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The Wendelstein 7-X (W7-X) stellarator which is located in Greifswald, Germany is an experimental device
for demonstration of steady-state plasma operation. It was commissioned at the end of 2015 and at the beginning,
it was operated in the limiter configuration (5 poloidal uncooled graphite limiters) while starting from 2017 it has
been equipped with a carbon uncooled divertor. With the launch of the device, new diagnostics have also been
commissioned and tested. Understanding of impurity transport in stellarators is a crucial task in the optimisation
process. At W7-X there are several spectroscopic systems which deliver information about plasma impurities.
One of them is a pulse height analysis system (PHA) which collects soft X-ray spectra in the energy range from
about 300 eV up to 20 keV with 100 ms temporal resolution. There are also X-ray imaging spectrometers XICS
and HR-XIS which are devoted for measurements of spatio-temporal impurity emissivity of highly ionized ions
with high temporal resolution (5 ms). Spectra in the VUV region are measured by the High-Efficiency XUV

Overview Spectrometer (HEXOS).

PACS: 52.25.Vy, 52.25.Xz, 52.55.Hc, 52.25.Fi, 52.70.—m

INTRODUCTION

Wendelstein 7-X is a superconducting modular
stellarator located in Greifswald, Germany, and its main
mission is a demonstration of steady-state plasma
operation which is important in fusion power plant
concept [1-3]. Stellarators in comparison to tokamaks
do not have a toroidal symmetry having impact on
collisional transport. Particles could be trapped in
magnetic mirrors leading to significant neoclassical
losses especially in high temperature regimes. The
impurities radiation has a crucial impact on a power
balance of any fusion reactor. In stellarators where the
Greenwald limit does not apply the radiation losses are
important because they defined the density limit [4-5].
That is the reason why the impurity transport studies are
of great importance in the W7-X programme. In
stellarators the electrons and ions are often in different
collisional regimes [6]. The core radial electric field (E;)
connected with temperature and density profiles has an
impact on plasma conditions. It is expected that for
positive radial electric field, E, > 0, the electron
temperature is much higher than the ion temperature and
plasma is in  Core-Electron-Root-Confinement
conditions; while for negative E; (E: < 0) electron and
ion temperatures are almost equal and the plasma is in
Core-lon-Root-Confinement conditions [7]. Results
obtained during first W7-X experimental campaigns are
still under analysis and discussion but first hints suggest
for turbulent transport in the plasma centre [8].

The main components of the Wendelstein 7-X
stellarator are made of stainless steel (vacuum chamber)
(SS) and carbon (limiter during OP1.1 or divertor
during OP1.2). Thus, the impurities which are expected
to be observed, beyond injected ones, are carbon,
oxygen and high Z-elements like iron, chromium or
nickel originating from the SS wall.

In order to study impurity behaviour (e.g. accumulation)
diagnostics with good:
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— energy (wavelength) resolution to distinguish
impurity species and ionization charge stages;

— spatial resolution — to study impurity plasma profiles;
— and temporal resolution — to study impurity
confinement, are needed. Usually, collected signals
correspond to line integrated data, measured along the
line-of-sight of the diagnostics. To obtain the local
emissivity, an inversion process is needed. Moreover,
there are number of diagnostics which results must be
combined to deliver reliable information. To study
impurity transport, also systems for impurity injection
are important. At W7-X there are pellet and tracer
encapsulated solid-state pellets (TESPEL) injectors,
gas-puff and a laser blow-off system [9]. There are also
several diagnostics which are dedicated to monitor the
impurity behaviour in W7-X plasmas. Each diagnostic
observes different energy (wavelength) range. These,
which belong to so-called core plasma diagnostics are
X-ray imaging spectrometers XICS (X-ray Imaging
Crystal Spectrometer) and HR-XIS (High Resolution X-
ray Imaging Spectrometer) [10-11], PHA (Pulse Height
Analysis) system [12-13] and High-Efficiency XUV
Overview Spectrometer (HEXOS) [14]. All of the above
mentioned systems have various energy (wavelength)
range and resolution. There are also two bolometer
camera systems and a soft X-ray tomography system
(XMCTS) which observes a wide angle of view and
covers the complete plasma cross-section [15] but
without energy resolution. These diagnostics are also
dedicated for measurement of radiation asymmetries.

In this paper, the main W7-X core diagnostics will be
presented with some exemplary results obtained from
recent experiments.

1. W7-X PLASMA DIAGNOSTICS FOR
IMPURITY MONITORING
Fig. 1 presents energy ranges observed by the above
described W7-X impurity diagnostics. As evident from
Fig. 1, there is an overlap energy region of PHA and
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XICS while in the case of HEXOS and PHA there is
only very small common energy range.

without energy resolution ~

S bolometer _ -’
et PHA- -
with energy resolution RN
f/ XICS Y
' HEXOS L

0,00 001 005 040 298 2203
Energy (keV)

Fig. 1. Energy ranges observed by chosen W7-X
diagnostics

Fig. 2 illustrates the location of individual
diagnostics on the W7-X chamber. Due to a specific
stellarator magnetic field configuration, each system is
related to a different shape of the plasma cross section,
e.g. the HEXOS spectrometer location corresponds to
the triangular plasma shape while the PHA system
corresponds to the ‘bean’ plasma shape.
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Fig. 2. Location of chosen diagnostics at W7-X

Given the different plasma cross sections and line of
sight geometries of the individual diagnostics, a
mapping of the actual line of sight positions to the
effective plasma radius is required for a direct
comparison of experimental results obtained from
different diagnostics.

2. PULSE HEIGHT ANALYSIS SYSTEM
The pulse height analysis system (PHA) is a diagnostic
dedicated for spectra observation in a very broad energy
range [13, 16]. It is divided into 3 channels, each focus
on observation of light (e.g. carbon and oxygen), mid-Z
(e.g. argon) and high-Z impurities (e.g. iron, copper),
respectively. The first two PHA channels are equipped
with Silicon Drift Detectors (SSD) (active volume:
10 mm?x450 um, internal collimator & 3.2 mm)
covered by 8 um of Beryllium foil. The application of
additional thicker Be foils (25, 50, 100, 500 or
1000 pum) enables to focus measurements on the chosen
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energy range. The third PHA channel is equipped also
with a SSD but covered by a thin polymer window for
optimisation of the low energy performance (active
volume: 10 mm?x450 um,  internal  collimator
@ 3.1 mm). The application of such detectors gives an
energy range of the PHA observation starting from
about 350eV (3-rd channel) up to 20 keV. Fig. 3
presents the detector response curve for each PHA
channel during the OP1.2b experimental campaign at
W?7-X. Through appropriate PHA settings, the energy
resolution is about 150 eV FWHM at 5.9 keV what is
sufficient to separate spectral lines and identify plasma
impurities. A typical temporal resolution of the PHA
system is 100 ms. During this time collected spectra are
of good quality taking into account the statistics.
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Fig. 3. Calculated detector response curves for the 1%
(with the application of 1000 zm-thick of additional
Be foils) (a), 2" (with the application of 25um-thick of
additional Be foils) (b) and 3™ (c) PHA channels with
the indication of selected impurity lines

The PHA system has 3 lines-of-sight which are parallel
and observe almost the plasma centre. The size of the
observed plasma volume, defined by the slits which
have changeable widths (piezo-slits), is not larger than
35 mm in the plasma centre for a maximum slit width
equal to 1.2x1.2 mm.

3. HIGH-EFFICIENCY VUV/XUV

OVERVIEW SPECTROMETER

The High Efficiency Extreme Ultraviolet Overview
Spectrometer, HEXOS, is a system for monitoring
plasma impurities in very broad wavelength range [14,
17, 18]. It is divided into 4 sub-spectrometers which
collect spectra in the range between 2.5 and 160 nm.
The spectrometer consists of two vacuum chambers,
each equipped with two dispersive elements -
holographic  reflective diffraction gratings. As
detectors, an open Cesium lodide-coated multichannel-
plate (MCP) with light amplifier and camera head (a
linear photodiode array with 1024 pixels) are used. The
wavelength resolution depends on observation range

313



and varies from 0.013 to 0.26 nm. The HEXOS
spectrometer has two lines-of-sight through the plasma
core. Its temporal resolution is equal to 1ms what
enables it to measure the evolution of individual
impurity lines on a much faster time scale than the
PHA system.

4. X-RAY IMAGING CRYSTAL
SPECTROMETERS

At W7-X there are two X-ray imaging crystal
spectrometers:  XICS  (X-ray Imaging Crystal
Spectrometer) and HR-XIS (High Resolution X-ray
Imaging Spectrometer). The first one is used for routine
measurements of electron and ion temperature, and the
radial electric field [19] while the second one is used for
monitoring lines of injected impurities (Ar'*, Sit?*
Fe2**, Ti®*  Ni?®* spectral lines) [11]. Both
spectrometers are equipped with spherical bent crystals
and 2D X-ray detectors (water cooled Pilatus 300kW).
The XICS has two dispersive elements and two
detectors which are dedicated for observation of
Ar*/Ar™ and Fe?**/Mo%2* spectral lines, respectively.
The HR-XIS is equipped with 8 crystals mounted on a
rotating holder and only one detector. The choice of the
crystal depends on the experimental conditions. Both X-
ray imaging spectrometers have about 20 lines-of sight
and deliver data with 2 cm of spatial resolution and
5 ms temporal resolution. Based on the XICS spectra it
is possible to deliver time resolved profiles of electron
(Te, from line intensity ratio) and ion (Ti, from Doppler
broadening) temperature, perpendicular flow velocity
(vp, from line shift) and impurity concentration (n., from
absolute line intensity). The radial electric field, E;, can
be inferred from measurements of the velocity vp.

5. EXEMPLARY RESULTS

All three impurity monitoring systems described in
the paper belong to the W7-X core plasma diagnostics
which have energy and wavelength resolution. The PHA
and HEXOS spectrometers measure spectra in very
broad energy ranges while XICS being an imaging
crystal spectrometer, delivers spectra in very narrow
energy ranges but with higher energy resolution (it
observes resonant line with satellites). The HEXOS
observation wavelength range gives the possibility to
measure simultaneously radiation emitted from various
ionisation stages of various impurity ions. This makes
the spectrometer one of the most important system in
impurity transport studies. Impurity species are
provided by line identification in PHA and HEXOS
spectra while the time evolution is studied by all three
spectrometers but with different temporal resolution. In
HEXOS spectra it is possible to measure Fe lines of
charge states from 6+ up to 23+. Complementary to
these results are PHA and XICS data which deliver
information about He-like ions. The study of impurity
confinement times depending on atomic numbers based
on He-like lines is only possible by these systems and
XICS has much better time resolution in comparison
with the PHA. The VUV spectrometer has also a very
good time resolution to observe impurity behaviour
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during the W7-X discharges and determine decay times
of injected impurities. Despite the fact that all these
spectrometers are focused on different energy regions
and have different temporal and spatial resolution, a
direct comparison of measured signals allows for cross
calibration and also for an absolute intensity calibration
of all three diagnostics. Exemplary results obtained by
HR-XIS and PHA are presented in Fig. 4 presenting
time evolution of injected elements in chosen W7-X
discharges [13].
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Fig. 4. An example of time traces of Si*?* (a) and Ti®**
(b) lines during the laser blow-off injection. —e—
corresponds to the PHA signal and —e— corresponds
to the HR-XIS signal

The radial electric field profile calculated based on
XICS spectra defines the transport regime (ion or
electron root confinement). Impurity confinement times
obtained from a combination of measurements with
simulations deliver information about transport
coefficients like diffusive D and convective v
parameters [8].

CONCLUSIONS

Summarising, the study of impurity transport is
possible thanks to appropriate spectroscopic diagnostic
systems which deliver spectra in broad energy range and
with good temporal resolution. Additionally, diagnostics
with spatial resolution are needed to deliver profiles of
main plasma parameters (electron temperature, Te,
electron density, ne, ion temperature, T;). Table presents
a summary of here described diagnostics together with
their applications. It is also worth to add, that
information about the impurity content in the plasma
and its accumulation is also important from the safety
point of view of the device.
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A comparison of the described in this paper W7-X core
plasma diagnostic systems
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IKCHHEPUMEHTAJIBHASI CUCTEMA TUATHOCTUKMU IIJTASMBI HA CTEJVIAPATOPE W7-X
JJIsI TPAHCITIOPTHBIX UCCJIEJOBAHUU ITIPUMECEU B IIVTASME

M. Kubkowska, B. Buttenschin, A. Langenberg and the W7-X team

Cremrapatrop Wendelstein 7-X (W7-X), koropsiii pacmonoxen B ['paiidcBambme, ['epmanus, sBisercs
9KCIIEPUMEHTAIBHOI YCTAaHOBKOH IUISl AEMOHCTPALMH CTALlMOHAPHOTO yIepxaHWs IutasMmbl. CreiapaTop ObLI
BBEJICH B AKCIUTyaTaruo B koHre 2015 roxa, n BHadaje 3KCILTyaTHPOBAJICS B KOHPUTYpAIH C OTpaHHIUTEIIEM
(5 momommanmbHBIX HEOXJaxIaeMbix rpaduToBbix orpanuuntencit). C 2017 roma ycTaHOBKa OCHalIeHa
YIJIEPOTHBIM HEOXJIKAAEMBIM AuBepTOpoM. C 3aITyCKOM cTesutaparopa ObUIH TaK)Ke BBEICHBI B SKCILTYaTAIHIO
W MCHBITaHbl HOBBIE AMArHOCTHYECKUE cUcTeMbl. [loHMMaHue TpaHCIOpTa NpUMEcel B CTeluapaTope SIBISETCS
Ba)XKHOU 3anaueil nyis ontumusanuu ero padotel. Ha W7-X nmeercst HECKOJIBKO CIIEKTPOCKOIMYECKUX CHCTEM,
KOTOpBIE MPEAOCTaBISIOT MHOOPMALMIO O mMpuMecsx B ruazMe. OJHa M3 HUX — CHUCTEMa aHalli3a BBICOTHI
Habmomaemoro ummynsca (PHA) — perscTpupyeT CHeKTpsl MSATKOTO PEHTTEHOBCKOTO HM3JIyUYECHHS B IHAIa30HE
sHepruii oT okomo 3003B mo 20x3B ¢ BpemennsiM paspemenumem 100 mc. Hwmerorcs Takxke
penrtrenorpaduueckue cnexkrpomerpsl XICS n HR-XIS, npenrasnadeHHbIe A7 H3MEPEHHUS MPOCTPAHCTBEHHO-
BPEMEHHOW NPUMECHOH H3JIy4aTeIbHOH CHOCOOHOCTH TelMONOZOOHBIX HMOHOB C BBICOKMM BPEMEHHBIM
paspemnrernem (5 mc). Crektpel B 06macti VUV H3MepSIOT ¢ MOMOIIBIO BBICOKOI((PEKTHBHOTO 0630pHOTO
criektpoananusaropa (HEXOS).

EKCIIEPUMEHTAJIBHA CUCTEMA JIAT'HOCTHUKHU ITIJIASMHU HA CTEJIAPATOPI W7-X
JJISA TPAHCIIOPTHUX JOCJIII?KEHD JJIOMIIIOK Y IIVIA3ZMI

M. Kubkowska, B. Buttenschon, A. Langenberg and the W7-X team

Cremaparop Wendelstein  7-X  (W7-X), skuii posramoBanuii B ['paiidcBanpai, Himeyunna, €
€KCIIEPUMEHTAJILHOI0 YCTaHOBKOIO JUIS JIEMOHCTpalii cramioHapHOro yrpumanHs iazmu. Crenmaparop Oyio
BBEJCHO B eKciuTyaTariro B KiHI 2015 poky Ta cmodaTky eKcIuTyaTyBaBCs B KOHQIryparii 3 oOMexyBadem
(5 monoimanbHUX HEOXONOMKyBaHUX TpadiToBUX oOMexyBauiB). 3 2017 poky ycraHoBka Oyjia OCHAIlEHA
BYTJICLEBIM HEOXOJIOMKYBaHHM JAUBEPTOPOM. I3 3aImyckoM crenapatopa OyJiM TaKOX BBEJCHI B €KCILIyaTawlilo i
BHIIPOOYBaHI HOBI JiarHOCTHYHI CHCTEeMH. PO3yMiHHS TPaHCHOPTY IOMIIIOK Y CTelapaTopi € BaKIHMBUM
3aBIaHHAM s omTuMizamii oro podoru. Ha W7-X € nekimpka CIIEKTPOCKOMIYHHX CHCTEM, SIKi HaIaroTh
iHpopMamito mpo AoMimkd B 1asMi. OnHa 3 HUX — CHCTEMa aHali3y BHCOTH CIIOCTEPEKYBAHOTO IMITYIIBCY
(PHA) — peectpye cnekTpu M'SKOTO PEHTTCHIBCHKOTO BUIIPOMIHIOBAHHS B Jiala3oHi eHeprid Bif OJIM3bKO
300 eB 1o 20 keB 3 uacoBoto po3aineHoto 3aatHicTio 100 Mc. € Takox pentreHorpadivni cnekrpomerpu XICS i
HR-XIS, npusHayeHi [y BUMipy IPOCTOPOBO-YaCOBOT BUIPOMIHIOBAIBHOI 3/[aTHOCTI JOMIIIOK, IeJionoAi0OHnX
iOHIB 3 BHCOKOIO YacOBOI0 po3/iibHO0 3aatHicTiO (5 Mc). Criextpu B o6acti VUV BUMIPIOIOTE 32 J0MIOMOTOO
BHCOKOE(EKTHBHOTO OTJIAZ0BOTO criekTpoanainizaropa (HEXOS).
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