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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 started from the 2017 it has
been equipped in carbon uncooled divertor. With the launch of the device, new diagnostics have been also
commissioned and tested. Understanding of impurity transport in stellarator is a crucial task in 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 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 He-like ions with high temporal
resolution (5 ms). Spectra in the VUV region are measured by High-Efficiency XUV Overview Spectrometer

(HEXOS).

PACS: 52.25.Vy, 52.25.Xz, 52.55.Hc, 52.25.Fi1, 52.70.-m

1. 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
does not have a toroidal symmetry what has an impact on
collisional transport. Particles could be trapped in
magnetic mirrors what makes that neoclassical losses are
significant especially in a high temperature. The
impurities radiation has a crucial impact on a power
balance of any fusion reactor. In stellarators where
Greenwald limit does not apply the radiation losses are
important because they defined the density limit [4]. That
is the reason why the impurity transport studies are of
great important in W7-X programme. In stellarators the
electrons and ions are often in different collisional
regimes [5]. 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, electron temperature is much higher
than 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
plasma is in Core-lon-Root-Confinement conditions [6].
Results obtained during first W7-X experimental
campaigns still cannot answer the question if the impurity
transport in the core region is predominant by
neoclassical transport or by turbulence.

The main components of 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 one, are carbon, oxygen and high Z-
elements like iron, chromium or nickel originated from
SS wall.

In order to study impurity behaviour (e.g. accumulation)
diagnostics with good: - energy (wavelength) resolution
to distinguish kind of impurity and ionization charge
stages, - spatial resolution — to study impurity plasma
profiles, - and temporal resolution — to study impurity
behaviour during the discharge, are needed. Usually,
collected signals correspond to line integrated along the
line-of-sight information and to obtain local emissivity
an inversion process is needed. Moreover, there are
number of diagnostics which results must be combined
to deliver reliable information. To study an impurity
transport also systems for impurity injection are
important. At W7-X there are pellet and TESPEL
injectors, gas-puff and laser blow-off systems [7]. There
are also several diagnostics which are dedicated for
monitoring of impurity behaviour in W7-X plasma. Each
diagnostic is dedicated for monitoring of different energy
(wavelength) range. These, which are 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) [8-
9], PHA (Pulse Height Analysis) system [10-11] and
High-Efficiency = XUV  Overview  Spectrometer
(HEXOS) [12]. All above mentioned systems have
various energy (wavelength) range and resolution. Thera
are also two bolometer camera systems and soft X-ray
tomography system (XMCTS) which observe wide angle
of view that covers the complete plasma cross-section
[13] but without energy resolution. These diagnostics are
also dedicated for measurement of radiation
asymmetries.

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



2. W7-X PLASMA DIAGNOSTICS FOR
IMPURITY MONITORING
Figure | presents energy ranges observed by described
W7-X impurity diagnostics. It is clearly seen that there
is an overlap energy region of PHA and HEXOS while
in the case of HEXOS and PHA there is only very small
common energy range.
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Figure 2 illustrates location of individual diagnostics on
W7-X chamber. Due to a specific stellarator magnetic
field configuration, each system is related to different
shape of plasma cross section, e.g. HEXOS spectrometer
location correspond to triangular plasma shape while
PHA system corresponds to ‘bean’ plasma shape.
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Fig.2. Location of chosen diagnostics at W7-X.

Taking into account that lines-of sight described
diagnostics correspond to different geometry to compare
experimental results obtained by these system,
transformation to effective radius must be done.

2.1. PULSE HEIGHT ANALYSIS SYSTEM
The pulse height analysis system (PHA) is a diagnostic
dedicated for spectra observation in very broad energy
range [11, 14]. It is divided into 3 channels, each focus
on observation light (e.g. carbon and oxygen), mid-Z
(e.g. argon) and high-Z impurities (e.g. iron, cupper),
respectively. First two PHA channels are equipped with
Silicon Drift Detectors (SSD) (active volume:
10mm?x450um, internal collimator & 3.2 mm) covered
by 8 um of Beryllium foil. Application of additional

thicker Be foils (25, 50, 100, 500 or 1000 um) makes
possible to focus measurements on chosen energy range.
Third PHA channel is equipped also with SSD but
covered by thin polymer window for optimisation of low
energy performance (active volume: 10mm?x450um,
internal collimator & 3.1 mm). Application of such
detectors give an energy range of PHA observation
starting from about 350 eV (3™ channel) up to 20 keV.
Figure 3 presents detector response curve for each PHA
channel during OP1.2b experimental campaign at W7-X.
Through appropriate PHA settings, the energy resolution
is about 150 eV FWHM at 5.9 keV what is quite good to
separate spectral lines and identify plasma impurities. A
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.Detector response curves for the I*' (with the
application of 1000 um-thick of additional Be foils) (a),
2 (with the application of 25 um-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 more or
less parallel and observe almost plasma centre. The size
of observed plasma volume, defined by the slits which
have changeable widths (piezo-slits), is not larger than 35
mm in the plasma centre for maximum slits width equal
to 1.2 mm.

2.2. 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 [12,
15-16]. It is divided into 4 sub-spectrometers which
collected spectra in the range between 2.5 and 160 nm.
The spectrometer consists of two vacuum chambers,
each equipped with two dispersive eclements -
holographic reflective diffraction gratings. As detectors,
an open Cesium Iodide-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 and
it vary from 0.013 nm to 0.26 nm. The HEXOS
spectrometer has two lines-of-sight through the plasma
core. Its temporal resolution is equal to Ims what is
much higher in comparison with the PHA system.

2.3.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 radial
electric field [17] while the second one is used for
monitoring of lines of injected chosen impurities (Ar!®*,
Si'?*, FeX**| Ti?™* Ni%** spectral lines). Spectrometers
consist of spherical bent crystal and 2D X-ray detector
(water cooled Pilatus). The XICS has two dispersive
elements and two detectors which are dedicated for
observation of Ar'®"/Ar'"" and Fe?*'/Mo*?" spectral lines,
respectively. The HR-XIS is equipped with 8 crystals
located at the rotating holder and only one detector. The
choose 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 of 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 (v,, from line shift) and
impurity concentration (n,, from absolute line intensity).
Radial electric field, E;, can be
measurements of the velocity vy.

inferred from

3. SUMMARY
All three described in the paper W7-X systems belong to
W7-X core plasma diagnostics which have
energy/wavelength resolution. The PHA and XEXOS
spectrometers measure spectra in very broad energy
ranges while XICS because it is a crystal spectrometer,
deliver 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 impurity ions.
This makes the spectrometer one of the most important
system in impurity transport studies. Kind of impurities
is provided by lines identification from PHA and HEXOS
spectra while time evolution is study by all three
spectrometers but with different temporal resolution. In
HEXOS spectra there is possible to measure Fe lines
belong to ions from 6+ up to 22+. Complementary to
these results are PHA and XICS data which deliver
information about He-like ions. Study of impurity
confinement time depending on atomic number 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 very good time
resolution to observe impurity behaviour during the W7-
X discharges and determine decay time of injected

impurities. Despite the fact that all these spectrometers
are focus on different energy region and have different
temporal and spatial resolution, all are needed to confirm
observation and make cross calibration if needed. An
example results obtained by HR-XIS and PHA are
presented in fig. 4. This figure presents time evolution of
injected elements in chosen W7-X discharge [11].

1,2
60 - #20171011.055
& a)
£ 1 -
% | 5
= \ 08
< 404 ) ==
= 13 ©
Z } 5
= I3 B
7 : 2
I 204 o 0,4 >|<
i h's
< e
[
o
0 spasacun T e 0.0
0,0 15 2,0 2,5
3 1,2
#20171011.045
&S b
£ i )
% 5
= 2 l 0.8 @
: } -
= { 5
= $ D
7 }H %)
g 14 By 0,43
o %. x
< ® T
A=
o
0 . , 0,0
0,0 0,5 25

time (s)
Fig.4. An example of time traces of Si'** (a) and Ti*°* (b)
lines during the laser blow-off injection,
corresponds to PHA signal and —e— corresponds to
HR-XIS signal.

The radial electric field profile calculated based on XICS
spectra defines the transport regime. Obtained impurity
confinement time with combination of simulations
deliver information about transport coefficients like
diffusive D and convective v parameters.

Table 1 presents a summary of described diagnostics
together with their application.

Summarising, 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 (Te, ne, T;). 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.



Table 1. A comparison of described W7-X core plasma
diagnostic systems
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IKCIHHEPUMETAJIBHASI CUCTEMA JTUATHOCTHUKU IIJIASMbI HA CTEJIJIAPATOPE W7-X
JJISA TPAHCITIOPTHBIX I/ICCJIEI[OBAHI/H;'I IMPUMECEH B IIJIABME
M. Kubkowska', B. Buttenschin?, A. Langenberg?, and the W7-X team

Creyuapatop Wendelstein 7-X (W7-X), koTopwlii pacronoxkeH B ['paiidcBanbre, ['epmanwus, sBisiercs
9KCTIEPUMEHTAIBHON YCTaHOBKOM [UISl JEMOHCTPAIMU CTAL[MOHAPHOTO yAepaHus mia3mbl. Cremmaparop Obln
BBEJICH B OKCIUTyaTanuio B koHile 2015 roga u BHavane SKCINTyaTHPOBAJICS B KOHQHUTYpAITUH ¢ OTpaHrmduTeseM (5
MTOJIOUTATTBHBIX HEOXJIaXAaeMbIX TpaduToBeix orpannuuteineit). C 2017 roma ycraHOBKa OCHAIIEHA YTIIEPOTHBIM
HEOXJaXxJaeMbIM quBepTopoM. C 3aIllyCKOM cTeutaparopa ObUTH TaKKe BBEICHBI B AKCIUTYaTallMIO U UCIIBITAHbI
HOBBIE AMArHOCTHYECKUE CHUCTEeMBI. lloHMMaHME TpaHCIOpTa IMpHUMeEcedl B CTeuIapaTope SIBISCTCS Ba)KHOM
3aja4eil Uit onTUMHU3aMK ero padotsl. Ha W7-X nmeercss HECKOIBKO CHEKTPOCKOIMMYECKHX CHCTEM, KOTOpBIE
NPEAOCTaBIISIIOT MHOPMALMIO O MpuMecsX B tuazme. OJHA W3 HUX - CHCTEMa aHajli3a BBICOTHI HaOJII01aeMOTro
nmiynbea (PHA) - peructpupyer ceKTpbl MATKOTO pEHTTEHOBCKOT'O M3JIY4€HHS B IMara30He SHEPTH OT OKOJIO
300 3B no 20 k3B ¢ BpemennsIM pazpenienreM 100 mc. Mmerotcs Takxke peHTreHoTrpaduiecKie CeKTpoMeTphl
XICS u HR-XIS, npennazHaueHHbIe U1 U3MEPEHUS IPOCTPAHCTBEHHO-BPEMEHHON IPUMECHON U3IydaTeabHOM
CHOCOOHOCTH TEJINOIOJ00HBIX HOHOB C BBICOKMM BpEMEHHBIM paspemienueM (5 mc). Crekrpsl B obnactn VUV
HU3MEPSIOT € TIOMOIIIBIO BRICOKOA((EKTUBHOTO 0030pHOTO crniekTpoananmm3aropa (HEXOS)..

EKCIHHEPIMETAJIbBHA CHUCTEMA JIATHOCTHKHA IIJIA3SMHU HA CTEJIAPATOPI W7-X JIJISA
TPAHCIHHOPTHHUX JOCJII’KEHb JOMIIIOK B IIJIAZMI
M. Kubkowska', B. Buttenschin?, A. Langenberg?, and the W7-X team

Crenaparop Wendelstein 7-X (W7-X), sikuii poramoBanuii B I'paiidcBanbai, HiMedunHa, € ekcriepuMeHTaIbHOIO
YCTaHOBKOIO JUJIS IEMOHCTpALlii cTanioHapHOTo yTpuMaHHs mia3Mu. CrenapaTop OyB BBEJCHHH B KCILTyaTalliio
y kiHmi 2015 poky Tta crouarky ekcIulyaTyBaBcsi B KoHGirypauii 3 oOmexxyBaueM (5 mOJIOiaIBHUX
HEOXOJIO/KYBaHUX rpaditoBux oOmexyBauiB). 3 2017 poky ycraHoBka Oyja OCHalIeHa BYTJICLIEBUM
HEOXOJIO/KYBaHUM AMBEPTOpOM. I3 3ammyckoM crenaparopa Oyiy Tako)X BBE/IEHI B €KCIUTyaTallito 1 BUIIpoOyBaHi
HOBI JIarHOCTUYHI CUCTEMH. PO3yMIiHHS TPaHCIOPTY JOMIIIOK B CTEIApaTOpl € BaKIMBUM 3aBJAHHAM IS
onTuMizalii #oro pobotn. Ha W7-X € mexinbka CHEKTPOCKOMIYHUX CHUCTEM, SKi HAJAOTh iHPOpPMAILIO PO
nomimku B minasMmi. OHA 3 HUX - CHCTEMa aHalli3y BHCOTH croctepekyBaHoro immyibcy (PHA) - peectpye
CIIEKTPU M'SIKOTO PEHTTeHIBCHKOTO BHUIPOMIHIOBAaHHS B Aiama3oHi eHepridd Bing Omu3bko 300 eB mo 20 keB 3
4acOBOI0 po3iIbHOIO 31aTHICTIO 100 Mc. € Takox pertreHorpadiuni ciekrpomerpu XICS 1 HR-XIS, npuzHadeni
IS BUMIPY TPOCTOPOBO-YAaCcOBOI BHIIPOMIHIOBAIBHOI 3MATHOCTI JOMIIIOK, TEJTIONOMIOHMX i0HIB 3 BHCOKOIO
4acoBOKW po3AUIbHOI 3maThHicTiO (5 Mc). Cnektpu B obOmacti VUV  BUMIPIOIOTE 3a  JIOIIOMOTORO
BUCOKOE(EKTHBHOIO OIJIs110BOro crekrpoanaiizatopa (HEXOS).



