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Two space-resolved extreme ultraviolet (EUV) spectrometers working in wavelength ranges of 10-130 A and
30-500 A have been utilized to observe the full vertical profile of tungsten line emissions by simultaneously
measuring upper- and lower-half plasmas of LHD, respectively. The radial profile of local emissivity is
reconstructed from the measured vertical profile in the overlapped wavelength range of 30-130 A and the up-
down asymmetry is examined against local emissivity profiles of WXXVIII in the UTA spectrum. The result
shows a nearly symmetric profile, suggesting a good availability in the present diagnostic method for the

impurity asymmetry study.

[. INTRODUCTION

In next-generation fusion device, ITER (International
Thermonuclear Experimental Reactor), the material of plasma-
facing components must have good capability of tolerating
extremely large thermal heat load, in addition to lower erosion
and tritium retention rates. For this reason, the tungsten is
scheduled to be used in ITER instead of carbon material.? Study
on the tungsten transport is therefore important for suppressing
the impurity accumulation at plasma core and enhancing the
impurity screening at plasma edge. Until now the impurity
transport has been basically studied as a function of the magnetic
surface. In high-Z impurities such as tungsten, however, the
radial distribution often shows an asymmetric profile. Up-down
and in-out asymmetry for argon, nickel and tungsten etc. are
reported in JET® and Alcator C-mod”. Both the neoclassical® and
anomalous radial transports® have been proved to be sensitive to
the asymmetric profile formation.  The strong poloidal
asymmetry can lead to misinterpretation of measured data, if the
full profile is not obtained in the experiment.

The tungsten transport study has been recently started in
LHD using tungsten pellet injection. Full vertical profiles of
tungsten line emissions have been successfully observed at
upper- and lower-half plasma radii based on the simultaneous
measurement using two space-resolved EUV spectrometers. In
order to check the availability of the present diagnostic method
for impurity asymmetry study, the radial profiles of local
emissivity after Abel inversion is compared in upper- and lower-
half plasmas and up-down asymmetry is then examined for
WXXVIII emission.

Il. Experimental set-up

Two space-resolved EUV spectrometers, EUV_Long2’ and
EUV_Short2?, are installed on #10-O port in LHD for measuring
the spatial distribution of impurity line emissions in the
wavelength range of 30-500 A and 10-130 A, respectively. The
LHD plasma at the port center is horizontally elongated with
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vertical diameter of AZ = ~ 1.0 m including the stochastic
magnetic field layer. A schematic diagram of two spectrometer
arrangements is shown in Fig. 1. The cubic vacuum chamber
shared by two spectrometers is evacuated by a magnetically
floating turbo molecular pump and is kept in order of 107 torr.
The optical axes of both spectrometers are perpendicular to the
magnetic axis. The 1.2 m long toroidal slit with comb-like
rectangular-corrugated apertures installed in the vacuum chamber
3 m away from spectrometers is used to calibrate the elevation
angle of each observation chord. Both spectrometers have
identical structures except for the number of grooves and angle of
incidence of the grating, i.e. 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. The
VLS grating with 1200 (2400) grooves/mm for EUV_Long2
(EUV_Short2) covers the wavelength range of 30-500 A (10-130
A). Since a relatively long distance is required between the
spectrometer and the plasma to observe a wider vertical plasma
range, e.g. 0.5 m, which corresponds to half diameter at short axis
of the elliptical LHD plasma, the spectrometers have to be placed
at a long distance of 9452 mm from the plasma center to the
spectrometer entrance slit. The large distance leads to a large
multiplication factor, which slight depends on the spectral
wavelength, e.g. 19.98 at CVI 33.74 A and 19.65 at Hell 303.78
A. The CCD is cooled down to -20 deg. by a Peltier device to
reduce the thermal noise. The CCD has an effective area of 26.6
x 6.6 mm? with the total number of pixels of 1024 x 255 (26 x 26
um?/pixel). The vertical profile and spectrum are then 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
experimental data with 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. One kind
of sub-images with 127 x 204 channels is usually used by
summing up two adjacent pixels in short axis and five adjacent
pixels in long axis. Thus, the spectra of impurity emissions are
obtained with exposure time of 61.5 ms and sampling time of 100
ms. The spectral intensity measured by EUV spectrometers is
absolutely calibrated on the basis of simultaneous profile



measurement of bremsstrahlung continua in EUV and visible
ranges. The vertical observation range of EUV_Short2 is fixed to
the upper half plasma observation (0 < Z < 50 cm). In contrast
the vertical observation range of EUV_Long2 (AZ ~ 53 cm) can
be freely selected by changing the vertical angle of the
spectrometer optical axis. But the vertical angle change may
create a systematic error in the absolute position of observation
chords.  The absolute position of observation chords in

EUV_Short2 seems to be more accurate than that in EUV_Long2.

Therefore, the vertical position calibration is frequently required
for EUV_Long2 to accurately analyze the profile data.

In the present study, EUV_Long2 for lower-half observation
is combined with EUV_Short2 for upper-half observation to
provide the full vertical profile of tungsten emission lines in the
overlapped wavelength range of 30-130 A. In general LHD
plasma discharges, CVI (33.73 A) intensity is strong enough for
the accurate positional calibration of all observation chords.
Then, the positional calibration is carried out with the CVI
vertical profile assuming that the CVI locates at the same radial
position in both the upper- and lower-half plasmas. Thus, the up-
down asymmetry study is possible for tungsten.
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FIG. 1. Side view of two space-resolved EUV spectrometers.

[ll. Experimental Results

A series of experiments on the high-Z impurity study have
been done in LHD by injecting an impurity pellet. EUV spectra
from tungsten ions in high-ionization stages have been observed
in LHD. A typical discharge with a relatively big coaxial
tungsten pellet (tungsten wire: 0.05 mm in diameter x 0.7 mm in
length, graphite cylinder: 0.7 mm in diameter x 0.7 mm in length)
injected at horizontal mid-plane is shown in Fig. 2. The
discharge is maintained by two negative-ion-source-based neutral
beams (n-NBI#1 and #2) with energy of 180 keV during 4.7-5.7 s
and by two positive-ion-source-based neutral beams (p-NBI#4
and #5) with energy of 40 keV. Line-averaged electron density,
ne, quickly increases at pellet injection of t = 4.8 s. It also
gradually increases during p-NBI phase due to a reduction of
edge particle screening. Central electron temperature, Teo, and
plasma stored energy, W,, rapidly decrease and then slowly
recover during n-NBI phase. Radiation power after rapid
increase gradually decreases and reaches the original level after
0.5s of the pellet injection.

The unresolved transition array (UTA) spectra from
tungsten ions measured at 5.3 s are shown for EUV_Long2 and
EUV_Short2 in Fig. 3 with wavelength range of 40-60 A, while
the observed ranges of EUV_Long2 and EUV_Short2 are 41-70
A and 40-57 A, respectively. The tungsten ionization stages are
also denoted in the figures with arrows. It should be noted here
that the tungsten ions seen in the UTA spectra are located in the
plasma center at t=5.3s and the centrally peaked emission profile
can give more accurate analysis on the up-down asymmetry. The
identification is done with EUV spectra measured by a high-time
response EUV_Short spectrometer without spatial resolution®. It
is noted here that the spectral resolution of EUV_Short is
considerably high in this wavelength range compared to
EUV_Long', as shown in Fig. 3. The UTA spectra are usually

appeared in the electron temperature range of 1-2 keV at
wavelength interval of 45-70 A. Since the UTA consists of many
transitions from tungsten ions in different ionization stages and
the spectral lines overlap each other, it is often difficult to extract
an emission line.

The vertical profiles at 5.3 s (0.5 s after tungsten pellet
injection) extracted from single channel near 48 A are plotted in
Fig. 4. The ionization stage of tungsten at the wavelength is
believed to be W?* ions. The lower-half profile in Fig. 4(a) is
taken from EUV_Long?2 data at wavelength interval of 48.04 A <
A < 48.26 A and the upper-half profile is taken from EUV_Short2
data at wavelength interval of 48.03 A <. <48.16 A. In order to
extract the wavelength interval shown in Fig. 4(a), we have
carefully checked the vertical profiles in the whole wavelength
range of UTA shown in Fig. 3. In several profiles at different
wavelengths in the UTA the second peak appears in addition to
the central peak indicating certain tungsten emission from lower
ionization stages is blended. Such data are avoided from the
present analysis.
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FIG. 2. Discharge waveform with tungsten pellet injection at

4.8s; (a) NBI port-through power, (b) line-averaged electron

density, (c) central electron temperature, (d) plasma stored energy

and (e) total radiation power.
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FIG. 3. Tungsten UTA spectra at t=5.3s measured with (a)
EUV_Long2 and (b) EUV_Short2. It should be noticed that the



apparent spectral resolution is not good in both the EUV_Long2
and EUV_Short2 because the binning is made in the CCD
horizontal pixel for faster sampling time.
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FIG. 4. (a) Vertical profiles of WXXVIII at lower- (solid line)
and upper-half (dashed line) plasma radii at t=5.3s measured with
EUV_Long2 and EUV_Short2, respectively, and (b) lower-half
profile superimposed on upper-half profile.

In order to examine the apparent up-down asymmetry, the
lower-half profile is superimposed on the upper-half profile. The
result is shown in Fig. 4(b). It is understood that the two vertical
profiles almost overlap each other at every vertical position,
suggesting no asymmetry obviously exists. Due to a different
arrangement of EUV_Long2 and EUV_Short2 shown in Fig. 1,
the observation chord length and angle in plasmas are slightly
different between EUV_Long2 and EUV_Short2. The effect of
different arrangements on the asymmetry study may be not
negligible. Therefore, the up-down asymmetry is also examined
against the local emissivity profile.

The radial profile of local emissivity is analyzed by
reconstructing the measured vertical profile based on the Abel
inversion method, in which the magnetic surface necessary for
the analysis is calculated with VMEC code. The lower- and
upper-half vertical profiles are separately analyzed based on the
data in Fig. 4 with taking into account the wavelength-dependent
intensity calibration factor for both the spectrometers. Since a
relatively large spike noise appears in the vertical profile from
EUV_Short2, which is caused by high-energy neutrals
originating in NBI fast ions, a polynomial fitting is applied in
analyzing the vertical profile. A series of intersections is
obtained based on the observation chords and magnetic surfaces
calculated with VMEC code, and unit chord length between two

adjacent magnetic surfaces is then calculated for all the
observation chords. The local emissivity, &(p), is then obtained
by the following equation:

I(r)=X¢e(p) AL, (1)
where I(r) and Al represent the emission intensity in the vertical
profile and unit chord length. The local lower- and upper-half
emissivity profiles analyzed for WXXVIII emission are plotted in
Fig. 5. It also shows the same result as Fig. 4(b). No significant
difference showing the asymmetry is found at least in the present
experimental condition. It is then understood that the effect of
different arrangements between the two spectrometers is entirely
small.

In summary, the emissivity profile of tungsten ions is
symmetric within the data uncertainty at the present discharge
condition. It should be also mentioned that the present method of
utilizing two  space-resolved EUV  spectrometers to
simultaneously observe the full vertical profile can work well for
the asymmetry study of heavier impurity ions.
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FIG. 5. Local emissivity profiles of WXXVIII at lower- (solid
line) and upper-half (dashed line) plasma radii reconstructed with
Abel inversion method.
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