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This contribution outlines the first preliminary acquisition data obtained by the GEM diagnostics on WEST. It was
designed to monitor the radiation of impurities with a particular focus on the challenges of the elaborated plasma
imaging technology in the area of SXR radiation. The details of the developed diagnostics and preliminary results
obtained within the commissioning phase of the diagnostics at the WEST Project are provided. It is shown that
both spatially and spectrally resolved calibrated data could be collected. A comparison with other WEST di-
agnostics manifests good qualitative agreement. Currently, the developed system records rather high energy part
of the SXR radiation (above 4 keV), that nevertheless still could be useful to assess an intensification of the

1. Introduction

One of the tasks associated with the study of plasma wall interaction
in tokamaks, is to study the process of the formation and behaviour of
plasma contamination induced by this interaction. One has to note that
plasma contamination can cause many instabilities and may even lead to
the disruption of the plasma. Of a particular interest here is tungsten,
which is to be used as divertor material in the ITER reactor. Basic in-
formation on impurities is, in general, obtained by studying linear
emission of their atoms and ions. The solution of most contamination
problems depends to a decisive degree on the knowledge of the dy-
namics of impurities emission in time and space (in the cross-section of
the plasma).

X-ray tomography and spectroscopy for getting the knowledge of the
dynamics of impurities emission in time and space (in the cross-section
of the plasma) are recognized, effective and powerful tools in plasma
diagnostics. They provide practical means to study tungsten components
erosion, its consequences and material’s migration. The search for new
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technologies in the field of plasma diagnostics entails the increasing
demands on the radiative stability of the used materials due to devel-
opment and usage of fusion facilities, where the study of processes
occurring during the interaction of radiation with matter has become
particularly important. Currently, a new X-ray imaging detection tech-
nology is required for tokamaks such as ITER. X-ray detectors that are
being used nowadays in existing equipment may rapidly degrade due to
large neutron fluxes characteristic for the D-T and D-D tokamak exper-
iments [1,2]. Recently, new type of detectors has been proposed for
plasma physics application [3-6] aiming for the future thermonuclear
reactors.

The present work concerns the development of the tomographic
system for plasma radiation measurements aimed to be exploited at the
WEST project instead of the former SXR diagnostics (DTOMOX [7]).
Significant improvements in spatial resolution are expected compared to
the former diagnostics with additional, for the first time, photon energy
discrimination capabilities to be available in the new system.

The developed system is based on the Gas Electron Multiplier (GEM)
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technology of the modern micropattern gaseous detectors [8]. This type
of detectors bases its principle on gaseous multiplication (typically
10%-10° times) of the photoelectrons originated from the incoming
ionizing radiation. A typical triple-GEM detector has a layered structure.
The gaseous volume is separated by a detector window (that yet serves
as a cathode) of 5/0.2 pm thick Mylar/Al, then three GEMs, densely
perforated thin Kapton foils each covered with Cu layers on both sides
(serving as electrodes), are distanced from the window and each other.
The gas chamber is closed by a structured readout board (an anode
collecting the generated charge). Irradiation of the detector produces
electron signals on its readout electrode. Those signals are then acquired
and processed by the dedicated electronics producing pulse-height
spectra for each line-of-sight, for the moment, in offline mode. First of
two foreseen cameras with 85 lines of sight (LOS) has been installed in
the vertical port Q2AH at the WEST project covering conically the
divertor view and about one third of edge-to-edge plasma view in the
equatorial plane. The reported particular details on the prepared
monitoring system could be found in [4,9-14] and references therein.

2. Experimental details

The prepared GEM-based diagnostics system was employed during
the last, C4, WEST experimental campaign. The spectra were gathered
through 47.3 cm air layer (see Fig. 2 in [4] for the overall layout) be-
tween the pinhole and the detector window. That imposes an energy
threshold of about 4 keV. The upper recorded photon energy limit is
constrained by the detector’s efficiency and applied high voltages to the
GEM foils (amplification stage of the detector). The detector’s centre
(pinhole position) is shifted outboard by ~3 cm related to the plasma
centre. The system data acquisition was launched by the provided
external trigger which was synchronised with other WEST diagnostics.
The obtained plasma radiation data could be processed with arbitrary
time resolution (down to 10 ps) of the system adjusted to the observed
statistics. Two *°Fe gamma sources, permanently mounted in the front of
the detector, were used for the energy calibration purposes. A few
analysed pulses were characterised by the stable detector amplification,
verified by calibration radiation spectra taken before and after a pulse.
All the plasma data were collected keeping the similar detector’s HV
values (providing ~2-10* amplification factor) and the main parameters
of the acquisition electronics. Two pulses #54981 and #55166 are
presented and discussed here selected based on the diagnostics proper
functioning rather than on the detailed physics analysis.

In order to compare the obtained spectra and profiles with other
diagnostics the detector’s quantum efficiency was calculated by
GEANT4 code [15] considering gas working medium and taking into
account the entire detector’s structure. The detective quantum

2 0.6 . . . . 0.8
g b=
‘505t .2
— wn
i 0.6.7
m 0.4f g
£ 2
g 03} 0.4 E
S 02} 0
o 0.259
g 0.1 -
3 0.0 : 0.0
S 0 2 4 6 8 10

A Photon Energy [keV]

Fig. 1. Calculated DQE of the exploited GEM detector filled with Ar/CO, (70/
30) gas mixture together with the transmission of the air in the front of the
detector and 50 ym Be window on the pinhole.
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efficiency (DQE) is shown in Fig. 1 together with the calculated trans-
mission of the air and beryllium window [16] of 50 um thickness on the
pinhole occurring in the front of the detector. As can be seen the spectral
sensitivity of the diagnostics for the collected data rises from 4 keV, thus,
for the moment it distinguishes rather bremsstrahlung than SXR linear
radiation. It should be mentioned that the spectral sensitivity of the SXR
diagnostics DTOMOX (taken for comparison) at the horizontal port is in
the range of 3-15 keV.

In Fig. 2 experimental time evolution profiles are shown for #54981,
deuterium plasma discharge in L-mode, where Lower Hybrid Current
Drive (LHCD) heating was used. The recorded GEM-based diagnostics
time profile (integrated over photon energy) is compared to SXR, HXR
and neutron data. Different colours on SXR and HXR data correspond to
45 and 38 horizontal LOS, respectively, with the integrated radiation
energy. For both pulses maximum intensity of SXR and HXR radiation is
revealed by the central LOS. Reasonable agreement was observed be-
tween the GEM signal and HXR radiation for this pulse, with some less
pronounced relation to SXR data. Two time slices of 50 ms duration were
chosen for further analysis: centred at 5 and 8 s at different heating
power values of 1.5 and 2.5 MW, respectively.

Similar time traces are shown in Fig. 3 for #55166, L-mode deute-
rium plasma discharge with Ion Cyclotron Resonance Heating (ICRH). In
this case the GEM-based signal could be associated with both SXR and
HXR/neutron time traces. Several time slices of 50 ms duration were
selected for further analysis: centred at 4, 5.35, 6.8 and 8 s.

It is worth noting that all the photon diagnostics (including the
developed one) are of the different spectral response, therefore the im-
mediate connection between them would be barely established.

3. Simulations of the plasma parameters

In order to support the analysis of the obtained experimental data
some efforts were taken to simulate the plasma radiation spectra based
on the experimental input for a given pulse. First, COREDIV code [17]
was used to reproduce the experimental plasma parameters and obtain
the missing information about the plasma impurities and their radiation
power. The used physical model is based on a self-consistent coupling of
the radial transport in the core to the 2D multifluid description of the
scrape-off layer (SOL). In the core plasma, the 1D radial transport
equations for bulk ions, for each ionization state of impurity ions and for
the electron and ion temperature, are solved. Whereas in the SOL the 2D
boundary layer code EPIT was used, primarily based on Braginskii-like
equations for the background plasma and on rate equations for each
ionization state of each impurity species. The sputtering processes of
tungsten at target plate are taken into account. The results include the
existence of the self-regulating mechanism, which couples the tungsten
production at the target with the W radiation in the core.

COREDIV simulations for each of the considered pulses were per-
formed assuming only three main impurities are expected to be present
(i.e., observed experimentally) in the plasma, namely, N, O and W, with
negligible amount of Ni. Since the energy balance depends strongly on
the coupling between the bulk and the SOL plasma, modelling requires
the transport problem to be addressed in both regions simultaneously.
This is more important for the WEST project, where tungsten is produced
by plasma-wall interaction and is a source of radiation emission from the
core plasma. The joined treatment of both regions is necessary as long as
the edge plasma is not separated from the bulk plasma.

Since the model is relatively complex, only the aspects relevant to the
present study are pointed out. Some differences in the similar simula-
tions for the other tokamaks could be noticed. For the auxiliary heating
parabolic-like deposition profile is assumed to be Paux = Po(1-r?/a2)?,
where r is the radial coordinate, a - the plasma radius and y is usually in
the range of 1.5-3 for JET-ILW discharges [18-20] and ASDEX-Upgrade
[21]. For the reported here simulations y = 30 for pulse #54981 (LHCD
heating) and y = 10 for #55166 (ICRH heating) were used chosen based
on the very strong peaking profile of the heating. Another important
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Fig. 2. Experimental time traces for pulse #54981 with GEM-signal at the bottom of 10 ms time resolution.

condition was an absolutely necessary assumption that 90% or 80% of
the auxiliary heating runs up to electrons for #54981 or #55166,
respectively. Only in that way the experimental ratio of the electron and
ion temperature, as well as their profiles, could be reconstructed with an
acceptable agreement.

The energy losses are mainly determined by bremsstrahlung, ioni-
zation and line radiation. In the SOL, the 2D fluid equations are solved in
the simplified slab geometry but taking into account plasma recycling in
the divertor and sputtering processes due to all considered ions at the
target plate. The sputtered W fluxes should be treated as averaged within
the time interval (over 1-2 s) whereas comparison with experimental
data should be reasonable only for the steady state discharges. The code
was run with the density value at the separatrix (an input parameter for
the simulation) taken from the experimental data, assuming to be about
30% of the average volume density. The radial transport in the SOL was
fixed by Dgor = 0.5 m%/s.

Three main impurities were considered: N, O, W (together with very
low nickel concentration of 1-5 10~ to account for presence of mid-Z
impurities) assuming the ratio of N to O being 10%. In the applied
approach determination of the proportions between different impurities
was aimed to reproduce the observed total radiation power whose so-
lution is not unambiguous. In Figs. 4 and 5 the obtained total radiation is
shown together with the distribution of ionisation state for the pulses
#54981 and #55166, respectively.

For the two compared time slices for pulse #54981 that differ in the
LHCD heating power, the average plasma electron density remains
almost the same with increased T, for higher power. The total radiation
from the bulk plasma is dominated by W line radiation for both time
slices. Its radiation is peaked for #54981 at the mid-radius (r/a ~ 0.35
for 5 s and 0.45 for 85, Fig. 4). The radiation maximum shift in the radial
position between two time slices is in correspondence with the electron
temperature profiles at 5 and 8 s, considering that W cooling rate is
peaked in 1-2 keV region. The achieved simulated W density profiles
(not presented here) for pulse #54981 showed wide plateau in the core
plasma, more pronounced for 5 s than for 8 s. An increase of the
calculated W concentration from Cy = 1.36-1072 to 2.14-1072 for 5 s
and 8 s, respectively, is associated with an increase of LHCD heating
from 1.5 MW to 2.5 MW.

For the second pulse, #55166, calculated tungsten concentration is
Cw = 1.26:10° for 5.35 s and is 10?-10° times lower for other time
slices. Therefore, the core plasma radiation is dominated by W line
emission only for 5.35 s. For 4 and 8 s the core plasma radiation is
determined by bremsstrahlung, which is competitive to line radiation
for 6.8 s. As can be seen (Figs. 4 and 5, top graphs) the most prominent W
ions are W*3134 for both pulses.

The obtained impurity concentration profiles were used as an input
for further calculations of the SXR spectra.
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Fig. 3. Experimental time traces for pulse #55166 with GEM-signal at the bottom of 10 ms time resolution.

4. Details on simulation of the plasma radiation spectra

Using the coronal equilibrium assumption an overall assessment of
the photons observed by each of the diagnostics’ LOS can be made. In
the case of more advanced calculations such as, e.g., in tomographic
reconstructions of the plasma parameters where the detailed knowledge
about impurities distribution is important, transport effects should be
taken into account. It is especially important but difficult to realize in
the case of tungsten transport modelling where very often advanced
GKW and neoclassical calculations are used. However, even simplified
but fast calculations, based on the coronal balance model, can provide
answers to questions related to the load of SXR diagnostics pixels and,
thus, contribute in the development and commissioning phases of the
new types of detectors built for specific plasma devices.

With this in mind, the obtained by means of COREDIV simulated
impurities profiles were used together with the experimental electron
density n, and electron temperature T, data in order to estimate the
foreseen spectra on the SXR detector. Here, the calculations based on the
theory presented in [22] were performed taking into account geometry
of the detector, its size and location relative to the plasma as well as the
size, shape and position of the pinhole. As a result, an X-ray spectrum for
each pixel of the GEM detector is generated. Three main mechanisms of

soft X-ray emission are considered [22]: free-free emission (brems-
strahlung); free-bound emission (recombination radiation), bound--
bound emission (line radiation).

The calculations require 2D input data of T.(R) and n.(R). The last
one represents content of electrons origin from all the ionic components
of the plasma for each point along the radius, R. Here, the simulations
were based on the experimental T, (R) and n.(R) profiles as well as with
the use of density profiles for each ionic impurity along R, (nw(R, Z;),
no(R,Z;), nn(R,Z;), nni(R, Z;)) provided by COREDIV code.

For two considered pulses (#54981, #55166) calculations were
performed taking into account geometrical parameters of the exploited
GEM detector (dimensions of the pixels (LOS), relative positions of LOS
to the pinhole and pinhole position to the plasma centre, etc.) and in-
formation on plasma composition (amount of impurities relative to the
electron density) with the generated 2D profiles (from the experimental
1D ones) of the electron density and temperature. Calculations were
made for H plasma instead of D considering that this has a negligible
effect on the results and allows accessing essential parameters, e.g.,
effective ionisation and recombination coefficients, from the available
databases. Based on these data and assuming the local charge balance,
fractional abundances and densities for all the impurity ions were
calculated.
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5. Comparison of the experimental data and simulation results

In Fig. 6 the radiation spatial and spectral distributions, both
experimental and simulated, are shown for two considered pulses. It can
be observed (Fig. 6(a)) that the measured spatial distribution for
#54981 confirms that radial radiation profile is peaked at the mid-
radius, as the first and last (more pronounced due to the shift relating
to the plasma centre) vertical channels exhibit a slight intensity shoul-
der. That is, however, not reflected for the calculated spatial distribution
(Fig. 6(c)). It is slightly more pronounced for 5 s than for 8 s, that would
be in agreement with the radiation maximum shift for the second time
slice to a larger r/a. The observed slightly asymmetric radial profile
might correspond to the plasma shape that is enhanced by the shifted
pinhole regarding the plasma centre (at 38-th channel). Nevertheless,
this asymmetry is much more pronounced for #54981 than for #55166

(Fig. 6(a, e)), whose spatial distribution manifests almost symmetric
shape around 45-th channel, although shifted relating to the plasma
centre.

The spectral distributions for both pulses, integrated within the
whole detector, have a low energy shoulder (Fig. 6(b, f)). Its origin is
unlikely coming from low energy photons within the present experi-
mental setup, behind almost 50 cm of air. Such a shoulder, in this case,
could result from interaction of high energy ionizing radiation with the
detector working gas and materials (see, e.g., [11]). This shoulder is
broader in case of #54981, suggesting more intensive background ra-
diation. It could be expected for LHCD experiments in tokamaks where
fast electron bremsstrahlung was recognized. Higher HXR content for
this pulse is also provided by regular HXR diagnostics at WEST contrary
to #55166 with ICRH heating (see Figs. 2 and 3). The higher radiation
energy the lower charge/signal is released in the gas volume of the
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detector. A signature of the higher energy photons passing through the
detector for #54981 is also a weak feature at about 8 keV, present for 8 s
data (Fig. 6(b)). It points onto Cu K-series fluorescence from the GEM
foils, where Cu excitation takes place starting at ~ 9 keV, the copper
absorption edge. Therefore, it could be assumed that the total detector
signal is composed of two components: the direct SXR radiation and high
energy radiation products coming from high energy quanta interaction
with the surroundings. The later occurred to be more intensive for
#54981 than the higher energy part (above 4-5 keV) of the SXR spec-
trum. This corresponds to the calculations results, that for this pulse the
total radiation of the bulk plasma is dominated by the line radiation of W
(COREDIV output), which is barely recordable within the present
experimental set-up. Additionally, the obtained from calculations
bremsstrahlung part is almost two times smaller for #54981 than for

#55166, thus it is also not clearly recognizable in the measured spec-
trum due to the low statistics. It is expected that the ratio between two
components of the recorded spectrum will be much more profitable
regarding the SXR intensity in the presence of He buffer in the front of
the detector instead of the air gap.

For #55166 the spatial distribution (Fig. 6(e)) is strongly localized
outwards the plasma centre. This could be related with a plateau on the
electron temperature profiles for the core plasma and temperature drop
starting from r/a ~ 0.2. The radiation distribution maximum is shifted
towards LFS, although the magnetic axis for the both pulses was the
same. For this pulse the spectral distribution does not reveal so wide low
energy shoulder as for #54981. It points onto much weaker presence of
higher energy radiation, what is confirmed also from comparison be-
tween available HXR data (Figs. 2 and 3) for two selected pulses, as
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already was noticed. Wide peak starting at about 4 keV could be asso-
ciated with the bremsstrahlung radiation with the time trace following
rather the SXR data. As it was obtained from COREDIV simulation re-
sults, the total radiation from the bulk plasma (r/a = 0-0.4) is domi-
nated by bremsstrahlung at 4 and 8 s, which is comparable with the line
radiation at 6.8 s and is much smaller than the line radiation at 5.35 s.
Nevertheless, the GEM-based diagnostics recorded rather bremsstrah-
lung than line radiation in the SXR region for this pulse, what is man-
ifested by the presence of the wide peak at 5 keV (see Fig. 6(f)), whose
relative intensities for all the time slices follow the same trend as the
simulation results (compare it with the peak at 5 keV in Fig. 6(h)).

It is worth noting that for the mostly ohmic helium-deuterium
plasma such a low energy shoulder was not observed for the recorded
pulses. The obtained spectra followed quite well the air layer trans-
mission with the radiation intensity starting from 4 to 5 keV decaying
towards higher photon energy. Negligible traces of the high energy
particles (appeared as presence of the low energy shoulder) were
observed for these cases. As for the spatial radiation distribution for such
pulses, LFS SXR radiation localisation was noticed.

It is worth adding that, after the validation of the diagnostics data,
applying the synthetic diagnostics will help revealing more detailed
picture of the impurity radiation spatial and spectral distribution.

6. Summary

The first results were obtained by recently developed SXR di-
agnostics for the WEST project based on the new type of gaseous de-
tectors. It is shown that both spatially and spectrally resolved calibrated
data could be collected. To support the obtained experimental results
simulations of the plasma impurity parameters and spectra were con-
ducted. The measured spectra present the combined contribution from
both the SXR and high energy ionizing radiation. A comparison with
other WEST diagnostics manifests good agreement in trends. At the
present set-up of the diagnostics the system records rather high energy
part of the SXR and is sensitive to the high ionizing radiation. The
gathered data, shown for two selected pulses, followed well the
bremsstrahlung and high energy radiation behaviour. The direct SXR
measurements are planned to be conducted during the next experi-
mental campaign applying the developed synthetic diagnostics.
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