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Abstract

A transmission grating-based imaging spectrometer has recently been installed and operated
on the National Spherical Torus Experiment (NSTX) at PPPL. This paper describes the
spectral and spatial characteristics of impurity emission under different operating conditions of
the experiment—neutral beam heated, ohmic heated and RF heated plasma. A typical
spectrum from each scenario is analyzed to provide quantitative estimates of impurity fractions

in the plasma.

(Some figures may appear in colour only in the online journal)

1. Introduction

Monitoring and eventually preventing the loss of power by
radiation from impurities in magnetic fusion experiments is an
important part of fusion physics research. A wide variety of
impurities ranging from low Z elements such as Li, C, O to
high Z elements such as Fe, Mo, W have been observed in
tokamak plasmas [1]. Spectroscopy in the XUV range has the
benefit of being able to monitor radiation from the ground state
of many impurity ion charge states and is useful in studying
edge impurity behavior and impurity transport. For example,
recently a space resolved XUV spectrometer was used to study
the impurity transport and ergodic magnetic field structure on
LHD [2].

A transmission grating-based imaging spectrometer
(TGIS) [3,4] was designed and built by the plasma
spectroscopy group at the Johns Hopkins University. The
spectrometer operated on the National Spherical Torus
Experiment (NSTX). The spectrometer operates in a survey
mode with a wavelength coverage from 30 to 700 /0%, and a
resolution of SA/A ~ 3%. The 22° field of view of the
spectrometer measures emission between 0.9m < R < 1.5m,
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with a spatial resolution of 2.7cm. The time resolution of
the spectrometer was limited in the experiments described
in this paper by the image readout speed of ~400ms.
An upgraded version of the spectrometer with an order of
magnitude better time resolution has been tested on a low
temperature reflex discharge [4]. The design of the instrument
and calibration of the grating have been described in earlier
publications [3,4]. This paper describes measurements of
space localized emissivities of spectra originating from charge-
exchange and electron excited emission in NSTX plasmas.
The paper is organized as follows: section 2 describes
the operating principle of the transmission grating-based
spectrometer. This section also describes the process of
absolute calibration of the spectrometer and the expected
variation of efficiency over the wavelength range covered
by the spectrometer. Three prominent plasma heating
mechanisms are employed on NSTX—neutral beam, ohmic
and radio frequency. The spectra obtained from these heating
scenarios are described in section 3. Discussion of the spectra
and derivation of quantitative impurity fractions in the plasma
is covered in section 4. Section 5 concludes the paper with a
discussion of applications and upgrades of the spectrometer.
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Figure 1. The TGIS spectrometer is shown imaging the mid-plane
of NSTX with the heating neutral beam within its field of view.

2. The spectrometer

Figure 1 shows the working principle of the TGIS: the
entrance and the imaging slit limit the view of the spectrometer
along the horizontal mid-plane of NSTX. The width of the
imaging slit provides the spatial resolution of the spectrometer.
The wavelength dispersion is provided by a free standing
transmission grating, and thus the measured spectrum on the
2D detector has both the wavelength and spatial resolution. For
the data presented in this paper, a Csl coated micro-channel
plate (MCP) was used as the 2D detector. The wavelength
resolution of the spectrometer is determined by the number of
grating periods within the slit height and the angle subtended
by the height of imaging slit on the detector [5].

Figure 2(a) shows the mid-plane section of NSTX
showing the density distribution of neutrals from the heating
neutral beams and the view of the TGIS with respect to it.
NSTX is a low aspect ratio (R/a > 1.26) spherical tokamak
where the last closed flux surface (LCFS) is typically at aradius
of ~1.4-1.5m and the magnetic axis at about 1 m. Thus the
TGIS measures space-resolved XUV impurity emission from
both charge exchange of low and medium Z impurities with
heating neutral beams and collisionally excited emission from
the edge/pedestal and from the core during ramp down and
radiative collapse. During the 2010 run of NSTX the region
with tangency radius Ry < 1.1 m was vignetted because of
a misalignment of slits within the TGIS. The figures in this
paper show the spectrum from the vignetted spatial region,
even though no quantitative results are derived from this region.

2.1. Absolute photometric calibration of TGIS

To obtain an absolute photometric calibration of TGIS, the
brightness of the Cvi n = 3-2 charge-exchange line was
simulated for NSTX conditions and compared with the

brightness measured by the TGIS. The calibration is described
below.

The three heating neutral beams on NSTX inject
deuterium neutrals and operate at typical accelerating voltage
of V.= 90kV. Because of the presence of molecular residuals
in the neutral beam source, the neutrals emerge at energies
E; = V/j, where j = 1,2,3. The divergence of the
neutral beam and the fractional abundance of neutrals at
various energies has been calibrated for the different beams [6].
The beam is collisionally attenuated inside the plasma; thus,
the relative decrease in neutral beam density is given by
- % = o (x)n.(x)dl, where dl is the incremental linear path
length of the beam neutrals and o is the beam stopping cross
section. o depends on the energy of the neutrals, the electron
density, temperature and the impurity concentrations. For this
paper, the beam stopping cross section was calculated using
coefficients similar to those described by Janev ef al [7].
An illustration of the calculated neutral beam density for a
particular energy of beam atoms is shown in figure 2(a).

The absolutely calibrated charge-exchange spectroscopy
system (CHERS) on NSTX measures the emission from C vi
n = 8-7 line [8], and is used to calculate the mid-plane spatial
density of fully stripped carbon, n(C®"). The NSTX mid-plane
emissivity from the Cvi n = 3-2 charge-exchange line can
thus be calculated as

3
ea@ =Y Y nCHvm, (@032, (1)

beams j=1

where v; is the velocity of the neutral beam particles with
energy E;, n,; is the density of those neutral particles,
and 03— is the charge-exchange emission cross section for
the transition. Unless otherwise mentioned, the charge-
exchange emission cross sections were obtained from Isler [9].
Figure 2(b) shows an example of the mid-plane emissivity of
Cv1 n = 3-2 charge-exchange line.

The brightness measured by the TGIS along a line of sight
(parameterized by the viewing angle 6) is

1
L;»(0) = E// €3 2(x)dldt, 2

where the length integral is along the line of sight and the
time integral over the exposure time of the spectrum. The
measured brightness of the charge exchange line is compared
with the simulated brightness in figure 3. The scaling factor for
the measured line profile provides the absolute calibration for
the TGIS. As seen from figure 3, the measured and simulated
brightness profiles match fairly well. The better match from the
measured profile of the second order radiation can be attributed
to the slight saturation in the detector for the signal measured
at 182 A.

The calibration process described above did not account
for three other sources of line emission Cvi n = 3-2. These
are (a) Electron excited emission in the edge from the collisions
between electrons and C*, (b) charge exchange between halo
neutrals from the neutral beams and fully stripped carbon
ions, and (c) charge-exchange between the wall recycled
neutrals and fully stripped carbon ions. The contribution
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Figure 2. Mid-plane view of the TGIS on NSTX showing the magnetic axis and the LCFS. (a) The color contours represent the neutral
density (m~?) from heating neutral beams at an energy of 90kV, at r = 0.7 s, shot # 142192. (b) The color contours represent the emissivity
from charge-exchange C v (3-2) in photonsm—3s~', at t = 0.7 s, shot # 142192.
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Figure 3. Comparison between measured and simulated brightness
of charge-exchange C vin = 3-2 line (see experimental spectrum in
figure 6).

from these three effects may be a significant fraction of
the measured charge-exchange brightness [10] and so their
relative contributions are described next. For the typical NSTX
parameters (n., T¢), the brightness of the collisionally excited
Cvin = 3-2 radiation is two orders of magnitude lower than
the brightness of the charge exchange from the heating neutral
beam. Thus neglecting the contribution from electron excited
emission does not introduce significant errors in the calibration
process above. The density of the halo neutrals was simulated
by the FIDASIM code [11] and was found to be higher than the
density of active beam neutrals. However, their contribution
to the measured charge-exchange brightness by the TGIS is
on the order of <,/7i/E; of the active charge-exchange signal
and is again negligible. In contrast, the contribution from the
charge-exchange signal from the recycled wall neutrals can be
significant if the recycled neutral density is high. Figure 3
shows the location of LCES and also an arrow pointing to the
contribution of charge exchange from the recycled neutrals.
The contribution of these recycled wall neutrals is expected to
peak in the edge near the LCFS and not where the peak in active
charge-exchange brightness is measured. Thus, neglecting the
effect of recycled neutrals underestimates the calibration factor
derived above by as much as 15%.

2.2. Efficiency of the TGIS over the wavelength range

The diffraction efficiency of the grating is fairly uniform
(~10%) in the wavelength range 100-300 A [3], and the
efficiency of the CsI coated MCP detector is expected to vary
within a factor of 2 in the wavelength range 100—440 A [12].
The measured and simulated brightness of the Cvi n = 4-3
line at 521 A were compared with each other similar to figure 3.
It was found that the efficiency of the TGIS (grating and
detector combined) falls by 42%. Because of this decrease
in the efficiency with increasing wavelength, the quantitative
estimates of Cl and Fe concentration given in section 4 are
underestimates. These concentrations were determined by
observing transitions at 384 A and 335 A, respectively (see
figure 6).

This section described the absolute photometric and
the relative wavelength calibration of the TGIS from data
gathered on NSTX. However, calibration on a synchrotron
radiation facility is expected to be more accurate and is being
planned.

3. Results

3.1. Spectra obtained from ohmic plasmas

Carbon, lithium and oxygen were the typical impurities
detected in NSTX ohmic plasmas. Spectrum obtained from
the L-mode ohmic shot # 141739 is shown in figure 4. The
most prominent emitting ions in this spectrum are Lim, C1v
and CvI. As one can see, the emission from C1v is localized
to the outermost edges of the plasma R ~ 1.4m, while
Lim and Cvi are emitting further inward. The localized
emissivities are presented in detail in section 4.1. The typical
core electron density and temperature during the current flat
top were ne ~ 3 x 103 cm™3 and T, ~ 0.6 keV. The plasma
parameters for this shot are described in figure 5. The exposure
time for the TGIS detector is more than the typical duration of
ohmic plasmas, and so the spectrum covers the ramp down as
well (see figure 5(a)).

3.2. Spectra obtained from neutral beam heated plasmas

Figure 6 shows a typical spectrum obtained from a neutral beam
heated H-mode plasma shot # 142192 on NSTX. The typical
core electron densities and temperature during this time were
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ne ~ 8 x 1083 cm™ and 7. ~ 0.9keV, respectively. The
plasma parameters for this shot are shown in figure 7. The
dotted red lines in the spectrum show the region of intense beam
interaction (1.32m > Rt > 1.21m), where the density of
beam neutrals is high (see figure 2). The spectrum in this spatial
region is dominated by charge exchange from low Z impurities
such as C and O. Emission from medium Z impurities such as
CI and Fe consists of both the charge-exchange and electron
excited emission from the edge.

A ‘spectral cut’ at tangency radius Ry = 1.27m is
shown in figure 8. The red arrow in the figure indicates that
the spectrum from NB plasma has a significant continuum
contribution at wavelengths below 300 A. This continuum is
from Bremsstrahlung and higher order diffraction of radiation,
primarily from carbon charge exchange. The quantitative

Shot141739

124 117 1.1 1.03 0.95 0.8 0.8
Tangency Radius (m)

1.43 137 1.31

Figure 4. Example of a TGIS spectrum from an L-mode ohmic
NSTX plasma.

estimates made in the next section are carried out by
empirically subtracting the continuum contribution from the
measured spatial profiles of the spectral lines.

3.3. Spectra obtained from RF heated plasmas

In the NSTX tokamak, auxiliary heating by RF antennas
was provided either for deuterium plasmas or for helium
plasmas. Figure 9(a) shows a spectrum obtained from RF
heated deuterium plasma (shot #142001). The typical core
electron density and temperature for this shot were n. ~
3x 10" cm~3 and T, ~ 0.8 keV. Figure 9(b) shows a spectrum
obtained from RF heated helium plasma (shot #141857). The
typical core electron density and temperature in this case were
ne ~ 2 x 108 cm™3 and T, ~ 1.2keV. Similar to the ohmic
shots, the exposure time of the spectrum from RF shot includes
the period of ramp down as well.

The TGIS detects emission from Na-like Cu in figure
9(a) as Cu is introduced into the plasma from arcing in the
RF antenna. The brightness of the Na-like Cu in figure 9(a)
peaks in the mid-radius region at R ~ 1.3 m and not in the c
ore, which is consistent with coronal equilibrium charge state
distribution of Cu [13].

In the He plasma (see figure 9(b)), the most prominent
impurity is Li. The local emissivity of He m and Li 11 also peaks
in the edge, exhibiting a very wide spatial profile. The He and
Li concentrations calculated from their peak emissivities are
n(He'*) ~ 1.5 x 1073 x n, and n(Li>*) ~ 1073 x n.. The
procedure for deriving these impurity fractions is described in
section 4.1.

4. Discussion

4.1. Localized emissivity from ohmic heated NSTX plasmas

The spectrum from ohmic heated plasma, presented in
section 3.1, is analyzed further in this section to determine the
impurity fractions and show the space localized emissivities

1o}t — Plasma Current (MA) —— Electron Density x 3 x 103 (cm™)
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Figure 5. Plasma parameters for the spectrum shown in figure 4. (@) Plasma toroidal current, radiated power and line-averaged electron
density as a function of time. The cyan rectangle shows the exposure time of the spectrum. (b) Mid-plane electron density and temperature
averaged over 0.2 < ¢t < 0.4s. The solid arrows denote the expected location of peak Limr and C vi emissivity based on equilibrium
ionization balance (no transport). The dotted arrows denote the location of maximum Limt and C vi emissivity measured by the TGIS (see

figure 10(b)).
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from the impurities. The brightness from Ly-« emission from
Li, C and 2p-3d transition from C 1v are shown in figure 10(a).
The corresponding Abel inverted emissivity profiles are shown
in figure 10(b). The spatially localized emissivity profiles thus
obtained highlight the capability of the TGIS to do space-
resolved measurements. In the absence of transport, the Li and
C emissivities should have peaked at radii 1.47 m and 1.43 m,
respectively. However, the significant inward shift in their
peak emissivity (see figure 10(b)) can be caused by transport
and change in ionization equilibrium through recombination
from thermal neutrals [14]. Figure 10(b) shows a second peak
in the emissivity of Ly-a radiation from C. The origin of this
second peak is currently unknown.

As seen from figure 5(a), the exposure time of the
spectrum covers the ramp down. The contribution from the
ramp down may have caused the wide emissivity profiles and
the second bump in the C emissivity at aradius of 1.17 m shown
in figure 10(b).
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Figure 6. Spectrum from a typical neutral beam heated NSTX
plasma. The principal quantum numbers of the charge-exchange
transitions are shown in subscript.

The localized emissivities shown in figure 10(b) can be
used to calculate the impurity density. Assuming

Emissivity (zg) = /e(ne, T.) X f X ne(xo) X ne(xp)ds, (3)

where e is the photon emissivity coefficient for electron excited
emission derived from the ADAS atomic database [15], f
is the impurity fraction of a particular charge state, and x
is the radial location of the peak emissivity (for example,
xo = 1.37m for Lim in figure 10(b)). The time integral is
performed for the exposure time of the spectrum, during which
the plasma current is constant. Equation (3) can be used to
estimate the impurity fraction, f,ifitis assumed to be constant
in time. Thus, the peak impurity fractions from figure 10(b)
are n(C>) ~ 4 x 1075 x ne, n(C*) ~ 2 x 1073 x n, and
n(Li?*) ~ 3 x 107* x ne.

4.2. Impurity fractions in neutral beam heated NSTX plasmas

The spectrum from neutral beam heated plasma shows that
carbon is the most prominent low Z impurity in neutral beam
heated experiments (see figure 6). The impurity fraction of
carbon is usually of the order of ~0.05 X n., as measured
by an optical charge-exchange system [8]. By simulating the
brightness of the charge-exchange signal from O vii n = 4-3
transition, it was found that the fraction of fully stripped
oxygen was of the order of ~0.002 x n. at the peak of the
beam interaction region.

Introduction of lithium at the edge of various fusion
experiments has shown favorable increase in fusion power [16]
and in energy confinement times [16,17]. NSTX is
investigating the effect of lithium wall coatings by evaporating
lithium onto the walls and a heated lower divertor plate. A
significant result from the NSTX experiments was the evidence
that even with extensive Li conditioning of the carbon walls,
the lithium does not contaminate the plasma [18-20]. In fact,
the optical charge-exchange system found the concentration of
fully stripped Li inside the plasma to be 2 orders of magnitude

15 ‘ ‘ ‘ : :
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Radiated Power x 0.25 (MW)
— Line density x 1078 cm™
1t . 08F
06
0.5 04r
02r
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.6 1.4 1.2 1
(a) Time (s) (b) Radius (m)

Figure 7. Plasma parameters for the spectrum shown in figure 6. (a) Plasma toroidal current, input power, radiated power and line-averaged
electron density as a function of time. The cyan rectangle shows the exposure time of the spectrum. (b) Mid-plane electron density and

temperature averaged over the exposure time of the spectrum.
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lower than the concentration of fully stripped carbon. This was
attributed to low recycling of Li ions from the wall [19].

The emission measured by the TGIS at 135 A is a blend
of charge-exchange emission from Cvi n = 4-2, electron
excited and charge-exchange emission from Lim n = 2-1.
Figure 11 shows the brightness measured by the TGIS at
135 A. For comparison, the simulated contribution from the
carbon charge exchange is also shown in the figure. The
emission cross section for the Cvi n = 4-2 charge exchange
was derived from the ADAS database [15] and the calibration
factor derived in section 2.1 was used in comparing with
the measured brightness. The comparison confirms that a
significant contribution to the brightness of the signal is from
Li in the edge of the plasma. However, because of the blend,
this direct measurement of the brightness is insufficient to yield
quantitative information on Li concentration inside the plasma.
Instead one might use the charge-exchange line Lim n = 3-1

4

2x1O ‘
e
150 F f
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<
>
g 1
C
(0]
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O i i i i i i
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Wavelength (A)

Figure 8. Spectrum observed at tangency radius Rt = 1.27 m from
figure 6.

Shot142001

Region of vignetting
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<—384A:CIV

<—303 A: Cu XIX
<—273 A: CuXIX

<—34A:CcVI

at 114 A which is free of any blends. As seen in the figure 8,
the intensity of the line is not measurable because of proximity
to other charge-exchange lines. However, assuming that the
strength of the measured charge-exchange signal is below the
noise level of the system yields an upper limit on lithium
density inside the plasma: n(Li**) < 0.1 x n(C°") (emission
cross section derived from ADAS database [15]). Better
bounds on the low levels of Li concentration are expected from
the TGIS upgrade which has an improved spectral resolution
of ~6 A [4].

Chlorine is the most prominent medium Z impurity in
neutral beam heated plasmas on NSTX. Chlorine has been
observed in other magnetic fusion experiments in the past
[21-23] and its presence is often attributed to it being absorbed
during lamination of wall materials [23] or possibly originating
from solvent used in cleaning vacuum components [22]. While
the source of chlorine in NSTX is not confirmed at this point, its
behavior was found to be similar to that on JET tokamak [21],
i.e. the level of chlorine reduces gradually after a vessel vent
and is not detectable after a few hundred discharges.

The presence of Cl in NSTX was confirmed by the
presence of simultaneous emission from Li- and Be-like Cl
ions: Clxiv 2s? 1So—252p1P1, Clxv 2s 281/2—2p2P1/2,3/2 (see
figure 12, note that the intensity ratio of the doublet transitions
is 1/2). Equilibrium ionization balance calculations show that
Cl x1v and Cl xv should exist in the mid-radius region of NSTX
plasmas, while Cl xvi should exist from the edge all the way in
to the core. Asseen from figure 12, the Cl emission is a blend of
charge-exchange and electron excitation emission. This makes
it difficult to Abel invert the brightness profile. However,
approximate density of Cl xvi can be obtained from the charge-
exchange contribution in the signal shown in figure 12. If one
assumes that the charge-exchange emission cross section for
Cl xv 2p—2s is approximately of the same order of magnitude as
the charge-exchange emission cross section of Arxvin = 3-2
[24], one infers an approximate concentration of n(C115+) ~
1073 x 1. Also, if one assumes that Li-like and Be-like Cl exist
in shells of typical thickness ér ~ 10cm, in the mid-radius
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Figure 9. Examples of TGIS spectrum from RF heated shots. (a) Spectrum indicating the presence of Cu due to arcing in the antenna in a
deuterium shot. (b) Spectrum showing the presence of He and Li in a RF heated He plasma.

6



Plasma Phys. Control. Fusion 54 (2012) 065010

D Kumar et al

17

9x10 — ‘
—34A:CVI

gl — 135 A:Lilll ]
—384A:CIV

Brightness (photons/mz/sr)

0 i
15 1.45 14
(a) Tangency radius (m)

1.25 1.2

1.35 1.3

1.15 1.1

12x10 —
—34A:CcVI
—135A: Lilll

107 ——384A: CIV||

Second peak

Emissivity (photons/ms)
o

. 1.1
(b) Radius (m)

Figure 10. (a) Examples of spatial distribution of emission measured in the ohmic plasma shot shown in figure 4. (b) Abel inverted radial
emissivity and the corresponding error bars from the profiles shown in (a).
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Figure 11. Comparison between measured and simulated
charge-exchange C vi n = 4-2 line from figure 6.

region where the electron temperature is ~300eV, one can
calculate the expected brightness from their line emission by
Brightness ~ %At fn2e(ne, T.)26r, 4)
where Ar is the exposure time of the spectrum, and €
is the photon emissivity coefficient derived from ADAS
database [15]. An order of magnitude estimate for the Cl
density can be found from the above expression: n(C1%) ~
n(CI'"*™) ~ 5 x 1075 x n.
Fe was observed in a few neutral beam heated plasmas,
and like Cl, the emission was both from charge exchange and
electron excitation. An order of magnitude approximation to

the Fe concentration can be found by the method described
above: n(Fe'™) ~ 5 x 107° x n.>.

3 As noted in section 2.2, the Cl and Fe concentrations mentioned here are
underestimates (but correct order of magnitude) because of the assumed flat
response of the detector with increasing wavelength.
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Figure 12. Spatial distribution of Cl emission from spectrum shown
in figure 6.

5. Conclusion

This paper presented the typical spectra obtained by an imaging
XUV spectrometer (TGIS) on NSTX. The space resolving
capability of this survey spectrometer was highlighted by the
detection of localized charge-exchange radiation (NB heated
shots) and also from the electron excited emission from
the edge (Abel inverted emissivity from ohmic/RF shots).
Furthermore, the spectrometer also detects charge-exchange
signals in medium Z impurities (Cl, Fe) and emission from the
core during the ramp down phase. For an example of emission
peaking in the core during a radiative collapse, the reader is
referred to an earlier publication [4].

A fast detection (10ms) and better resolution (~6 10\)
version TGIS has been implemented successfully [4]. Direct
XUV photon detection using CCDs has also been tested in the
laboratory [4]. Such upgrades will improve the applicability
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of the TGIS for transport experiments, especially involving
high Z elements such as tungsten and radiation modeling of
the divertor.
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