keV.

The local emissivity profiles of tungsten line emissions reconstructed from Figures 6 (a) and (c) are plotted 
in Figures 6(b) and (d), respectively.  The local emissivity of tungsten line emissions at the peak position 
increases with the ionization stage, in particular, in the low-temperature discharge in Figure 6(d).  It is not clear 
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at the moment whether the increase indicates the tungsten accumulation in the H-mode discharge.  Impurity 
transport simulation is necessary for further study.  

In order to evaluate the tungsten ion density, PEC data from open-ADAS (arf40_ic series) is used in the 
present study. Based on Te and ne profiles measured during the H-mode phase shown in Figures 7 (a) and (b),
the density profiles of W43+ and W45+ are obtained. The result is plotted in Figure 8. As a result it is found that 
the density of W43+-W45+ ions distributes in range of 2-6 ×108cm-3 in H-mode discharges of EAST which we 
have analyzed in the present study.

5. Summary
A space-resolved spectrometer working at 30-520Å is newly developed to measure the tungsten emission 

profiles. As a result, vertical profiles from several impurities are successfully observed from H-mode plasmas 
in EAST tokamak.  Vertical profiles of tungsten emissions from W42+ - W45+ ions are also measured at 45-70 Å
and 120-140 Å in high-temperature discharges at Te 2.5keV. The density profile of such highly ionized 
tungsten ions is evaluated from the vertical profile. The preliminary analysis shows that the densities of W43+-
W45+ ions range in 2-6 108cm-3 in H-mode plasmas.  The emission profile measurement by the space-resolve 
spectrometer enables impurity transport study in H-mode discharges of EAST.  In particular, the tungsten 
transport study is crucially important in long pulse H-mode operations of EAST with tungsten divertor.  
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FIGURE 7. Radial profiles of (a) electron 
temperature and (b) electron density.

FIGURE 8. Calculated radial profiles of W45+ and W43+ 

ion density in steady-state H-mode phase in (a) 
Te0=3.3keV and (b) Te0=2.9keV.
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