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Abstract 

 Vertical profiles of tungsten emission lines are measured with a space-resolved EUV spectrometer 

working in wavelength range of 10-130 Å.  The observation range is roughly 0.55 m which corresponds to 

half of the vertical plasma diameter at horizontally elongated plasma cross section.  A series of 

experiments on the tungsten spectroscopy are conducted in Large Helical Device (LHD) by injecting a 

tungsten pellet to investigate an evaluation method of tungsten ion density.  In LHD, until now, ion charge 

state distribution of the tungsten unresolved transition array (UTA), from which the emissions are useful for 

the tungsten diagnostic in edge plasmas of ITER, have been examined by analyzing the emission intensity 

as a function of central electron temperature and by comparing the vertical intensity profile with the 

electron temperature profile.  As a result, it is found that the tungsten UTA lines at wavelength interval of 

32.16-33.32 Å consist of a single ionization stage of W24+.  The ADAS database is used for excitation 

rates of W24+ emission lines at this wavelength interval.  A tungsten density profile at 32.16-33.32 Å is 

thus obtained with the local emissivity profile reconstructed from the vertical intensity profile based on 

measured electron density and temperature profiles. 

 

1. Introduction 

 In next-generation fusion device, ITER (International Thermonuclear Experimental Reactor), the 

material of plasma-facing components (PFCs) must have a good capability of tolerating extremely large 

thermal heat load, in addition to lower erosion and tritium retention rates.  For this request, the tungsten 

with extremely high melting point is adopted for divertor material of ITER instead of carbon material 

which has been used for many years in toroidal devices [1, 2].  However, the radiation loss from tungsten 

ions is extremely large compared to that from carbon ions.  Once the tungsten concentration exceeds a 

certain level, the huge radiation loss from tungsten ions leads to a drastic degradation of the plasma 

performance.  Therefore, the tungsten density, nw, in ITER must be maintained at a low level against the 

electron density, ne, e.g. nw/ne < 10-5 [3].  The tungsten transport study is then important for controlling the 

impurity accumulation in the plasma core and enhancing the impurity screening in the plasma edge.  In 

LHD, tungsten spectra and vertical intensity profiles have been observed in extreme ultraviolet (EUV) 

wavelength range by injecting a coaxial graphite pellet included a thin tungsten wire [4].  Use of a 

traditional laser-blow-off method seems to be difficult in LHD, because a thick stochastic magnetic field 

layer exists outside the core plasma [5].  The tungsten density profile analysis is then attempted from the 

local emissivity profile reconstructed from the vertical intensity profile measured at 27-34Å in the tungsten 
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UTA spectra, of which the wavelength interval consists of line emissions from a single tungsten ionization 

stage of W24+.  The analysis is carried out with the ADAS database based on measured electron density 

and temperature profiles.   

 

2. Experimental setup 

A space-resolved EUV spectrometer, EUV_Short2 [6], is installed on #10-O port of LHD for 

measuring the spatial distribution of impurity line emissions in the wavelength range of 10-130 Å.  A 

schematic diagram of the spectrometer arrangement is shown in Fig. 1.  The optical axis of the 

spectrometer is perpendicular to the toroidal magnetic field.  The spectrometer is composed of an entrance 

slit, a spatial resolution slit placed in front of the entrance slit, a gold-coated concave varied-lines-spacing 

(VLS) laminar-type holographic grating and a back-illuminated charge-coupled device (CCD) detector.  

Since a long distance between the spectrometer and the plasma is necessary for observing the vertical 

plasma range of 50 cm, which corresponds to half diameter at short axis of the elliptical LHD plasma, the 

spectrometer entrance slit is placed at 9.457 m away from the plasma center of Rax = 3.6 m.  The CCD has 

an effective area of 26.6 × 6.6 mm2 with the total number of pixels of 1024 × 255 (26 × 26 μm2/pixel).  

The vertical profile and spectrum are recorded along the CCD long and short axes, respectively.  The CCD 

detector is operated in two readout modes of full resolution image and sub-image.  The full resolution 

image mode which can yield the best spectral resolution is used only for the spectral resolution test and the 

line identification because the necessary exposure time is very long.  The sub-image mode is used for 

routine measurement on the impurity profile.  A sub-image mode with 204 × 127 channels is usually used 

by summing up five adjacent pixels in long axis and two adjacent pixels in short axis.  The spectra of 

impurity emissions are thus obtained with exposure time of 61.5 ms and resultant sampling time of 100 ms.  

The spectral intensity measured with EUV spectrometers is absolutely calibrated on the basis of 

simultaneous profile measurements of bremsstrahlung continua in EUV and visible ranges.  The vertical 

observation range of EUV_Short2 is fixed to the observation of upper half plasma (0 ≤ Z ≤ 50 cm).  

 

 

 

 

 

 

 

 

3. Experimental results 

A. Typical discharge with tungsten pellet injection 

A series of experiments on tungsten UTA spectroscopy have been carried out in LHD with tungsten 

pellet injection to find a practical evaluation method of the tungsten ion density.  Ion charge state 

distribution in the tungsten UTA spectrum has been carefully examined in wavelength range of 27-34 Å.  

The tungsten density has to be analyzed at certain wavelength interval of tungsten UTA which consists of a 

Fig. 1. Side view of space-resolved EUV_Short2 spectrometer. 
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single ionization stage.  A typical discharge with tungsten pellet (tungsten wire: 0.05 mm in diameter × 

0.7 mm in length; graphite cylinder: 0.7 mm in diameter × 0.7 mm in length) injected at horizontal 

mid-plane is shown in Fig. 2.  A stable discharge is maintained during 4.2-5.0 s by two 

negative-ion-source-based neutral beams (n-NBI#2 and #3) with injection energy of 180 keV.  A tungsten 

pellet is injected at t = 4.03 s.  The line-averaged electron density, ne, quickly increases just after the pellet 

injection, and also continuously increases with slow rate during the whole n-NBI phase after the pellet 

injection.  The central electron temperature, Te0, starts to gradually decrease after 0.15 s of the pellet 

injection.  The total radiation power, Prad, keeps a constant level during the n-NBI phase except for the 

initial phase of the pellet injection.  The plasma stored energy increased after the pellet injection also starts 

to decrease after 0.1 s of the pellet injection due to a reduction of edge temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Calculation of photon emission coefficients 

Based on electron temperature and density profiles measured by Thomson diagnostic, the photon 

emission coefficient, fPEC, is calculated using the ADAS code.  In Fig. 3, the photon emission coefficients 

Fig. 3. Photon emission coefficients of W24+ at Te0=1.93 (4.2s), 1.70 (4.3s) and 1.45keV (4.7s). 

Fig. 2. Discharge waveform with tungsten pellet injected at 4.03 s; (a) NBI input power, (b) 

line-averaged electron density, (c) central electron temperature, (d) total radiation power and (e) plasma 

stored energy. 
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of W24+ at wavelength interval of 32.16-33.32 Å are plotted at t = 4.2, 4.3 and 4.7 s of the discharge shown 

in Fig. 2 with closed circles, open squares and closed triangles, respectively.  The photon emission 

coefficient at outer plasma positions of 0.45 ≤  ≤ 1.0 largely decreases, while the coefficient at inner 

plasma positions of   0.45 decreases only a little, mainly reflecting a change in the electron temperature 

profile.  The tungsten UTA spectrum observed with EUV_Short2 spectrometer is shown in Fig. 4 with 

solid line.  Photon emission coefficients at 27.20-27.62 (W28+), 28.38-28.70 (W27+), 29.36-30.47 (W26+), 

30.69-31.71 (W25+) and 32.16-33.32Å (W24+) calculated by ADAS code are shown in black hatched 

regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Error estimation of Abel inversion method 

Abel inversion method is applied to reconstruct the local emissivity profile from the measured vertical 

intensity profile under the assumption that the local emissivity is uniform along each magnetic surface.  

The necessary magnetic surfaces are calculated with three-dimensional equilibrium code, Variational 

Moments Equilibrium Code (VMEC).  The local emissivity profile is expressed by the following matrix: 

 

  ( ) = L-1I(Z),                                                        (1)       

                                                                                                   

where , L and I are the local emissivity profile [photons cm-3 s-1], matrix of chord length [cm] and vertical 

intensity profile [photons cm-2 s-1], respectively.   

At the first step of Abel inversion, an appropriate set of magnetic surfaces is determined with the 

VMEC calculation so that the electron temperature profile can be symmetric between inboard and outboard 

sides along major plasma radius against a derived normalized radius, , since the magnetic surface structure 

is a function of volume-averaged β values and the pressure profile.  During the calculation, the electron 

temperature profile measured with Thomson diagnostic along the major plasma radius is converted into a 

function of the normalized radius.  The symmetric temperature profile as a function of the normalized 

radius can be then obtained by adjusting the β value and the pressure profile.  The most appropriate 

magnetic surface structure is finally determined by minimizing the difference in the temperature profiles 

Fig. 4. Tungsten UTA spectrum observed with EUV_Short2 (solid line) and photon emission 

coefficients calculated by ADAS code (black hatched region). 
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between inboard and outboard sides.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Uncertainty in the local emissivity profile analysis mainly originates in the uncertainty of the magnetic 

surface structure calculated with the VMEC code.  Figures 5(a)-(c) show the vertical intensity, integrated 

chord length and local emissivity as a function of the normalized radius at outwardly shifted magnetic 

configuration of Rax = 3.75 m.  The pressure profile of P( )=P0(1- 8)(1- 2) with volume-averaged beta of 

0.23% (8020), where P0 is central pressure, is used for the analysis.  In addition, the magnetic surface at  

 1.0 is assumed as a simple expansion of the magnetic surface contour at last closed flux surface (LCFS) 

of  = 1.0.     

The normalized error of the intensity profile is defined as Ierror/I, where Ierror means the difference 

between two intensity profiles at β = 0.23% (8020) in Fig. 5(a) and another β value or another pressure 

profile in Fig. 5(d).  The definition is also the same for normalized errors of the integrated-chord length 

profile (Lerror/Lchord) in Fig. 5(e) and the local emissivity profile ( error/ ) in Fig. 5(f).  The Ierror/I in Fig. 

5(d) and error/  in Fig. 5(f) have a large error of 18% in the vicinity of  = 0.97-1.0 for all the assumed 

magnetic surface structures.  On the contrary, the Lerror/Lchord in Fig. 5(e) has a quite different radial 

structure with smoother radial changes compared to Ierror/I and error/ .  It means the Lchord does not give 

any serious effect on the final result of error/ .  The error/  indicates a considerably large error of 23% at 

the maximum value in the plasma edge.  Therefore, the error in the tungsten density profile analysis 

Fig. 5. (a) line-integrated vertical intensity, (b) observation chord length, (c) local emissivity after Abel 

inversion for β = 0.23% (8020) at Rax = 3.75 m, and normalized errors of (d) line-integrated vertical 

intensity, Ierror/I, (e) observation chord length, Lerror/Lchord, and (f) local emissivity, error/  for different β 

and pressure profiles.  Notation of “β = 0.23% (8020)” means pressure profile of P( )=P0(1- 8)(1- 2) 

with volume-averaged beta of 0.23%, where P0 is central pressure. 
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mainly originates in the error during the local emissivity profile calculation based on the local structure of 

magnetic surfaces in addition to errors in the measured electron density profile and calculated photon 

emission coefficients.  The error in the electron density profile is estimated to be within 10%.  In the 

present study, however, the error in the photon emission coefficient is ignored from the error evaluation in 

the tungsten density analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D. Radial density profiles of W24+ ions 

Vertical intensity profiles of UTA lines at 32.16-33.32Å measured with EUV_Short2 spectrometer are 

plotted in Fig. 6(a) for three different central electron temperatures of Te0 = 1.93 (dotted line), 1.70 (dashed 

line) and 1.45 keV (solid line).  The intensity in the plasma core (Z ≤ 0.25 m) increases only a little as a 

function of time, while the intensity in the plasma edge at Z = 0.32 m decreases as a function of time.  The 

local emissivity profile reconstructed from the vertical intensity profile is shown in Fig. 6(b).  The peak 

position in the local emissivity profile near  = 0.8 clearly moves inside when the electron temperature 

decreases.  The density profiles of W24+ ions, nw24+( ), are calculated by the equation of 

 

  nw24+( ) = ( ) / (ne( ) × fPEC(Te, ne)),                                   (2) 

 

where ne( ) is the electron density profiles.  The W24+ ion density profiles analyzed at Te0 = 1.93 (dotted 

line), 1.70 (dashed line) and 1.45 keV (solid line) are shown in Fig. 7(a).  It is obvious that the W24+ ion 

density increases in the plasma core and decreases in the plasma edge when the electron temperature 

decreases.  However, the peak density in the plasma edge distributes in similar ranges of 1.0-1.2×1010 cm-3.  

It means that the tungsten ions stay in the plasma for a considerably long time.  The W24+ concentration 

profile, Cw24+( ), is obtained from the equation of 

Fig .6. (a) Vertical intensity and (b) local emissivity profiles at Te0 = 1.93 (dotted line), 1.70 (dashed 

line) and 1.45 keV (solid line). 
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  Cw24+( ) = nw24+( )/ ne( ).                                     (3) 

 

The result is plotted in Fig. 7(b).  It indicates the W24+ concentration gradually decreases as a function of 

time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Summary 

A series of experiments on the tungsten spectroscopy are conducted in Large Helical Device (LHD) by 

injecting a tungsten pellet to investigate an evaluation method of the tungsten ion density.  Photon 

emission coefficients of W24+ in 32.16-33.32 Å at Te0 = 1.93, 1.70 and 1.45 keV are calculated by ADAS 

code.  UTA spectrum observed with EUV_Short2 spectrometer is analyzed with the ADAS code.  Local 

emissivity profiles of W24+ in 32.16-33.32 Å are reconstructed from vertical intensity profiles based on 

Abel inversion method and the error in the local emissivity calculation is evaluated.  It is found that the 

error mainly originates in the uncertainty in the evaluation of the magnetic surface structure deformation.  

W24+ density and concentration profiles are calculated at Te0 =1.93, 1.70 and 1.45 keV from electron 

density and temperature profiles, local emissivity profiles and photon emission coefficients.  The error of 

W24+ density is evaluated from the errors of the local emissivity profile and electron density profile.  

Finally, the W24+ ion density is determined to be 1.0-1.2×1010 cm-3 and the value does not change 

temporally so much during the discharge.   
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Fig. 7. (a) Density and (b) concentration profiles of W24+ ions at Te0 = 1.93 (dotted line), 1.70 (dashed 

line) and 1.45 keV (solid line). 

201



- 8 - 
 

 
References 

[1] G.F.Matthews, P.Edwards, T.Hirai, et al., Phys. Scr. T128 (2007) 137. 

[2] R.A. Pitts, A.Kukushkin, A.Loarte, et al., Phys. Scr. T138 (2009) 014001. 

[3] R.Neu, R.Dux, A.Geier, et al., Fusion Eng. Des. 65 (2003) 367. 

[4] X.L.Huang, S.Morita, T.Oishi, M.Goto and H.M.Zhang, Rev. Sci. Instrum. 85 (2014) 11E818. 

[5] T.Morisaki, S.Sakakibara, K.Y.Watanabe, et al., contrib. Plasma Phys. 40 (2000) 266. 

[6] X.L.Huang, S.Morita, T.Oishi, M.Goto and C.F.Dong, Rev. Sci. Instrum. 85 (2014) 043511. 

 

202




