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A space-resolved flat-field extreme ultraviolet (EUV) spectrometer working in 60- 400 A ranges
has been developed to observe impurity emission profiles in core and edge plasmas of large helical device
(LHD). A flat focus is made for plane surface detector by use of a varied line spacing (VLS)
holographic grating with an angle of incidence of 87°. An excellent spectral resolution slit of 0.22 A at
200 A is obtained after careful adjustment of the optical components. Two entrance slits of 30 and
100um in width are tested. The result shows that spectral resolution is less than 5 pixel channels for
both slits in the whole wavelength range of 60- 400A . The vertical resolution is also checked by‘three
space-resolved slits of 0.2, 0.5 and 1mm in width. The 100um entrance slit and 0.5mm space-resolved
slit are finally selected for the present study considering the intensity and spatial resolution. In the
profile measurement of the LHD plasmas the toroidal resolution is important as well as the vertical
resolution, because the magnetic surfaces of LHD quickly change when the observation chord is tilted at a
slightly different toroidal location. Horizontal dispersion is therefore selected for the present
spectrometer. As a result, the toroidal resolution of 75 mm is achieved at the plasma position. An
enough radial resolution of 10 mm is also obtained at spatial-resolution slit width of 0.2 mm, which is
defined as full width at half maximum (FWHM) in the radial profile of edge impurities. In order to
measure the full radial profile of LHD plasmas the spectrometer is placed at a distance of ~9200 mm
away from the plasma center and a back-illuminated charge coupled device (CCD) with size of 6.6 x 26.6
mm?® is set vertical to the horizontal dispersion. Due to the size of CCD detector, half of the LHD
plasma, ie., ~50 cm, can be measured along the vertical direction at horizontally elongated plasma
cross-section. The CCD is usually operated in the binning mode with time resolution of 200ms, in
which five pixels are summed and converted into one channel. A full vertical profile can be obtained by
changing the vertical angle of the EUV spectrometer. A wavelength interval of 35 to 65 A can be
simultaneously observed, which varies according to the wavelength to be measured.

Radial profiles of impurity ions of carbon, neon and iron are measured from LHD plasmas using
the space-resolved EUV spectrometer in wavelength range of 60-400A. The low-Z impurities are usually
located at the plasma edge, whereas the medium- and high-Z impurities are widely distributed over the
entire plasma volume. The radial positions of the impurity ions are investigated at magnetic axis
position of R,=3.60m with the local electron temperature, T.z, defined by the electron temperature at
radial location where the impurity ion exists. The result is compared with the ionization energies, E;.
It is found that the impurity ions with 0.3<E;<1.0keV are always located in the outside of plasmas, i.e.,
0.7<p<1.0, and those with E;<0.3keV exist in the ergodic layer, i.e., 1.0<p<l1.1, with a sharp peak edge.
Here, p is the radial position normalized to the plasma radius. The result also reveals that the T,z is
approximately equal to the E; for the impurity ions with E;<0.3keV, whereas the T,z is roughly half to the
E; for the impurity ions with 0.3<E;<1.0keV. It is known that the T, is considerably smaller than the E;
in the plasma edge and becomes equal to the E; in the plasma core. Therefore, this result is seemed to
originate in the difference of the perpendicular transport between the plasma edge at p<1.0 and the
ergodic layer at p21.0. The perpendicular transport is studied with impurity transport simulation code.
As a result, it confirms that the difference appeared in the impurity radial positions can be qualitatively
explained by different values of the diffusion coefficient, e.g., D=0.2 and 1.0m?%s, as the typical index of
the perpendicular transport.

Vertical profiles of edge impurity emissions have been measured in upper half region of
elliptical plasmas at horizontally elongated plasma cross section in LHD. The vertical profiles near
upper O-point located just below helical coil are analyzed to study the plasma edge boundary of the
ergodic layer consisting of stochastic magnetic field lines with connection lengths of 30 < L, < 2000m.
As a result, C** jon emitting CIV spectrum is identified as the ion existing in the farthest edge of the



ergodic layer. The peak position of CIV (312.4A: 1523p 2P1/2,3/2-1522s 281/2) vertical profile is
investigated as a function of electron temperature at last closed flux surface (LCFS: p=1), To(p=1), in
magnetic axis positions of Ry=3.60m, 3.75m and 3.90m. Result shows that the CIV peak position does
not change at all in a wide temperature range of 150 < T.(p=1) < 400eV, whereas it moves inside the
ergodic layer when T.(p=1) is reduced below a thresheld temperature, e.g., 130eV at Ry=3.75m. The
edge temperature dependence of CIV peak position is also verified by the Langmuir probe measurement.
The comparison of CIV peak position with L. shows that the C** ion exists at the boundary between
ergodic layer and open magnetic filed layer at which the L. distributes in lengths of 5 to 30m. The result
indicates that the edge boundary near the O-point in LHD is determined by a starting point of the open
filed layer, where a tokamak-like steeper edge temperature gradient is formed, although the edge
boundary is quite obscure at the X-point region. The fact is also supported from the analysis on the
ionization lengths of carbon ions and the collision frequency. It is also found that no plasma exist
between the edge boundary and the vacuum vessel.  The CIV profile at the O-point is simulated using a
three-dimensional edge transport code of EMC3-EIRENE in which the magnetic field structure in
vacuum is used for the ergodic layer. A clear discrepancy of 8mm is found in the peak positions of CIV
between measurement and simulation for magnetic configurations with thick ergodic layer, i.e.,
Ra=3.90m, while only a small discrepancy of 3mm is observed for those with relatively thin ergodic
layer, i.e., Ry=3.75m. The CIV profiles simulated with different particle diffusion coefficients, input
power and carbon sources show similar CIV peak position to the original simulation result. The
discrepancy is possibly caused by a modification of the magnetic filed due to the presence of

plasma pressure.

The radial profile of bremsstrahlung continuum radiation is clearly recorded in the EUV
spectrum observed from high-density discharges with hydrogen pellet injection, characterized by
central-peaked profile as well as the visible bremsstrahlung continuum. A new method for the absolute
intensity calibration of the EUV spectrometer has been developed based on the EUV bremsstrahlung
profile measurement. Wavelength intervals available for the absolute intensity calibration of the
space-resolved EUV spectrometer system are listed with dominant line emissions which are useful as a
wavelength marker.

A precise absolute intensity calibration of the flat-field space-resolved EUV spectrometer is
done using the new calibration technique based on radial profile measurement of the bremsstrahlung
continuum. A peaked vertical profile of the EUV bremsstrahlung continuum has been observed in
high-density plasmas (ns>10'*cm™) with hydrogen ice pellet injection. The absolute calibration is
carried out by comparing the EUV bremsstrahlung profile with the visible bremsstrahlung profile of
which the absolute value has been already calibrated using a standard lamp. For the purpose the
line-integrated profile of the visible bremsstrahlung continuum is converted into the local emissivity
profile considering a magnetic surface distortion based on the plasma pressure. For direct comparison
with the EUV bremsstrahlung profile measurement the line-integrated profile of the EUV bremsstrahlung
continuum is calculated from the visible bremsstrahlung emissivity profile by taking into account the
electron temperature profile. The absolute intensity calibration factor is thus obtained as a function of
wavelength.  As a result, it is found that the grating reflectivity of EUV emissions is constant along the
direction perpendicular to the wavelength dispersion. The result shows the uncertainty of the calibration
factor is significantly improved compared with conventional method.

Finally, the density of iron is analyzed from its radial profile using the absolute intensity
calibration factor determined from EUV bremsstrahlung continuum profile. The radial profiles of FeXV,
FeXVI, FeXX and FeXIV are used for the analysis. The chord-integrated intensity profiles are
converted into the local emissivity profiles by considering the deformation of magnetic surfaces followed



by the change in chord length between neighboring magnetic surfaces. The emission rate coefficients
for such spectral lines are accurately calculated using collisional-radiative model. The density profile of
the iron ions is thus evaluated by taking into account the electron temperature and density profiles in
addition to the emission rate coefficient. ~As a result, the iron densities of Fe** at plasma center indicate
almost 10°-107 orders of magnitude smaller than the electron density. The radiation power of iron in
LHD typical discharges estimated from the emissivity profiles is negligibly small compared to the total
input power. As the application of the iron density profile measurement to the impurity transport study,
the FeXXIV profile is simulated by one-dimensional transport code. The present new method on the
impurity transport study strongly suggests that the diffusion coefficient and convective velocity can be
separately determined with their radial structures.
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