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WANG Erhui (Student ID: 20101002)
School of Physical Sciences, Department of Fusion Science

A space-resolved extreme ultraviolet (EUV) spectrometer has been upgraded to study the
impurity transport in the edge ergodic layer of large helical device (LHD) by observing the
two-dimensional distribution of impurity line emissions. The ergodic layer composing of
stochastic magnetic field lines with three-dimensional structure maintains a low-temperature
(10<T.<500eV) and relatively high-density (ne<10**cm™) plasma. The space-resolved EUV
spectrometer consists of a space-resolved slit placed in front of an entrance slit, a gold-coated
varied-line-spacing (VLS) holographic grating (1200grooves/mm) and a back-illuminated
charge-coupled device (CCD) with 1024 x 255 pixels (26.6um/pixel). The two-dimensional
measurement becomes possible by adding two stepping motors and scanning the observation
chord horizontally and vertically. Since the EUV spectrometer observes the LHD plasma with
50cm long vertical image, the measurement at three different vertical angles is required to
record the full vertical plasma image. The spatial resolution in the vertical direction is
determined by a vertical width of the spatial resolution slit. ~ Since the spatial resolution slit of
0.2mm in width is usually used, the EUV spectrometer system possesses a sufficient spatial
resolution of 10mm which roughly corresponds to one hundredth of the full vertical length at
horizontally elongated plasma cross section of the LHD plasma.

The two-dimensional distribution of impurity line emissions can be observed by scanning
the horizontal angle of the EUV spectrometer with a constant speed during a relatively long
stable discharge at a fixed vertical angle. Therefore, the spatial resolution in the horizontal
direction is a function of the scanning speed in addition to the original spatial resolution of
75mm determined by the grating size and the focal length.  Since the scanning speed is usually
set to 3mm/s, the horizontal spatial resolution is 90mm at major radius of R=3.6m. Although
the horizontal observation range is limited by a rectangular spectrometer port and a diamond
LHD port, the upgraded EUV spectrometer system secures a sufficient image area with vertical
and horizontal lengths of 1.2x0.8m? to study the impurity transport in the ergodic layer.
Furthermore, the wavelength range of the EUV spectrometer for measuring impurity line
emissions has been also extended from 50-500A to 30-650A by adding the second stage, which
enables to expand a stroke for the CCD movement in the wavelength dispersion direction from
45mm to 75mm. As a result, the radial profile of several line emissions such as CV at 40.3,
CVI at 33.7 and OV at 629.7 can be newly measured after the improvement of the spectrometer
system. For the positional calibration of the observation chords a toroidal slit with one meter
long was installed between the spectrometer and LHD post. The toroidal slit has a
rectangular-corrugated edge with a variety of opening sections of which the width is
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periodically changed from 2mm to 9mm. When the toroidal slit is closed remaining the
opening sections of the rectangular edge, the resultant vertical intensity profile of line emissions
reflects a projection of the opening sections. Thus, the vertical position of observation chords
can be accurately calibrated by considering the geometrical relation among the space-resolved
slit, the opening section of the rectangular edge and the LHD plasma. The horizontal position
is also calibrated basically with the same method. The uncertainties in the vertical and
horizontal positions are estimated to be 4mm and 10mm, respectively. The intensity of line
emissions is absolutely calibrated by comparing the bremsstrahlung continuum between visible
and EUV ranges in high-density discharges of LHD, since the absolute value of the visible
bremsstrahlung intensity is already known by use of integrated sphere as the standard lamp.

Vertical profiles of edge impurity line emissions of He Il and C IV have been measured at
different toroidal locations of LHD by changing the horizontal angle of the EUV spectrometer
shot by shot to observe the edge impurity poloidal distribution. The radial location of Hell
with ionization energy of Ei=54.4eV reflects the penetration depth of neutral helium and the
radial location of CIV with Ej=64.5eV expresses the index on the plasma edge boundary
position in the ergodic layer of LHD. The result indicates that the radial location of Hell is
positioned at inner side compared to that of CIV, whereas the ionization energy of Hell is
smaller than that of CIV. Itis found that the distance between Hell and CIV radial positions is
nearly constant, i.e., 4mm, not depending on poloidal positions of the elliptical LHD plasma.
The penetration depth of helium is analyzed for comparison with the measurement. The
analysis shows a good agreement with the measurement when the room temperature of 300K is
assumed as an energy of the neutral helium. It suggests that the neutral helium mainly enters
the plasma as the residual gas in the vacuum vessel, but not as the recycling particle from the
vacuum vessel or divertor plates. The full vertical profile of Hell is also measured at
horizontally elongated plasma cross section to compare the intensity between the top and
bottom O-points. The result shows an asymmetric profile indicating that the Hell intensity at
the bottom O-point is two times stronger than that at the top O-point. This asymmetric
intensity profile can be also seen in the CV vertical profile, while it is not seen in the vertical
profile of CVI locating inside the last closed flux surface (LCFS). The reason still remains an
open question at present.

Two-dimensional measurement of electron temperature in the ergodic layer is of crucial
importance to study the transport in the edge plasma of LHD. Until now, however, there was
no diagnostic method of measuring such the two-dimensional edge temperature distribution in
the fusion research. In the present study a diagnostic method based on the intensity ratio
between two line emissions is attempted to measure the two-dimensional electron temperature
distribution in the ergodic layer of LHD. For the purpose the line intensity ratio of Li-like
CIV and NeVIII has been adopted in the two-dimensional EUV spectroscopy, since the C**
(Ei=64.5eV) and Ne'* (E;=239eV) ions are located at edge boundary and deep inside near LCFS
of the ergodic layer, respectively. The use of such Li-like ions in the intensity ratio
measurement exhibits an important advantage that a pair of two spectral lines is closely emitted
in an adjacent wavelength. The two spectral lines can be then measured in the same CCD
position.  Since the intensity ratio is recorded as a function of time in a single discharge, any
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uncertainties based on the shot-to-shot reproducibility error in plasma discharges can be
avoided from the temperature analysis. The CIV line intensity ratio of 2p-3d (384A) to 2p-3s
(420A), of which the wavelengths are close, is calculated from ADAS atomic code. The result
shows that the ratio is sufficiently sensitive to the electron temperature but entirely insensitive
to the electron density. The vertical profile of electron temperature at the edge boundary of
ergodic layer measured from the CIV line ratio ranges in 13-16eV in the vicinity of X-point
except for the plasma edge near O-point. Since the edge boundary at O-point near helical
coils is connected to the divertor plate with short magnetic field lines around 10m, the CIV
temperature at O-point can be correlated with the temperature on the divertor plate. The
electron temperature on divertor plates measured by Langmuir probe ranges around 10eV.
Therefore, the temperature from the CIV intensity ratio shows a good consistency with the
divertor temperature.

The line intensity ratio of NeVIII 3p-2s (88.08A+88.12 A) to 3s-2p (102.9A+103.9A) is
used to measure the electron temperature at a deep inside of the ergodic layer. The vertical
electron temperature distribution evaluated from ADAS ranges in 100-130eV. The electron
temperature measured with Thomson scattering diagnostic shows 120eV at LCFS. The
electron temperature profile is also simulated with three-dimensional edge transport code,
EMC3-EIRENE, and the result indicates the electron temperature of 100eV at LCFS showing a
good agreement with the measurement.

The two-dimensional electron temperature distribution in the ergodic layer is measured at
upper half of LHD plasmas using the NeVIII intensity ratio. The electron temperature profile
is analyzed against different horizontal angles. The result indicates that the electron
temperature from NeVIIl intensity ratio in the ergodic layer does not show any specific
non-uniformity in the most part of LHD plasma. However, the electron temperature at the top
plasma edge shows a higher temperature of 210-220eV in all toroidal locations, whereas the
electron temperature in the vicinity of X-point shows lower temperature around 150-180eV.
Although further detailed analysis is necessary for understanding the difference in the electron
temperature, the observed relatively flat temperature profile is in a good agreement with result
from the three-dimensional simulation code, EMC3-EIRENE.

The CIV vertical profiles near X-point at horizontally elongated plasma cross section are
studied with magnetic field structure in the ergodic layer. In low-density range less than
2x10%cm™ the profile is almost flat. When the density increases, the two peaks newly begin
to appear near X-points in addition to usual edge peaks at O-point, whereas such peaks do not
appear in the profile of CVI locating near LCFS. Those peaks become very clear at
high-density range of ne>8x10"3cm™. All these behaviors on the CIV profile are almost the
same, even if the plasma axis position is changed. The carbon profile is also analyzed with
three-dimensional edge transport code. The simulated result well explains the basic change in
the profile. In low-density discharges, the C** ions move upstream and widely expand in the
ergodic layer due to the presence of thermal force originated in the temperature gradient along
magnetic fields, which leads to the flat CIV profile. Increasing the density, the friction force
based on collisions between impurity and background plasma ions becomes dominant and the
impurity ions are going to move downstream, so-called "impurity screening”. The C*" ions
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begin to stay in the vicinity of the X-point, where the magnetic field lines are directly connected
to divertor plates. Thus, the two peaks near X-point are formed by the increasing C** density.
As a result, the presence of the impurity screening, of which the effect can be dominantly
enhanced in the ergodic layer consisting of stochastic magnetic field lines, has been
experimentally certificated through the present study with clear evidence.

The two-dimensional CIV distribution is analyzed among configurations with different plasma
axes. It is found that the CIV intensity becomes considerably strong along the poloidal
trajectory of X-points. In addition, the CIV diagonal trace can be replaced from inboard
X-point trajectory to outboard X-point trajectory, when the plasma axis, Ray, is changed from
3.60m to 3.75m. In the simulation, however, the CIV trajectory is always enhanced at
outboard X-point despite the position of magnetic axis. In discharges with Rz =3.6m
configuration a strong particle recycling is usually observed at the inboard side. An increased
neutral density at the inboard side can enlarge the density gradient and enhance the friction
force along magnetic fields. As a result, the present result strongly suggests that the impurity
transport at the inboard side may be modified due to the localized neutral density.
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