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Development of flat-field EUV spectrometers with
absolute calibration and study of impurity behavior in

edge plasmas on LHD
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Two flat-field extreme ultra violet (EUV) spectrometers for measuring 10-500A
ranges have been developed to improve the technical basis on the spectroscopic
diagnostics and to study the edge impurity transport in high-temperature plasmas of
Large Helical Device (LHD). This wavelength range contains many spectral lines from
low to high Z impurities typically seen in fusion plasmas such as B, C, O, Ar, Ti, Fe,
Mo and W. The EUV Spectrometers with varied-line-spacing 1200 (named as
'EUV_Long") and 2400 grooves/mm (named as 'EUV_Short') gratings cover each
wavelength range of 50-500A and 10-130A ranges, respectively. Spectral
characteristics of newly developed laminar-type holographic gratings used for both
EUV spectrometers have been studied by comparing with conventional ruled gratings.

Comparison between ruled and holographic gratings for EUV_Long spectrometer
shows that both spectral resolutions (FWHM) are excellent for the spectroscopic use
and a very similar spectral resolution is obtained for both (e.g. AA~ 0.24A at A=2004).
However, only the holographic grating can sufficiently suppress the higher order light.
For example, the second order light of CV (40.34) is only about 18% to the first order
for the holographic grating, whereas the second order light is nearly equal to the first
order light for the ruled grating.

Relative sensitivity of the EUV_Long spectrometer was determined using a new
technique of EUV bremsstrahlung continuum measurement. As a result, it was found
that the sensitivity of the ruled grating quickly deteriorates at wavelengths lower than
150A, but the holographic grating constantly keeps a high sensitivity against the
wavelength. The holographic grating was therefore finally selected for the EUV_Long
spectrometer. The absolute calibration has been done using a combination of the
bremsstrahlung continuum and the branching ratio technique with two CIV spectral
lines in EUV (3p-3s: 312.4A) and visible (3p-2s: 5810A) ranges. The absolute
calibration curve is obtained continuously against the wavelength. This technique
could be an excellent alternative to overcome a large uncertainty against the wavelength
dependence seen in the conventional absolute calibration method using only the
branching ratio.

In case of the EUV_Short spectrometer, both ruled and old holographic gratings
effectively suppress higher order light, but the ruled grating shows better spectral
resolution (AAL=0.083A at A=18.97A) than the old holographic grating (AA=0.130A at
A=18.97A). Relative sensitivity was also determined from the EUV bremsstrahlung
continuum and the absolute calibration was done by comparing the overlapping
wavelength range (50-130A) with absolutely calibrated EUV_Long spectrometer. It
was found that the holographic grating is three times brighter than the ruled grating. A
new holographic grating has been developed in Shimadzu Co. Ltd. very recently with

modified grating parameters. This new holographic grating was also checked instead



of the old holographic grating. We thus found that the new grating improved the
spectral resolution at lower wavelengths of <40A (AA=0.900A at A=18.97A). As a
result, the EUV spectroscopy was clearly progressed at shorter wavelength range, at
least in 10-30A range, where An=1 transitions of medium-Z impurities (Ar, Ti, Fe etc.)
and many EUV spectral lines of high-Z impurities (Mo, W etc.) closely exist.

EUV spectra from Mo and W in 20-500A range have been observed using
double-structure impurity pellet injected into LHD plasmas. From the data analysis
many spectral lines have been successfully identified and compared with previous
experimental results and also with calculated values. Especially, The An=1 transitions
of WXXII-WXXVI (4d°4f*5p-4d'%4£", 4f'5¢-4f*: k=3-7) in 25-40A range are newly
identified with the help of calculated values. The An=1 (n=3-2) transitions of Ti and
Fe in 10-30A range have been measured using the EUV_Short spectrometer. The
spectra from Ne-like TiXIII (FeXVII) to Li-like TiXX (FeXXIV) have been also newly
observed simultaneously with a good spectral resolution.

Impurity transport of edge plasmas with ergodic layer in LHD has been studied
using CII to CVI emissions. For this purpose, four resonance transitions of CIII
(977A: 2s2p 'P1-2s> 'Sy), CIV (1550A: 2p *P-2s 2S), CV (40.27A: 1s2p 'P;—1s2 'Sp)
and CVI (33.73A: 2p *P-1s S) have been observed using EUV_Short spectrometer and
two VUV monochromators. The ionization energies of CIII (50eV) and CIV (68eV)
are clearly separated from CV (392eV) and CVI (495eV). These carbon emissions can
be then divided into two groups, i.e., CIII+CIV and CV+CVI. Here, the CIII+CIV
indicates the influx of the carbon at plasma edge and the CV+CVI indicates the carbon
fraction after transport in the ergodic layer. The ratio of CV+CVI to CII+CIV has
been observed in a variety of magnetic configurations and plasma parameters.

The ratio of CV+CVI to CIII+CIV decreases in two orders of magnitude with
increasing ne in the range of 1-8x10"m™. This reduction with n, comes mainly due to
monotonically increased CIII+CIV emissions and constant CV+CVI emissions. This
result suggests enhanced impurity screening by the presence of the ergodic layer. On
the other hand, the edge impurity transport parallel to the magnetic fields is mainly
dominated by the ion thermal force due to ion temperature gradient and the friction
force due to proton-impurity collision. The modeling of the edge impurity transport
with EMC3+EIRENE code strongly suggests the importance of the friction force in
high-density range, which means the appearance of the impurity screening. The
density dependence of the measured ratio is in good agreement with the modeling
result.

The ratio has been also examined by shifting the plasma axis and changing the thickness
of the ergodic layer. The ratio decreases with changing the ergodic layer thickness
under similar line-averaged densities. The edge density in the ergodic layer
normalized to the core density becomes higher with increasing ergodic layer thickness.

As a result, the effect of the impurity screening can be enhanced in thicker ergodic layer.



The carbon emissions have been also observed changing the radial position of
externally supplied m/n=1/1 island. The ratio considerably decreases when the island
exists in the ergodic layer. This result evidently indicates that the modification of

magnetic field structure in the ergodic layer changes the edge impurity behavior.
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