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Abstract ・
Wavelengths of emission lines from tungsten highly-charged ions have been precisely 

measured in near UV-visible range (320 — 356 nm and 382 — 402 nm) at Large Helical 
Device (LHD) by tungsten pellet injection. The tungsten emission lines were assigned 
based on its line-integrated intensity profiles on a poloidal cross section. The ground- 
term magnetic-dipole (Ml) lines of W26+,2/+ and an Ml line of a metastable excited 
state of W28+, whose wavelengths have been determined by measurements using 
electron-beam-ion-traps (EBITs), are identified in the LHD spectra. The present 
results partially compliment wavelength data of tungsten highly-charged ions in the 
near UV-visible range.

1.Introduction

Tungsten will be used as divertor materials in the International Thermonuclear 
Experimental Reactor (ITER) due to its high thermal conductivity, small thermal 
expansion, lower tritium retention and higher sputtering threshold. However, high- 
energy ions intermittently exhausted from edge plasmas of ITER, i. e., the edge-localized 
mode, and heavy cooling gas particles (e. g., Ne, Ar) seeded in peripheral plasmas to 
reduce a heat load to the divertor plate may increase sputtering of the tungsten divertor 
plate. Tungsten accumulation in core plasmas will induce drastic radiation cooling and 
may result in collapse of the plasmas. Tungsten transport in the plasmas is. therefore, 
a key issue for the stability of plasma confinements with the tungsten divertor.
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Feldman et al.[1]in their pioneering work pointed out the potential usefulness 
of near UV-visible lines emitted via magnetic-dipole (Ml) transitions in ground-term 
fine structures of highly-charged ions for high-temperature plasma diagnostics. The 
intrinsically narrow and isolated lines are suitable for identification of associated ion 
species and measurement of Doppler broadening which represents ion temperature. 
Doron et al. [2] suggested that the intensity ratios of some line pairs would also be useful 
for the density diagnostics of fusion plasmas. Fiber optics is available in this wavelength 
range to detect photon emission behind neutron shielding which is advantageous to 
prevent the detectors from neutron damage.

Spectral data for the near UV-visible lines of highly-charged ions, however, still 
limited [3]. An Ml transition of Ti-like W52+ (3d4) 5D3 - 5D2 has been investigated by 
a number of experimental and theoretical studies ([4] and references therein), because 
wavelengths of the Ml line exhibited an apparently peculiar behavior along the iso- 
electronic sequence, which has firstly been predicted by Feldman [1].The wavelengths 
stay around an constant value in the near UV-visible range for Lanthanides and then 
very gently decrease upto U70+. Recently, Komatsu [5] and Watanabe [6] found visible 
Ml lines of Cd-like W26+ by means of electron-beam-ion-traps (EBITs). The lines 
are identified as the ground-term fine-structure transitions of (4户)3H5 - 3H4) 3H6 
-3H5, and 3F3 - 3F2 [5, 7]. A Near UV Ml transition, (4f) 2F"2 - 2F5/2, of Ag- 
like W27+ was identified in spectra measured by using a permanent magnet EBIT at 
Fudan University [8]. Wavelength data of visible line emissions in 365 — 475 nm from 
W84- through W28+ are presented by a systematic measurement using a compact EBIT 
(CoBIT) [9]. Recently, the EBIT group at the Fudan University reported new line 
identification for W25+,26+,28+ in a series of works [10].

Ab-initio calculations of fine structures of many electron ions with open-shells 
are challenging, because subtle electronic correlation and Breit interaction effects 
have remarkable influences on the results. Therefore, precise measurements of the 
wavelengths serve as a benchmark for atomic theories. Multi-configuration Dirac- 
Fock calculations for the Ml lines of W26+;27+ have been performed by using grasp2K 
code [7, 8].

The first measurement of the visible Ml line emission in magnetic-confinement 
plasma devices was reported at the Large Helical Device (LHD) using tungsten pellet 
injection [11].Precise measurements of near UV-visible forbidden lines from highly- 
charged ions colliding with high density hydrogen plasma particles (electron + proton), 
say 1019一20 m-3, are feasible with the LHD. Therefore, the LHD enables experimental 
studies to identify tungsten emission lines useful for plasma diagnostics and provide 
new spectroscopic data complementing measurements by the EBITs operating at much 
lower electron densities (〜1016 m一3). Recently, high-resolution wide-band spectral 
measurements in 423 — 715 nm have been performed at the LHD with a specially 
designed echelle spectrometer [12].13 lines in the measured spectra are assigned to 
tungsten highly-charged ions. Spatial distributions of the line intensity and polarization 
resolved measurements have also been performed [13]. In this contribution, we present
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Figure 1.Left) A top view of the observation and pellet injection ports. Right) 
Horizontally elongated poloidal cross section and lines of sight. Viewing point is on 
the right-hand side.

wavelengths of emission lines in 320 — 356 nm and 382 — 402 nm from highly-charged 
tungsten ions in the LHD core plasmas.

2. Experimental setup

Tungsten was introduced into the LHD plasmas by injecting a polyethylene pellet (0.6 
mm long and 0.6 mm diameter) containing a tungsten wire. Size of the tungsten wire 
in the polyethylene tube is 0.15 mm in diameter and 0.6 mm in length. Number of 
tungsten atoms in the single pellet is estimated roughly to be 6.7 x 1019.

Time-resolved (sampling times for 38 ms at every 100 ms) measurements were 
conducted using a Czerny-Turner visible-UV spectrometer (1200 gr/mm, slit width of 
50 /7,m) equipped with a CCD detector. Figure 1 shows an observation port as well as the 
pellet injection port. Using an optical fiber array，line-integrated photon emission was 
measured at 44 lines of sight divided along the vertical direction (Z) of a horizontally 
elongated poloidal cross section of a helical plasma, as shown in Fig.1.The poloidal 
cross section is asymmetric with respect to Z=0, because the cross section is tilted a 
little (about 6 degrees) from the normal direction. This asymmetry manifests itself in 
asymmetric vertical distributions of the line-integrated intensities (along each line of 
sight) of emission lines in peripheral regions of the poloidal cross section.

Discharges for present measurements were started with electron cyclotron heating 
followed by hydrogen neutral beam injection (NBI) heating using three NBIs. In a 
steady state, the maximum electron temperature was 3 keV at the plasma, center. After 
the pellet injection (t = 4.0 s)，the peak electron temperature decreases to 2 keV in 100 
ms. The present measurements for 320 — 356 nm and 382 — 402 run were performed with 
two different discharges (shot no.121534 and 121541),respectively, because of a limited 
band width of a single measurement. Electron temperature distributions for the two 
discharges are almost identical and kept its profile constant during the measurements 
(t = 4.1 一 4.138 s), while the temperatures decrease significantly in the core region. 
Judging from the temperature profiles, the plasma edge may be around re^ = 0.6 m (see
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Figure 2. Electron temperature profiles for two discharges (121534 and 121541) 
as a function of effective minor radius (reff) measured by Thomson scattering. The 
rightmost figure shows the effective minor radius on the poloidal cross section.

Fig. 2).

3. Results and discussion

Figures 3 and 4 are the measured spectra in 320 — 356 nm arid 382 — 402 nm，respectively. 
Wavelength calibration was done using emission lines of hydrogen and helium in the same 
discharges. Uncertainties in the wavelength calibration are estimated to be about 0.02 
nm. Emission lines indicated by red arrows in the figures are absent in the spectra taken 
before the tungsten injection (drawn by light gray color). Those lines are tentatively 
assigned to the emission lines of tungsten. Vertical distributions of the emission lines are 
shown in the upper panels of the figures. The tungsten lines have large intensities inside 
the vertical edge of the core plasma (Z 〜0.4 m), while other lines have broader vertical 
distributions of the intensities. The lines at 337.7 nm in Fig. 3 and 389.4 nm in Fig. 4 
are assigned to the Ml lines of W27+ and W26+，respectively, whose wavelengths have 
been determined to be 337.743(26) nm and 389.41(6) by the EBIT measurements [8, 5].

In Table 1，the present measurements of wavelengths are summarized. For 
comparison, corresponding values by EBIT measurements and theoretical calculations 
are also shown in the table. In the EBIT measurements, the charge state associated to 
each emission line is determined from the appearance energy of each emission line. The 
present measurements are in good agreement with the EBIT measurements. It is noted 
that the line no.15 at 344.48 nm is assigned to an Ml transition in a metastable excited 
state of W28+. However, many unidentified lines are remained.

Radial distributions of the tungsten line intensities are deduced by Abel inversion 
from the vertical distribution of the line-integrated intensities. The radial distributions 
for the Ml lines of W27+ at 337.7 nm and W26+ at 333.7 nm are shown in Fig. 5. 
The deduced radial distribution shows a single maximum around reff 〜0.3 m, which
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Figure 3. Line emission spectra in 320 — 356 nm measured at the LHD (shot 
no.121534). Upper panels show vertical distributions of line-integrated intensities. 
Solid indicates spectra measured after tungsten injection (t = 4.1—4.138 s), and 
light gray those before the tungsten injection. Red arrows indicate the emission lines 
assigned to tungsten. Numbers are the central wavelengths in nm.
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Figure 4・ Line emission spectra in 382 — 402 nm measured at the LHD (shot 
no.121541).Same as Fig. 3
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Table 1・ Present measurements of wavelengths in air (11m) for W9+ ions. Numbers 
in parentheses are uncertainties.

Line Wavelength Q Other experiments Theories Transition

1 320.98(2) - ・ - -
2 322.53(2) - -
3 323.25(2) - -
4 324.45(2) ・ -
5 326.741 - - - -
6 328.19(2) ・ - - -
7 331.98(2) -
8 333.70(2) 26 333.748(9)®* - (4f2) 3F4 - 3F3
9 334.16(2) - -
10 334.54(2) -
11 335.73(2) 26 335.758(U)a* (4f2) 3F4 - rG4
12 337.72(2) 27 337.743(26)b 338.186, 338.43 (4f) 2F7/2 - 2F5/2
13 341.72(2) -
14 342.36(2)
15 344.48(2) 28 344.588(33)°* 345.87° (4d94f) (5/2,5/2)3 - (5/2,7/2)4
16 346.30(2) -
17 349.73(2) - -
18 354.63(2) - - ・

19 383.721 25 383.99(6) - -
20 386.061 24 386.23(6)° ・ -
21 387.41j 25 387.3ct - -
22 388.24(2) 20 388.25(6)c - -

23 388.27(6)c
23 389.39(2) 26 389.433(12广，389.41(6)cメ，389.35(3)e 388.43z (4f) 3H5 - 3H4
24 389.88(2) 24 389.89(6)c ・ -
25 394.98(2) ・ - - -
26 400.951 ・ ・ ・ -

QSH-HtscEBIT [14]; 6SH-PermEBIT [8]; c*dCoBIT [9, 5]; eTokyo-EBIT [6]. 
りMCDF using grasp2K [8, 7]; a,PRMBPT [14,15].
す blend line; * converted to wavelength in vacuum.

corresponds to the local electron temperature of about 1 keV (see Fig. 2).
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Figure 5. Radial distributions for Ml lines of W26+ at 333.7 nm and W27+ at 337.7 
nm.
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