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Abstract:

W7-X completed its plasma operation in hydrogen with island divertor and inertially cooled
Test Divertor Unit (TDU) made of graphite. A substantial set of Plasma-Facing Compo-
nents (PFCs), including in particular marker target elements, were extracted from the W7-X
vessel and analysed post-mortem. The analysis provided key information about underlying
Plasma-Surface Interactions (PSI) processes, namely erosion, transport, and deposition as
well as fuel retention in the graphite components. The net Carbon (C) erosion and de-
position distribution on the Horizontal Target (HT) and Vertical Target (VT) plates were
quantified and related to the plasma time in standard divertor configuration with edge



transform ¢ = 5/5, the dominant magnetic configuration of the two operational phases
(OP) with TDU. The operation resulted in integrated high net C erosion rate of 2.8 mg/s
in OP1.2B over 4809 plasma seconds. Boronisations reduced the net erosion on the HT by
about a factor 5.4 with respect to OP1.2A owing to the suppression of Oxygen (O). In the
case of the VT, high peak net C erosion of 11 um at the strike line was measured during
OP1.2B which converts to 2.5 nm/s or 1.4 mg/s when related to the exposed area of the
target plate and the operational time in standard divertor configuration. PSI modelling with
ERO2.0 and WallDYN-3D is applied in an interpretative manner and reproduces the net
C erosion and deposition pattern at the target plates determined by different post-mortem
analysis techniques. This includes also the '3C tracer deposition from the last experiment
of OP1.2B with local *®*CHj injection through a magnetic island in one half module. The
experimental findings are used to predict the C erosion, transport, and deposition in the
next campaigns aiming in long-pulse operation up to 1800 s and utilising the actively cooled
Carbon-Fibre Composite (CFC) divertor currently being installed. The CFC divertor has
the same geometrical design as the TDU and extrapolation depends mainly on the applied
plasma boundary. Extrapolation from campaign averaged information obtained in OP1.2B
reveals a net erosion of 7.6 g per 1800 s for a typical W7-X attached divertor plasma in
hydrogen.



1 Introduction

Wendelstein 7-X (W7-X) [1] is, next to the Large Helical Device (LHD) [2], the currently
largest operating stellarator in the world with a plasma volume Vp of 30 m? and a large
radius R of 5.5 m. W7-X finished successfully its first operational phase in island divertor
configuration using the so-called Test Divertor Unit (TDU) [3]. Plasma-Facing Compo-
nents (PFCs) made of fine grain graphite, designed to sustain power loads of 8 MWm™2
without active cooling [4], were used to exhaust the plasma particle and power in the 3D-
geometry of the toroidal device with five-fold symmetry [5]. Fig. [1| shows schematically
the Horizontal Target (HT) and Vertical Target (VT) plates of the five upper (u) and five
lower (1) divertor Half Modules (HM) forming the TDU.

No significant damage occurred to the ten divertor modules in the executed 3.6 h of inte-
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FIG. 1: Island divertor arrangement in W7-X with its five-fold symmetry and five upper
and five lower divertor HMs [8]. Vertical and horizontal target plates equipped with a set of
marker-coated target elements (blue). A bunch of field lines (red), their intersection with
the target plates (green) in standard divertor configuration, and a 2D cut of the magnetic
topology at TM2h6 in HM 5u is shown as Poincare plot (orange).

gral operation in Hydrogen (H) and Helium (He) plasmas. The Carbon (C) divertor with
a total area of 25 m? received peak heat loads up to 10 MWm~2and thus 25% more than
originally specified without harming the inertially cooled PFCs [4]. Up to 200 M J energy
was coupled successfully into the Electron Cyclotron Resonance (ECR) heated plasma dis-
charges with a maximum duration of 100 s owing to its super-conducting magnetic field
coils with B = 2.5 T on axis. The corresponding particle exposure with peak fluxes up to
few 10?3 ions m~2s~! to the divertor and up to a few 102! jons m 257! to the first wall
- consisting of graphite heat shields, graphite baffles, and stainless steel panels - resulted



in a manifold of Plasma-Surface Interactions (PSI) processes in the complex geometry
with island divertor. The W7-X operation with TDU was executed in two temporally
separated Operational Phases (OPs), so-called OP1.2A (3776 s in mixed H+He plasmas)
and OP1.2B (9054 s in H plasma), permitted in-between vessel access and exchange of
dedicated PFCs. This included marker-coated target elements for PSI studies, marked
in blue in Fig. , addressing material migration (erosion, transport, and deposition) and
fuel retention presented in this contribution.

Main difference from perspective of PSI between OP1.2A and OP1.B is the application
of boronisation in order to improve the wall conditions and provide access to operation
at high core density around n¢ = 1 x 10*° m™3 [6]. In view of upcoming steady-state
operation, these PSI processes will determine the lifetime of divertor PFCs, the fuel cycle
and plasma control, as well as the C dust production. The goal for the next operational
phases in W7-X is the full exploitation of the super-conducting coil capabilities with new
actively cooled PFCs made of carbon-fibre composites [7] in high density, long-pulse dis-
charges up to 1800 s duration for which the TDU and the initial exploration of the island
divertor in OP1.2A and OP1.2B laid the foundation.

Here, we focus on the analysis of these PSI processes carried out in the predominant
magnetic configuration in both campaigns: the standard divertor configuration with edge
transform ¢, = 5/5 discussed in more detail in section [2| This contribution includes stud-
ies at the main zones of interaction visualised in-situ by Infra-Red (IR) thermography
[8] as well as in-vessel by optical inspection of the HT and the VT plates [9]. In sec-
tion |3, the impact of boronisation on the impurity influx into the confined plasma [10] as
well as the Oxygen (O) gettering in deposited Boron (B) layers is discussed. Section
provides the erosion/deposition pattern on the VT and HT measured at representative
marker target elements for both campaigns via ion beam [I1] and laser ablation analysis
[12]. This results in provision of net C erosion rates for typical attached divertor plasma
conditions in standard divertor configuration with TDU. In section [5, PSI and impu-
rity transport modelling with ERO2.0 [I5] and WallDYN-3D [16] are applied to interpret
the experimental findings on basis of a representative plasma background modelled with
EMC3-EIRENE for W7-X [17, 1§]. A brief summary and conclusions for OP2 are drawn
in the last section [Gl

2 Test divertor unit and island divertor configuration

2.1 Magnetic topology in standard divertor configuration

The so-called standard (magnetic) divertor configuration (EJM) with edge transform ¢, =
5/5 and five magnetic islands cutting the target plates in the five modules of the stellarator
is one of the best-diagnosed W7-X divertor configurations owing to a large set of dedicated
edge diagnostics [19, 20], 21], 22]. The shape of the TDU follows toroidally the form of the
magnetic topology with intersection of the five magnetic islands by the target plates as
depicted in Fig. [I| where the corresponding field lines hitting the target plates are marked
as green dots [8]. The plasma shape varies thereby from the bean shape - marked in Fig.
by the Poincare plot at the toroidal angle ¢ = —60° of the torus — to the triangular shape
multiple times in W7-X reflecting the five-fold symmetry of the device.



Fig. [2h) shows enlarged the intersection (2D cut) of two magnetic islands in standard
divertor configuration with the VT and HT plates at one HM [23] close to the location
of the marker target elements TM2v2 and TM2h6, which stands for Target Module 2
Vertical 2 and Horizontal 6, respectively. The cut of the islands by the target plates close
to the X-point, thus, close to the Pumping Gap (PG) between the VT and HT, marks
the dominant interaction zone of the edge plasma with the PFCs. The projection of the
cut in toroidal direction represents the main strike lines (dark red). Secondary strike
lines (light red), poloidally further away from the PG on the VT and HT plates, exist,
but show usually less pronounced plasma-surface interaction. The main interaction area
is depicted in Fig. ), where for the very same configuration the heat load footprint,
measured during plasma exposure by IR thermography, is given. The actual extension
of the interaction is determined by the impinging ions and electrons and depends on the
magnetic configuration, the radiated power in the divertor, and - finally - the power load
reaching the graphite target plates. Effectively, only a fraction of about 10% of the total
VT and HT surfaces are used for heat exhaust in this configuration.

Detailed information about the actual interaction area, or more precisely, the power
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FIG. 2: 2D poloidal cut of the magnetic topology in standard divertor configuration with
two islands intersecting the target plates of one HM (cf. [23]). The strike lines on the HT
and VT plates (red) as well as the position of two key marker target elements TM2v2 and
TM2h6 (blue), and the PG are marked. b) Corresponding IR thermography footprint on
the HT and VT plates for the same configuration at the lower module 2 (cf. [Z4)]).

width equivalent to an integrated power decay length at the target plates in tokamaks,
and its dependence on power arriving at the target and on the divertor state is given in [24].
Here, it is relevant that the area of impinging particles, or better, the impinging protons in
hydrogen plasmas and impurity ions causing the heat flux deposition, can in first order be
correlated to the area of gross erosion due to physical and chemical sputtering of graphite
under ionizing divertor plasma conditions. The absolute magnitude of erosion depends on
the flux distribution and the strength of chemical erosion in these plasmas. Interaction
zones of other magnetic configurations like high mirror (KJM) or high iota (FTM) have
to a large extent no significant overlap with the standard divertor configuration on the



HT and, with some limitations regarding toroidal positions, on the VT plate, thus, the
PSI processes in the divertor can in first approximation and under consideration of the
corresponding operational time be separated between the different configurations (see
overview in Appendix . However, the change from standard divertor configuration to
e.g. high iota can potentially lead to deposition of previously erosion-dominated areas in
standard divertor configuration, as these divertor areas are now shadowed, recessed from
the plasma like first wall elements.

2.2 Plasma-facing components and marker target elements

The W7-X standard divertor configuration was the predominant magnetic configuration
in OP1.2A (2481 s or 66% of time in H and He plasma mixtures) and in OP1.2B (4809 s
or 53% of time in mainly H plasma). The operational time includes all types of divertor
plasma conditions accessible in W7-X with TDU as well as moderate modifications of the
interaction zones by application of corrections coils, reversed field operation, or plasma-
induced currents in OP1.2B. However, those modifications were very limited in time;
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FIG. 3: a) View into the pristine W7-X vessel at one of the five modules showing a full
lower HM and a part of an upper HM made of graphite PFCs prior to any plasma opera-
tion (cf. [4]). b) Photo of one lower divertor HM after plasma operation in OP1.2A. The
darkened interaction areas on the VT and HT plates represent erosion zones and corre-
spond to the strike-lines (red) in standard divertor configuration. c) Photo of one lower
dwertor HM at end of TDU operation accumulating plasmas in OP1.2A and OP1.2B.
The whitish zone on the HT is caused by an area of deposition with B content.



predominantly, plasmas with typically 10 s duration, attached divertor conditions, and
medium ECR heating power (Prcgry) of about 3.0 to 4.0 MW were carried out. There-
fore, in the first order approximation, the unmodified magnetic footprint in standard
divertor configuration in attached divertor plasma conditions with medium ECR heating
power can be identified as a campaign-integrated average and be related to results from
post-mortem analysis of exposed PFCs obtained at the end of OP1.2A and of OP1.2B.
Note that in general the post-mortem examined PFCs discussed in this contribution were
installed in W7-X for only one campaign which permits the relation to plasma exposure in
OP1.2A or OP1.2B. A high fidelity comparison between a single plasma background and
post-mortem analysis describing C migration in a full-C device requires a tracer injection
experiment in a single type of configuration and plasma at high fluence at the end of the
operational campaign, thus, directly before the extraction of PFCs and further operation
which can smear the PSI footprint. Such experiment with 3CH, tracer was carried out
in W7-X in OP1.2B and will be discussed in more detail section [5.3} It complements the
campaign integrated analysis.

Fig. ) shows the interior of W7-X before the first plasma operation with TDU and
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FIG. 4: Colorimetric analysis of upper half module 4 (HM Ju) after OP1.2A and after
integrated plasma exposure in OP1.2A and OP1.2B. Spatial distribution of the RGB-values
over (a) the HT and (b) the VT plate of HM ju.

pristine PFCs made of fine grain graphite (SGL 6710) for divertor (Ag;, =~ 25 m? in pink),
heat shield (A, ~ 47 m?), toroidal divertor closure (Ay. ~ 3 m?), and baffle region
(Apay ~ 33 m?) [25]. Other first wall areas have largely stainless steel (A, ~ 77 m?)
on the plasma-facing side. The divertor target plates (VT and HT) consist itself out of
a large set of so-called target fingers (typical dimension: HT 593 mm x 53 mm and VT
361 mm x 53 mm) and cover a total area of 19 m? capable to cope with high heat fluxes of
8 MWm™2 during plasma operation. The first wall graphite components are designed to
sustain a heat load between 0.25 MWm=2 and 0.5 MWm~2 depending on their location
and purpose. All PFCs in OP1.2A and OP1.2B are inertially cooled to room tempera-
ture which is also the nominal temperature of the W7-X vessel. A photo of the vessel



interior of one lower HM after OP1.2A plasma exposure is shown in Fig. ) and can be
compared with the pristine PFCs within the red rectangular box in Fig.|3p). A change of
the graphite surface morphology can be observed by the appearance of darkening stripes,
which reproduce the strike zones on the VT and HT plates in standard divertor configu-
ration.
Colorimetric analysis [26] performed in-vessel at the end of each operation phase provides
non-destructive 2D information about the changes in reflectivity and optical properties of
first wall surfaces. Fig. [d] depicts the colorimetric analysis of (a) the HT plate and (b) the
VT plate in HM 4u after OP1.2A (top) and after integrated plasma exposure in OP1.2A
and OP1.2B (bottom). The RGB-values are averaged over the target finger substruc-
tures (graphite blocks) with a typical dimension of 25 mm x 55 mm. The RGB-values,
which represent a measure of the reflected light composition in spectral dimension [27],
are shown as function of the poloidal s and toroidal coordinate ¢. The PSI footprint on
both target elements, complementary to the previously discussed IR footprint, are clearly
visible for the measurements after OP1.2A though it cannot be concluded at this stage,
if the changes in reflectivity and optical properties of the graphite divertor surfaces are
caused by either erosion or thin deposition. The interpretation is more complex after
OP1.2B where e.g. on the VT the variations in RGB-values are no longer distinguishable.
Complementary, marker target elements (Fig. , denoted as TM2v2 and TM2h6 in blue
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FIG. 5: a) Set-up and principle of C marker target elements with C top layer, Mo inter-
layer, and bulk graphite substrate as used for all marker elements including TM2h6 and
TM2v2 fingers [11)]. b) Photo of an exposed target element tile with partially eroded top C
marker layer (blue). The EBS and LIBS scanning lines for analysis are marked (green).
c) The different layers of the marker element are shown in a SEM/FIB cut including a
deposited layer on top due to plasma operation in OP1.2B. d) Corresponding SEM/FIB
cut of a tile in the net erosion zone close to the strike line.

in Fig. ) and made out of several individual graphite tiles, were utilized to measure,
after extraction from the vessel, the campaign-integrated erosion and deposition pattern
on the target plates in poloidal direction at dedicated toroidal positions in all HMs of the
TDU. Both techniques together give a full insight in the erosion/deposition pattern in the
vessel including potential asymmetries.



The marker target elements (Fig. Ph) consist of a C top layer with about 10 pm thick-
ness and a Molybdenum (Mo) interlayer with about 200 nm thickness deposited on the
bulk graphite substrate of the target elements with the aid of the established combined
magnetron sputtering and ion implantation technique (cf. [11], 28]). The layers are pre-
characterized by EBS (Elastic Backscattering Spectroscopy by protons) before installation
in W7-X. Post plasma operation, ex-situ analysis allows the absolute quantification of ero-
sion or deposition with respect to the Mo interlayer as demonstrated e.g. in [11] by EBS
or in [12] by LIBS (Laser-Induced Breakdown Spectroscopy). Fig.[pb) shows three blocks
of one castellated tile embedded in one marker target element after exposure in OP1.2A,
where strong erosion took place and part of the layers vanished; the initial marker layer
area is indicated by the blue rectangle. Fig. ) and d) depict enlarged SEM (Scanning
Electron Microscope) images of FIB (Focused Ion Beam) cuts of a tile exposed in OP1.2B.
The C top layer is in this example (Fig. ) largely intact and a local deposit of about
3 um could be identified. Close to the strike location, the C top layer is largely eroded
and the Mo interlayer partially sputtered away at the top surface as shown in Fig. 1).
Averaged net C erosion of more than 8 um occurred. Note the variation of the surface
roughness on the SEM figures scale is indicating the initial high roughness of the graphite
substrate and its porosity. Roughness is considered in data evaluation with EBS [I3] and
LIBS [14].

3 Impact of boronisations on PSI processes in W7-X

3.1 Wall conditions in W7-X prior to boronisations

A wall conditioning cycle with initial vessel baking at 150° C for a week, followed by
hydrogen glow discharge cleaning (GDC) for about 1 h was applied after installation of
the TDU and prior to the first divertor plasma operation in W7-X (OP1.2A) as described
in detail in [29]. Though effective reduction of HyO, O, CO, and COs could be achieved
before plasma ignition, the actual stellarator plasma operation was strongly affected by
impurity radiation and hydrogen outgassing throughout the campaign. Regular inter-day
GDC in H and He were done as well as effective inter-shot ECRH cleaning developed and
applied to control the plasma density in particular in OP1.2A [29, [30].

Most critical from perspective of radiation-induced density limits in OP1.2A [6] is the
presence of O and C in the plasma edge leading to an effective charge Z.;¢ of up to 3.5
and causing a highly radiative edge mantle. A radiative collapse of the plasma occurred
before high core density operation was achieved. The origin of O in the full-C device can
be attributed to oxide layers at recessed areas of the first wall, to potential vacuum leaks,
as well as to contamination of PFCs with water (H20). The strongest contributor to the O
content in OP1.2A plasmas had been identified to be the water contamination of graphite
divertor PFCs, though the target elements had been baked out prior to the installation
to temperatures up to 475° C'. This conclusion was drawn from intra-shot analysis of
divertor spectroscopy on OI and OII representing the O source term [32], and intra-day
analysis of O and O-containing molecules in the inter-shot residual gas spectrum of the
W7-X vacuum [29]. A typical spectrum in the divertor covering H., and strong OII lines
underlying the strong O source term in OP1.2A is given in Fig. @a)
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The temperature of the inertially cooled divertor PFCs rises due to plasma loading
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FIG. 6: a) Divertor emission spectrum showing H, and OII taken in OP1.2A [31]. b)
Temporal evolution of HyO, CO, COy in the residual gas composition during the last
day of operation prior to the first boronisation in OP1.2B [1(]. PFC bulk temperature
evolution measured by calorimetry in HM 5u close to the strike-line location. The vertical
bars indicated individual discharges of the experimental day.

during a day typically to 250° C' until an equilibrium between plasma-induced bulk tem-
perature rise and inter-shot cool down occurs. Water in the PFCs can be released and
partially pumped out [29], but some residual O remains in the vessel [10]. The release is
not homogenous from the PFC surface, but related to the heat load footprint as well as
the achieved bulk temperature of tiles of a divertor finger. Consequently, the desorption
process continues with rising input power and surface temperature or by change of the
plasma-surface interaction zone by e.g. change of the magnetic configuration. Fig. @b)
shows the temporal evolution of the main O-containing molecules in the residual gas
spectrum in W7-X at the last day before the boronisation. The increase of O-containing
species with operational time and accompanied rising PFC temperature in the diver-
tor is visible. The deposition of energy by plasma load and associated heating of the
bulk graphite elements is effectively conditioning the PFCs up to the achieved PFC bulk
temperature which explains the quiet start-up behaviour up to 150° C' and the rise of
O-containing molecular release in the next pulse. Intra-shot ECRH wall conditioning dis-
charges were applied to reduce the O as described in [30]. But, not only O contributes to
the plasma edge radiation, but also C, physically and chemically eroded by impinging O
ions during plasma operation. Thus, the C sputtering is not solely determined by proton
impact, but by impurity ion impact, namely O and C ions (self-sputtering), too. This
behaviour was observed in other carbon wall devices before and cured by the application
of boronisations [33].

3.2 Impact of boronisation on impurity sources in W7-X

Access to the stellarator-favourable high density operational regime [6] was only possible
owing to boronisations in OP1.2B, thus, glow discharges in a 10% By Hg+90% H e mixture,
which deposits a thin B layer on the top surfaces of the first wall and divertor PFCs and
getters O. Moreover, the surface coverage also prevents further transient release of water
from the graphite plasma-facing sides. Fig. |7a) shows C'I] and OII emission spectra of
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singly ionised C and O in the divertor before and directly after the first application of a
boronisation in W7-X. The emission spectra of these singly ionised C and O - representing
the divertor impurity source - were recorded in a pair of hydrogen discharges with identical
plasma input parameters and magnetic configuration. The line emission is normalised to
the H, emission reflecting the recycling flux and reveals a dramatic local reduction of the
O and the C source close to the strike line where the line-of-sight of the spectrometer was
positioned. The impurity content in the plasma core, measured with the VUV HEXOS
[35] system behaves accordingly as depicted in Fig. ) The reduction of impurities is
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FIG. 7: Impact of a boronisation on the impurity content in (a) the divertor and (b)
core plasma of W7-X visualized by optical emission spectroscopy of C and O ions [3]).
c¢) Evolution of C, B, and O divertor source strength with accumulated plasma time in
OP1.2B deduced from divertor spectroscopy of singly ionized C, B, and neutral O atoms
(cf. [10]). d) Long-term evolution of C, B, O core content over the plasma time in OP1.2B.

in-line with the reduction of the effective plasmas charge Z.;s, a measure for the plasma
purity, which drops from typically 3.5 in OP1.2A to 1.5 in OP1.2B. Fig. [7k) shows the
temporal evolution of the normalised B (BII at 703.1 nm), C (C1I at 426.7 nm), and O
(O at 844.5 nm) edge emission, over the campaign OP1.2B for comparable discharges
and magnetic configurations indicating a reduction of O by more than a factor 10 and
the C by a factor 7 with respect to the pre-boronisation values [I0]. Moreover, Fig. )
and Fig. [7d) reveal the rise of the normalised C divertor influx and O core content after
a boronisation, which can be attributed to the re-erosion of the B layer at the location of
the spectroscopic measurement and exposure of the graphite divertor to the plasma. The
O influx rises slower, which suggests, that a fraction of the O is permanently bound or
pumped away by the B; the O source attributed to the divertor is on a longer time scale
significantly reduced.

Fig. [8a) and b) are showing evidently the capture of O by B layers from boronisation
and the associated reduction of C in the post-mortem analysis (SEM, FIB and Energy
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Dispersive X-Ray Analysis (EDX)) of a sample taken from the divertor target element
TM2h6 which were located in a net-deposition zone with maximum observed thickness
of 8 um. Three regular boronisations marked as By Hg were executed over the duration
of the campaign OP1.2B. Three well separated broad B peaks in atomic weight, in-line
with O peaks indicating the gettering process, are visible in depth of the FIB cut sample.
Correlated are three dips in the C weight fraction confirming the layer-like structure visible
in Fig. [8b). Iron (Fe) is caused by first wall erosion during He GDC prior to the first
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FIG. 8: a) FIB cut of a target element TM2h6 in HM 51 with associated EDX line scan
(blue) revealing local C, B, O, and Fe deposition on bulk graphite. b) Three B and O
peaks, anti-correlated with C' dips, reflect the three boronisations in OP1.2B.

boronisation which is also linked to O release due to erosion of surface oxides. Note that
directly prior to the third boronisation, an in-situ B deposition via B,C was performed by
a powder injector system located at the midplane manipulator during plasma operation
[36, B7]. About 1.5 g B was introduced into W7-X and deposited primarily on the target
plates; this B is embedded the third broad B layer in Fig. ) The origin of the additional
B peak in the deposited zone about 1 um depth and 150 nm width is unknown and might
be correlated to a change of magnetic configuration and B erosion from a previously
untouched plasma-facing surface. The three boronisation introduced commutatively ~
18 g into the vessel with 22% of B introduced in the first, 43% of B in the second, and
35% of B in the last boronisation in form of 10% By Hg diluted in the He glow discharge.
These were the first boronisation in W7-X and some moderate optimisation in view of
homogeneity and reliability took place with increasing number of boronisations, thus, the
B deposition rate and the B distribution in the vessel might be slightly different in the
three boronisations. Assuming an equal distribution of boron on the W7-X vessel walls,
the average B layer would have about 20 — 25 nm thickness per boronisation. Contrary,
the appearance of B is much broader in the EDX analysis Fig. [8k) indicating that the B
deposition results from multiple erosion/deposition processes and strong net-deposition
at the analysed location. The executed plasma time in W7-X after a boronisation was
comparable as indicated by the vertical lines in Fig. 1).

The positive impact of boronisations on the wall conditions in W7-X can be separated (i)
in a short-term effect related to the strike-line location and limited due to fast re-erosion
of the B layer under high ion flux impact, and (ii) a long-lasting effect related to the first
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wall and limited by re-erosion due to the low impinging ion and charge-exchange flux. It
can be seen that the long-lasting effect will be at least compatible with the duration of
one long-pulse discharge of 1800 s in future. The boron dropper techniques can be applied
to renew the B layer transiently on the divertor target plates as the deposition is related
to the applied magnetic configuration and associated plasma fluxes of the plasma.

4 Erosion and deposition pattern in standard diver-
tor configuration

4.1 C erosion at the horizontal target plates

Two complete sets of C/Mo/C marker target elements, introduced in detail in section ,
were utilised to determine the net erosion of C integrated over the campaign OP1.2A
and OP1.2B, respectively. In the case of OP1.2A and the high impurity content of O
and C present in the plasma, the method was challenged as not only the C top layer was
completely eroded at the strike-line location, but also large fractions of the Mo interlayer.
The impact energy threshold for Mo erosion by mono-energetic protons is about 200 eV
[38] and above the impact energies of impinging protons and charge-exchange hydrogen
atoms in the normal operational window of W7-X. Thus, the main part of Mo erosion
must be caused by impinging O and C ions which have a sputtering threshold energies of
about 25 — 35 eV. Moreover, likely ionisation stages 3+ and 4+ dominate the impurity
outflux in attached conditions, thus, in all divertor plasma conditions in OP1.2A, Mo has
been sputtered if exposed to the surface. The peak C erosion locations in both campaigns
is the same, whereas the overall C erosion/deposition balance point varies due to reduction
of the net C erosion source in OP1.2B owing to lower O and C content.

Fig. @a) and b) show examples of the net erosion/deposition poloidal profile on the
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FIG. 9: The C erosion/deposition pattern along the poloidal coordinate s of one horizontal
target element TM2h6 from (a) the lower half module 5 and (b) the upper half module 2
deduced from differential EBS measurements before and after OP1.2B. ¢) The averaged
poloidal erosion/deposition profiles of all ten half modules of the test divertor unit.
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HT plate at the location of TM2h6 in the lower half module 5 (HM 51) and the upper
half module 2 (HM 2u) after plasma loading in OP1.2B [39]. The poloidal profile is
given in format of the s coordinate with its origin at the pumping gap of the horizontal
target. In both cases, the peak erosion is located at about s = 150 mm at the location of
the inner strike line in standard divertor configuration as defined in section [2] A second,
much weaker erosion zone is detectable around s = 350 mm away from the PG in poloidal
direction. It coincides with the secondary strike line of the standard divertor configuration
on the HT plate, though it also overlaps with the main strike line of the so-called low
¢ configuration (DBM), which was used about 13% of the experimental time in OP1.2B
in contrast to the dominant 53% in standard divertor configuration (see Appendix [Al).
Moreover, there are clear net deposition zones next to the main strike line close to the
PG and between the two net erosion zones visible.
Though the C net erosion/deposition pattern of the two equally positioned TM2h6 marker
target elements with respect to the HT geometry is qualitatively in very good agreement,
they show a quantitative difference related to the stellarator module or to the up/down
location. In the HM 2u case, not only the C top layer, but also the Mo interlayer was
partially eroded and the peak net C erosion had to be extrapolated from the Mo erosion
and consideration of the different sputtering yields as described in [II]. There is almost
a factor 2 difference in the peak net C erosion between these two toroidal positions. In
Fig. @c) is for comparison the averaged net C erosion/depositon profile of all ten half
modules exposed in OP1.2B depicted. The discontinuity of the profile reflects the gaps in
the marker layer of TM2h6 which consist of 8 individual graphite tiles.

Fig.[10|shows the variation of the poloidally integrated net C erosion rate of the complete
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FIG. 10: a) Toroidal distribution of net C erosion rates of TM2h6 elements over all
upper and lower half modules. The poloidally integrated net C erosion is normalised to
the plasma time in standard divertor configuration in OP1.2A [11] b) Corresponding net
C' erosion rates for OP1.2B executed with reduced impurity content due to boronisations.

element TM2h6 over the graphite HMs exposed. In a full symmetric arrangement, all 5
upper and 5 lower half modules shall have the same C erosion rate as they shall receive the
same particle load. Variations in the heat load to the HMs have been observed before and
related partially to imperfect positioning of HMs, which might also explain the variations
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in the impinging particle flux and net erosion as discussed in [11]. Moreover, an up-down
asymmetry in the particle and heat fluxes due to particle drifts [40] has been recently
identified; it might also contribute to the asymmetry in the erosion/deposition pattern of
upper and lower half modules.

Fig. [10p) provides the net C erosion rate distribution over the HMs for OP1.2A where in
all cases the extrapolation was done with the aid of the Mo interlayer erosion. Fig. )
gives the corresponding distribution for OP1.2B. The campaign-averaged net C erosion
rate on the HT plate drops by a factor 5.4 between the first and second campaign with
TDU in standard divertor configuration. The difference is attributed to the reduction of
the impurity content due to application of boronisations in OP1.2B, where the C erosion
is finally determined by proton-induced physical and chemical sputtering as well as C self-
sputtering. The total net erosion of C per campaign at the horizontal target plates of the
TDU can be extrapolated from the given EBS data from all marker target modules and
under consideration of temperature footprint on the HT plate for the standard divertor
configuration. The net C erosion amounts (34.5 + / — 8.4) g C in OP1.2A [II] and
(13.74/—2.3) g C in OP1.2B [39] or normalised to the exposure time solely in standard
divertor configuration to a C erosion rate of (13.9 + / — 3.4) mg/s in the mixed He+H
plasmas of OP1.2A (2481 s) and (2.8 4 /0.5) mg/s in the H plasmas of OP1.2B (4809 s).

4.2 H retention at the horizontal target plates

Next to the EBS measurements, also LIBS and LIA-QMS (Laser-Induced Ablation Quadru-
pole Mass Spectrometry) measurements were carried out on the same horizontal target
elements with marker layers (TM2h6) exposed in W7-X [I4] [41]. Ion beam and laser-
based methods agree well in the depth-resolved information of C and Mo and provide the
erosion/deposition pattern in poloidal direction of the target plates at different toroidal
locations. Additionally, LIBS and LIA-QMS have access to the H content and complement
ion beam analysis techniques with respect to the hydrogen spatial and depth distribution
as latter have no direct access to {H.

Fig. gives an example of the laser-based analysis of marker target element TM2h6
installed in half module 1u and exposed to H4+He plasmas in OP1.2A. Fig. ) depicts
the complete target element with the eight individual tiles forming the target finger. The
darkened area represents the net erosion zone at the main inner strike line which correlates
with the peak-heat load zone in standard divertor configuration. An IR footprint for a
representative discharge in standard divertor configuration in OP1.2A is shown for com-
parison. Fig. ) visualises the appearance and disappearance of the Mol line emission
in the LIBS spectrum as function of the poloidal coordinate s on the marker target ele-
ment TM2hHG6 in half module 1u (HM 1u). At each spatial location 200 laser pulses were
executed in a row to obtain depth-resolved information and to determine erosion and de-
position areas of the target element. The Mo interlayer acts as scale for depth resolution.
The original marker structure (C/Mo/C) is still intact at the location s = 450 mm far
from the strike lines. There is nor erosion neither deposition at this location without sig-
nificant plasma particle loading and three different layers can be distinguished: the C top
layer, a thick layer with detectable Mo content combined with C, and the pure graphite
substrate. Full quantification of the erosion depth requires the characteristic ablation
rates for the different materials present in the marker layer, the laser characteristics, and
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material roughness as studied extensively in [I4) [42] for PFC materials used in W7-X.
The immediate appearance of Mol emission at the target element surface between s = 80
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FIG. 11: a) Image of individual graphite tiles of target element TM2h6 in half module
1u extracted after OP1.2A and a typical heat load pattern for a representative discharge
in standard divertor configuration. b) Depth-resolved distribution of C and Mo at TM2h6
in poloidal direction measured by LIBS. ¢) Complementary poloidal distribution of the
campaign-integrated H content determined by LIA-QMS. d) Depth-resolved H distribution
at two representative locations: strong net erosion zone and at a virtual erosion-free zone.

and s = 280 reflects the complete erosion of the C top layer in this part of the HT. Mo is
eroded by O and C ions within this poloidal extension as discussed before; the peak net
erosion can be identified at the location s = 150 mm where Mol emission fades away in
the first LIBS pulse. This result confirms the spatial extension of the net erosion zone on
the horizontal target element identified in EBS measurements [I1] and shown in Fig. [10h)
for half module 1u. The comparison of Fig. ) and b) shows the good agreement of
the peak net erosion and the peak heat load zones at the inner strike-line position of the
standard divertor configuration in OP1.2A.

The main mechanisms for H retention in graphite are implantation and co-deposition [43]:
co-deposition dominates in long-term operation as it is proportional to impinging proton
flux and rises linearly with plasma operation time. Implantation in graphite is limited and
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takes place in the near surface followed by diffusion into the bulk material and depends
on the material structure and temperature. In standard divertor configuration during
OP1.2A are the HT and VT plates not in deposition zone, thus, co-deposition of H with
C is negligible as retention mechanism in this case and solely implantation determines the
fuel content in graphite. LIA-QMS [41] was applied to determine the spatial distribution
of the H content in the surface of target element TM2h6 in half module 1u as depicted in
Fig.[11k). The total H content was accumulated in the first five consecutive laser pulses at
the same location. Fig. ) shows the associated H depth profiles for two characteristic
locations on the target element confirming the dominant appearance of H in the near
surface of the target element and that five laser pulses are sufficient for the quantification.
The original C/Mo marker layer on the graphite substrate is in poloidal direction not
continuously deposited on the TM2H6 finger (Fig. ), but small spatial gaps with the
fine grain graphite substrate at the surface exist between sets of individual tiles (see Fig.
. These fine grain surfaces of TM2H6 are marked by circles in Fig. ) whereas the
areas with (initial) C/Mo marker surfaces are labelled by stars. The measured integral
H retention does in general not exceed 1.6 x 10*! Hm™2 at areas with (initial) C/Mo
marker layer. The H retention is as low as 0.5 x 10?1 Hm ™2 at the highest net C erosion
at the strike-line location around s = 140 — 160 mm, where the surface temperature dur-
ing plasma impact was highest and retention by implantation is correspondingly lowest.
This is independent of the initial surface composition of the TM2h6 finger. Contrary,
high H retention up to 5 x 10! Hm =2 has been measured on surfaces with fine grain
graphite finish away from the strike area (e.g. at s = 280 mm) whereas the H retention
was locally about a factor 5 higher at nearby areas with marker layer at the top surface
(e.g. at s = 300 mm). The fine grain graphite applied as bulk material of the TDU has
a higher porosity then the C top layer of the C/Mo marker surfaces as depicted in the
cross-section in Fig. Bk). The difference in porosity can explain the large difference in H
retention within a few mm in lateral direction at otherwise similar surface temperature
and impinging proton flux conditions during plasma operation. It must be stressed, that
the total H content of the TDU is best represented by the measurements at the fine grain
graphite surfaces (blue circles in Fig. ) indicating a high hydrogen reservoir between
the inner and outer strike-line locations. This hydrogen reservoir contributes to the strong
hydrogen outgassing observed in OP1.2A when the plasma touches these areas; areas that
have not experienced high temperature excursions during plasma operation. The estima-
tion of an overall retention rate is more than challenging as in OP1.2A mixed plasma
operation in H and He took place and significant H was initially stored in the PFCs.
The situation changed in OP1.2B where also parts of the HT and VT plates were in de-
position zone covered partially by boron layers as shown e.g. in @c) Thus, co-deposition
at the target plates is in OP1.2B relevant as mechanism for hydrogen retention in PFCs
of the TDU and must be taken in account in overall retention calculations. Further anal-
ysis of target elements exposed in OP1.2B are required to obtain an integral view of the
H content. Note, co-deposition has been also identified during OP1.2A and OP1.2B at
the baffle regions exposed at low surface temperature where carbon-containing layers of
several pm thickness have been found. Peak retention up to 1 x 10?2 Hm =2 was measured
in those co-deposits with up to 1.5 um C layer thickness after OP1.2A [41].



18

4.3 C erosion at the vertical target plates

A similar comprehensive post-mortem analysis employing EBS and LIBS was carried out
for the marker target elements TM2v2 embedded in the VT plates of the ten half modules
of W7-X. An open point so far is the direct demonstration, that the heat load footprint
derived from IR thermography correlates spatially with the impinging particle footprint
which itself is responsible for the gross C erosion at the target pates. The latter, measur-
able by optical emission spectroscopy on low ionising C [44], feeds into the net C erosion
footprint recorded at the target plate by post-mortem analysis, but the correlation is not
direct as C deposition causes the difference between net and gross C erosion as well as
can impact the IR thermography interpretation. The most suitable test case to establish
a link between the heat flux (by IR) and the net C erosion distribution (post mortem
analysis) is the comparison of both quantities in the case of a pure net C erosion zone
under ionising conditions - like observed on the VT plate in OP1.2A.

Fig. (12| depicts the net C erosion/deposition profile as function of the poloidal coordinate
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FIG. 12: a) Net C erosion and deposition profile of marker element TM2v2 exposed at
HM 51 in OP1.2A [1])]. The heat flux footprint of a representative discharge in standard
divertor configuration taken at the location of TM2v2 by IR thermography. b) Net C
erosion and deposition profile of marker element TM2v2 exposed at HM 5u in OP1.2A.

s at the toroidal location of TM2v2 in (a) the lower half module 5 (HM 51) and (b) the
upper half module 5 (HM 5u) derived from LIBS. As the measurements were executed
after OP1.2A, strong impurity-induced sputtering occurred during plasma operation and
total erosion of the C top layer and almost complete erosion of the Mo interlayer occurred.
The peak net C erosion at 51 around s = 165 had to be extrapolated (green points) from
the Mo interlayer erosion and amounts about 16.6 um or 1.5 x 10** atoms m~2 as shown
in Fig. [I2h) [14]. This converts into a peak C net erosion rate of 6.7 nm/s at this location
when related to the plasma time in standard divertor configuration in OP1.2A (2481 s).
Overlaid in the same figure is the poloidal heat flux profile at the toroidal location of
TM2v2 deduced from a representative discharge by IR thermography. The peak heat
flux reflects the main magnetic strike line in standard divertor configuration on the VT.
Both profiles show a good qualitative agreement in poloidal direction though they reflect
different physical quantities: the impinging heat flux, the impinging particle flux, and the
net C erosion distribution which stems from the competition of gross C erosion and C
deposition. The PSI and impurity transport code ERO2.0 will be used in the next sec-
tion to connect these physics quantities for a better interpretation of the experimental
data and their correlation.
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Fig. ) describes the net C erosion and deposition profile along the poloidal coordinate
s for the TM2v2 finger located in the upper half module 5. The main feature of the
erosion and deposition profile, the wide net C erosion zone around s = 165, preserves at
the upper half module 5u in comparison with the previously discussed lower half module
5. However, the absolute magnitude differs substantially between the two HMs in the
same module 5 of W7-X in OP1.2A. There is in particular only moderate Mo interlayer
erosion; the extrapolated net C erosion in HM 5u amounts 10.1 um, thus, about 40% less
than in HM 51. The discrepancy in net C erosion is comparable to variations observed
at the HT plates. It is most likely related to top/down asymmetries in heat and particle
loads due to plasma flows [40].

The corresponding LIBS analysis of TM2v2 in HM 5u reveals also strong net C erosion

c €
S3
5
(-t
c & 2 ©g1
2 € : g 08 .
Z 0 C erosion £ cF
o E o 05 9
Q 5 2 =
2w b= &S
Qg S 04 80,
c o N (L)
Q= = °
g ) g 0.2 —_
w5 zl, s g_o.
0 50 100 150 200 250 300 350 = =0.
a) poloidal coordinate s [mm] g %0,
— = 2 © 01, o
c 9 - 7 T
S £ < -E- =
E= £ c | -
g€ e 23 7 He
g% £ Ecg s
Qy K 22 sk ; E 5
c 9 N % 10 Ei-t 7
o= T (3333 o
gs H
= S c
W - = sz 1 B
0 50 100 150 200 250 300 350 Be 2 2000
b) poloidal coordinate s [mm] 58
2 T : . . . co 3
0 ° 0
o = e
& c 1S3 6
5T - o 5% JFe :
B o Ll 2 Tg 2 2
S g S T a 3
O = el = ®©0 0
8 ® g T
o st © — 15
o = QS € 2
8 o -0f —e— Erosion C = 232 4 10
= ) t-10 ©
= ~&-- Erosion C extrapolated by M mE 6
w s 12| FEE] rosion C extrapolated by Mo % %‘g 8 g 5
1| AR 25 $ 10 o
0 50 100 150 200 250 300 350 d 100 200 300
C) poloidal coordinate s [mm] ) poloidal coordinate s [mm]

FIG. 13: Poloidally resolved erosion and deposition pattern of TM2v2 located in HM 5l
after exposure in OP1.2B: (a) marker C layer erosion, (b) Mo interlayer erosion, and (c)
extrapolated total net C erosion. d) Complementary depth-resolved composition analysis
of C, H, O, He, B, Fe, Mo at the target elements surface by LIBS.

on the VT of the TDU after plasma operation in OP1.2B. Fig. ) shows complete ero-
sion, 7.7 um at this toroidal location, of the C top layer around the strike line in standard
divertor configuration (s = 150 mm). Moreover, the Mo interlayer is strongly eroded by
plasma particle impact as depicted in Fig. ) and an equivalent of about 2.5 um of the
mixed C/Mo layer is physically sputtered away. Please note, that the actual width of
the Mo emission is not reflecting solely the thin Mo interlayer, but the material thickness
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where Mo and C co-exist in LIBS spectra. This is caused by the large laser spot size of
1 mm diameter and material roughness in the pum-range as discussed and modelled in
[14] and depicted in Fig. [5ld). The peak net C erosion needs to be reconstructed as before
from the C top layer erosion and the partial Mo interlayer erosion (Fig. ) and amounts
11.8 wm or 1.06 x 10** atoms m~2 for TM2v2 at HM 51. This transfers into a peak net
C erosion rate of 2.5 nm/s when normalised to the operational time in standard divertor
configuration in OP1.2B (4809 s). The peak value of the net C erosion rate at the same
half module 51 drops only by a factor 2.7 from OP1.2A to OP1.2B. This reduction is only
half the value observed on the HT plate at TM2h6. Additional net C erosion causes,
e.g. due to operation in the high mirror configuration (KJM), need to be included in the
analysis of the VT plates.

The application of boronisations in OP1.2B converted a part of TM2v2, and thus the
VT plate, into a net deposition zone at s > 200 mm in the dominantly applied standard
divertor configuration. The deposition is determined by a material mixture of C, B, O, Fe
and H as characterised by the LIBS depth profiles in Fig. ) derived from correspond-
ing neutral or single ionised line emission of the deposited species [45]. The common
deposition of B and O is related to the gettering of O by B as visualised in Fig. [9b)
taken in a deposition zone. The detected H in the near surface at poloidal locations
with s > 200 mm is mainly caused by co-deposition with the low-Z impurities present
in the deposition layer: B and C. Contrary, detected H at the surface in the moderate
erosion zone at s < 100 mm is caused by implantation. Fe appears at the same poloidal
locations as Be and O, but extends deeper in the surface. Fe is deposited primarily by
He-GDC executed prior to the initial boronisation in OP1.2B. Subsequently, He GDCs
were in OP1.2B omitted to a large extent additional Fe sputtering from the steel panels
is suppressed and associated deposition on the TDU prevented. Complementary LIBS
analysis a few ¢m away from the marker area in toroidal direction on fine grain graphite
part showed a similar deposition and depth pattern regarding the intrinsic impurities B,
O, Fe including some Mo deposition. Mo originated from the Mo interlayer sputtering at
the strike-line location and migrated with operational time in OP1.2B towards the nearby
fine grain graphite surface.

5 Modelling of erosion and deposition pattern in stan-
dard divertor configuration

5.1 Plasma-background simulation in standard divertor config-
uration with EMC3-EIRENE

The experimental results presented before have been interpretatively modelled with the
3D PSI and transport code ERO2.0 [I5] and the PSI code WallDYN-3D [16]. Mandatory
input for both PSI codes is a 3D plasma background providing the key information about
the plasma conditions in a divertor module and at the target plates: electron density n.,
electron temperature T, the ion temperature T;, the impinging ion flux I';, and the heat
flux I'y,. The 3D Monte-Carlo Code EMC3-EIRENE is the most suitable plasma boundary
code to provide these information in the complex W7-X geometry [17]. EMC3-EIRENE
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is currently applied to simulate the variety of experimentally accessible divertor plasma
conditions in the standard divertor configuration of W7-X [18] [46] which offers the best
set of experimental data to compare with. In order to interpret the post-mortem analysis
information on the horizontal and vertical target plates at the low ¢ part of the TDU,
in principle a selection of the most relevant magnetic configurations and representative
plasma conditions is required to mimic the integrated conditions of one experimental cam-
paign. As discussed before, the plasma-surface interaction zones are determined by the
selected magnetic configuration and operational time, the footprints of configurations are
well separated in space, and the configurations have in first order assumption negligible
impact on each other. The initial plasma boundary modelling studies target on hydrogen
plasmas with low O content (< 0.1%) as present in OP1.2B.

A representative plasma background from EMC3-EIRENE in standard magnetic configu-
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FIG. 1/: EMCS3-EIRENE simulation for a representative plasma in standard divertor
configuration in OP1.2B in ionising divertor conditions. a)-e) the main output parameter
for PSI modelling: ne, T., T;, T;, and T'y,. f) The surface temperature distribution from
the reference experiment measured by IR thermography.

ration with ionising divertor conditions in H was selected from experimental and modelling
studies described in [47]. The target plasma used an upstream density of 4 x 10 m=3,
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an input power of 4.0 MW, a radiated power fraction of 33% modulated by moderate
impurity seeding, and a down stream peak heat flux at the strike line of 1.0 MWm=2.
The latter has been extensively compared with experimental heat fluxes at the divertor
target plates. Fig. [14] provides the set of relevant EMC3-EIRENE output parameters for
the PSI modelling related to one divertor half module. The edge plasma of 1/10 of W7-
X, representing one divertor half module, was simulated with the horizontal and vertical
target plates as main material boundary; other PFCs like the first wall steel panels or the
graphite heat shield have been neglected. Periodic boundary conditions and top-down
symmetry was assumed.

The very same target plasma was applied in the *CH, injection experiment at the end of
plasma operation with TDU before removal of all divertor PFCs [48]. About 7% of plasma
time in standard divertor configuration in OP1.2B was carried out in a sequence of self
similar plasmas with divertor target plasma conditions of 7, = 25 eV and 1.0 x 10 m~3
at the strike line on the HT. The EMC3-EIRENE plasma background was compared with
plasma parameters from divertor Langmuir probes, IR thermography, and He beam and
was in good agreement as described in more detail in [49]. Thus, the selected EMC3-
EIRENE plasma background is most suitable and representative for the adjacent PSI
modelling studies with ERO2.0 and WallDYN-3D.

5.2 Simulations of (' erosion and deposition on the TDU diver-
tor target plates with ERO2.0

The 3D impurity transport and PSI code ERO2.0 has been applied to model the campaign
integrated C erosion and deposition in W7-X equipped with graphite test divertor unit.
ERO2.0 is a parallelised Monte-Carlo Code operating on High Performance Computer
(HPC) and capable to simulate plasma-surface interaction processes (erosion, deposition,
material mixing etc.) and impurity transport with full gyro-orbit resolution in the bound-
ary layer of large scale fusion plasmas devices like ITER [50] with high spatial resolution
at the plasma-surface interface. ERO2.0 applies the trace particle approximation for the
impurities, thus the impact of traced impurities on the plasma background is neglected.
The plasma and neutral particle background up to the main PFCs in the complex 3D
geometry of W7-X is taken from EMC3-EIRENE. As in the case of EMC3-EIRENE, full
five-fold symmetry of the W7-X modules and top/down symmetry within a module is
assumed in ERO2.0 in the simulations regarding campaign-integrated material migration.
One half module, or 1/10 of the plasma boundary and divertor PFCs is simulated with
appropriate boundary conditions to ensure particle conservation.

ERO considers chemical and physical sputtering of carbon by impinging protons, carbon
ions, and charge-exchange hydrogen with sputtering yields based on binary collision ap-
proximations according TRIM.SP [51]. Chemical sputtering is embedded following the
Roth parametrisation [52] and the complete hydrocarbon break-up chain in the plasma
[53] as well as sticking coefficients for hydrocarbon break-up products are considered.
Though in the applied ERO2.0 version polished plasma-facing surfaces are considered,
an effective impact angle of projectiles of 40° to surface normal was used to mimic the
impact of roughness effects. This factors in the deviation from the typical mean impact
angle of 60° observed in many ERO simulations with flat surface. WallDYN applies a the
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same impact angle as discussed in [49]. A more realistic material roughness description
[54] can be taken into account in future simulations on cost of calculation time. ERO2.0
can be compared in two ways with experimental results: (i) spectroscopy and experi-
mental light emission of impurities eroded, ionised, excited in the plasma background;
(ii) post-mortem analysis and the net erosion and deposition pattern. The focus in the
campaign integrated study is on the simulation of the 2D distribution of net C erosion
and deposition on the graphite PFCs of the TDU in high spatial resolution which permits
a direct comparison with post-mortem analysis results presented in section [4]

Applying the EMC3-EIRENE plasma background for the standard divertor configura-
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FIG. 15: FRO2.0 simulations of C' erosion and deposition at one graphite half module
exposed in W7-X hydrogen plasmas in standard divertor configuration. a) Gross C erosion
distribution on the divertor target plates. b) Total C deposition distribution on the divertor
target plates. c¢) The net C erosion and deposition pattern on the divertor plates. d)
Physical sputtering of graphite by protons. e) Chemical sputtering of graphite by protons.
f) Self-sputtering of graphite by C ions.

tion(section , ERO2.0 simulates the gross erosion flux pattern of C from the divertor
half module as depicted in Fig. [I5h) which considers the different erosion mechanisms
described before. O has not been considered in these ERO2.0 simulations as the focus of
the present studies is on OP1.2B with negligible O content after application of the boroni-
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sations. Major correlation with the impinging ion and heat flux footprint at the strike-line
location shown in Fig. [I4d) and e) can be seen, but additional erosion related to the sur-
face temperature footprint, thus, the chemical erosion can be identified. In general, the
gross C erosion pattern reflects a combination of all three contributions. Fig. ) shows
correspondingly the total deposition flux of C onto the divertor half module. The total
deposition flux follows largely the impinging particle flux pattern and therefore, the gross
C erosion and total C deposition footprint in distribution and magnitude look similar.
The balance of both fluxes (Fig. [L5¢) provides the key result from the ERO2.0 simulations
to be compared with the experiment, the net C erosion and deposition distribution along
the plasma-facing surfaces of the TDU half module.

Fig. a) reassembles enlarged the key outcome of ERO2.0 simulations for the stan-
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FIG. 16: ERO2.0 simulation of the net C erosion and deposition distribution on the HT
and VT plates in standard divertor configuration. b) Horizontal target: Poloidal distribu-
tion of the net C erosion and deposition flux at the toroidal location TMZ2h6. Integrated
net C erosion and deposition in OP1.2B. c) Vertical target: Poloidal distribution of the

net C eroston and deposition flux at the toroidal location TM2v2. Integrated net C' erosion
and deposition in OP1.2B.

dard divertor configuration in W7-X hydrogen plasmas in OP12.B: the net C erosion
and deposition flux pattern in one half module. The position of the marker target ele-
ments TM2h6 on the horizontal target plate and TM2v2 on the vertical target element
are marked in the figure. In the next step the net C erosion and deposition flux pattern
at the locations of the target modules is integrated in a small stripe in toroidal direction
in order to improve the simulation statistics. Fig. ) depicts the profile of simulated
net C erosion and deposition flux along the poloidal coordinate s at the toroidal location
of TM2h6 on the horizontal target element. The profile reproduces qualitatively well the
main features observed in the experimental analysis shown in Fig. |§|c) for the averaged
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profile over all HMs: the strong and broad erosion region at the location of the inner
strike-line, a moderate deposition region in the area of the magnetic island, followed by
second moderate erosion zone related to the outer strike-line, finally a zone of balanced
erosion and deposition at the end of the target element. Multiplication with the exper-
imental time in standard divertor configuration in OP1.2B provides the integrated net
eroded and deposited C at this location. The simulated peak erosion values are in good
agreement in the absolute magnitude with the experiment. However, ERO2.0 predicts a
significant net-erosion between the PG and the inner strike line on the HT which cannot
be seen in the experiment. A potential cause might be the overestimation of chemical
erosion in ERO2.0 at this location as the comparison of Fig. [L6[l) and e) suggests. In
future simulations the more recent description of the chemical erosion yield with ion flux
dependence [55] will be applied.

Fig. ) shows the corresponding ERO2.0 net C erosion and deposition flux distribu-
tion along the poloidal coordinate s at the toroidal position of TM2v2. The simulation
predicts rightfully the peak net erosion close to the strike-line position of the vertical
target. However, the extension of the net erosion zone is wider and no deposition area
close to the baffle region is visible as seen in the experiment e.g. in Fig. ) for the
lower half module 5 (HM 51). The main contributor to the broad erosion on the VT plate
in ERO2.0 is chemical sputtering which seems to be overestimated in comparison with
the experimental results. Moreover, there is a discrepancy by about a factor 3 in the
magnitude of peak net C erosion between modelling and experimental results from HM50
when normalising to the operational time in OP1.2B. It shall be noted, that due to lack
of analysis, no averaged profile over the ten HMs exist and HM 51 showed 40% more peak
erosion that HM 5u. Thus, the discrepancy between ERO2.0 simulation and an averaged
net C erosion and deposition is expected to be lower, but will still be significant. The
high mirror configuration (KJM) might contribute at this location to additional C erosion
as discussed in the experimental section [4.3]

The main experimental features like the two erosion zones due to strike lines, the deposi-
tion in-between them, and the peak net C erosion can be quantitatively well reproduced
for the HT plate by ERO2.0 for the standard divertor configuration with graphite PFCs.
Therefore, ERO2.0 can be applied for predictive modelling of erosion/deposition in OP2.0
with actively cooled divertor provided a relevant plasma background for long-pulse oper-
ation is available. Differences between experiment and interpretative modelling of the VT
plate appear. On the one hand the peak net C erosion location is reproduced, but the
modelled net erosion is too low. On the other hand, ERO2.0 failed to predict the deposi-
tion zone close to the baffle at the inboard side which is likely related to an overestimation
of the chemical erosion contribution. ERO2.0 simulations at this stage are not considering
further interaction at e.g. the inner heat shield made of graphite or other recesses plasma-
material surface. Inclusion of these areas might improve the overall global simulations
and support the estimation of an overall carbon balance. However, the required plasma
conditions at those locations, namely the proton flux and the charge exchange hydrogen
flux to those surface were not available at the time of the modelling. They will be in-
cluded in future and permit simulations with PSI at all graphite bases surfaces. It shall be
further mentioned that only one magnetic configuration with one experimental condition
has been used up to now to model the complete net C erosion and deposition pattern after
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OP1.2B. ERO2.0 modelling of a representative high mirror configuration (KJM) plasma
is required to improve the description of the net C erosion and deposition footprint on
the vertical target. However, also here is the prerequisite representative EMC3-EIRENE
plasma background solution as input currently not available.

5.3 The '3CH, injection experiment in W7-X and its interpre-
tative modelling

The *CH, injection permits the study of C transport and global C migration in the
all-C W7-X utilising both carbon spectroscopy and post-mortem analysis on graphite
PFCs. The first '3C marker experiment has been carried out as last experiment before
the complete extraction of all PFCs of the test divertor unit. The experimental target
plasmas was, as described before, a representative hydrogen plasma for the campaign
OP1.2B (core electron temperature T = (2.8—3.2) keV, core electron density n = (5.0—
6.0) x 10" m=3 ECR heating power Pgcry = (3.4 — 3.9) MW) with attached divertor
conditions, thus, with clear heat and particle flux footprints which can be correlated to
the 3C footprints representing the C transport in W7-X. The divertor plasma conditions
are described in detail in section and [49].

In order to deposit detectable levels of '3C on the graphite PFCs, multiple consecutive
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FIG. 17: WallDYN-38D simulation of 13 C injection into a magnetic island in the standard
divertor configuration through HM 31 [[9]. a) Net 13 C deposition distribution on the target
plates. b) Measured and modelled '3 C areal density in poloidal direction at the location of
TM2h6. The fraction of 3C particles escaping from the half module was varied between
zero and 50% corresponding to the WallDYN results with the labels 100% and 50%.

repeats of almost identical discharges were done accumulating 330 s of plasma time with
13CH, injection. In total 4.5 x 10?2 13C atoms were introduced as *CH4 molecules through
two point-like gas inlets located in HM 3l close to the O-point of the magnetic island
intersecting the HT plate [48, [56]. The injected C isotope '*C mimics the erosion source
of natural 12C at the HT plate and allows to follow-up C transport paths in W7-X. After
extraction of the all TDU PFCs from the vessel, nuclear reaction analysis is applied in
order to determine the *C distribution on the horizontal and vertical plates including (i)
marker target elements [39] and (ii) standard TDU fingers made of fine grain graphite
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[57]. The post-mortem analysis is not yet fully completed, but first information can be
given at this stage and compared with WallDYN-3D modelling results [49].
WallDYN-3D coupled to EMC3-EIRENE simulates the full W7-X torus by mirroring
multiple times the geometry and plasma background of one HM with appropriate periodic
boundary conditions providing a fully symmetric environment of all five modules. The
full symmetry assumption for the background plasmas and the PSI processes is broken by
the toroidally localised marker gas injection through a point-like gas source in the model
located in the horizontal target plate of the lower half module 3 lower (HM 31). WallDYN-
3D introduces in a simplified manner directly *C atoms instead of *CH, molecules into
the plasma and the *C transport in the torus is followed in the simulation. Subsequently,
the deposition of 13C on the considered wall surfaces of the model is determined via a
transport matrix, providing the net 3C deposition pattern for the integrated plasma time
of the marker injection experiment. Local perturbations of the plasma background at the
location of the ¥C injection are not taken into account, but the EMC3-EIRENE plasma
background considers a steady-state plasma with effective moderate methane seeding.
The key results of the interpretative WallDYN-3D modelling of the *C injection from the
horizontal target plate in W7-X are depicted in Fig. . Dominant local 1¥C deposition
in the very same half module 3 lower (HM 31 occurs up and down stream of the injection
location marked as areas 1 and 2. Local deposition of the isotopically marked '*C occurs
also on the VT plate labelled as area 3 in Fig. [I[7h. In addition, deposition of *C takes
place close to the dominant strike-line location of the standard divertor configuration on
the HT, where re-distribution of deposited *C by re-erosion of both 2C and '3C takes
place. Fig. [I7p) provides a quantitative comparison of simulation and experiment with
respect to the areal density of deposited *C at the toroidal location of the marker target
element TM2h6 in the injection half module 3l. Dedicated post-mortem analysis utilising
ion beam technique was applied on top of the previously discussed EBS studies focusing
on 2C (section [4)) in order to quantify *C at the top surface [39]. The WallDYN-3D
simulation reproduces well the *C deposition pattern on the target element TM2h6 in
poloidal direction: a strong localised deposition zone around the poloidal coordinate of the
injection location and a weaker, smeared deposition zone next to the strike-line location.
The agreement in absolute magnitude is satisfying; the experimental values lay between
two assumptions about the fraction of **C remaining in the half module (50% or 100%)
where the injection took place. Further details about the interpretative WallDYN-3D
modelling and the overall benchmark of the first tracer experiment in W7-X are given
in [49)].

These first studies are complemented by ERO2.0 simulations which include the injection
of ¥*CH, molecules, their break-up in the plasma, and sticking of *CH, fragments on
surfaces of the injection half module 3l as well as the distribution in the full W7-X vessel
[56]. ERO2.0 simulates in this case of asymmetric impurity injection the full W7-X vessel
with all half modules. In contrast to WallDYN-3D, the follow-up of *CH, fragments
enhances the local 3C deposition close to the injection location as the penetration of
the molecules is limited as seen in other ERO studies in tokamaks before [58]. ERO2.0
detects 44.5% of the injected *C within a radius of 5 ¢m around the injection location
close to the O-point of the intersecting island. Overall 82% of the introduced *C remain
in half module 31 were the '3CH, was introduced into the divertor plasma [56]. The
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overall deposition locations are comparable to the WallDYN-3D observations as well as
the fraction of 1¥C leaving the HM are in fair agreement. In the next step ERO2.0 will
follow the multiple erosion/deposition process cycle and give an insight on the stepwise
migration of 13C in the W7-X vessel.

6 Summary and conclusion

The plasma operation with the graphite test divertor unit (TDU) provided vital infor-
mation about the operational window and plasma-surface interaction (PSI) processes in
W7-X operating with island divertor. No significant damage occurred to the inertially
cooled plasma-facing components (PFCs) in the two temporally separated campaigns
OP1.2A and OP1.2B with an integral plasma operation time of 3.6 h in hydrogen and
helium. The operational window, restricted in OP1.2A due to high oxygen and carbon
content in the plasma owing to water contamination in the PFCs, opened up with the
application of boronisations. Boronisation gettered oxygen in boron layers, reduced dra-
matically the carbon erosion at the plasma-facing components, and permitted, at reduced
impurity content in the plasma, the access to the stellarator-favoured high density oper-
ation in the core and functional divertor operation with high neutral compression [59].
These optimised first wall conditions are a prerequisite for the foreseen long-pulse oper-
ation in W7-X with the new actively cooled divertor [7] aiming at hydrogen plasmas of
1800 s pulse duration. The 3D shape of the inertially cooled graphite divertor and the
actively cooled carbon-fibre composite (CFC) divertor is identical and follows the plasma
contour in W7-X. Extrapolation of plasma exhaust and plasma-surface interaction pro-
cesses, which includes the impurity source strength estimation, potential carbon dust
formation, and the associated lifetime prediction of divertor PFCs, towards long pulse
operation with the actively cooled island divertor is therefore most relevant and reliable
when either a) based directly on experimental results obtained in operational phase 1.2B
or b) based on simulations of plasma exhaust and plasma-surface interactions with codes
like EMC3-EIRENE, ERO2.0, and WallDYN-3D validated on W7-X OP1.2B experiments.
The inertially cooled graphite PFCs of the TDU received peak heat loads up to 10 MWm 2
at the high heat flux zones of the horizontal target (HT) and vertical target plates (VT)
covering a total area of 19 m? of which typically only one 1/10 is wetted by the ionising
plasma in the different applicable magnetic configurations explored so far in W7-X. The
corresponding particle loads with peak fluxes up to few 10% ions s~'!m~2 at the strike
lines under attached divertor conditions resulted in a manifold of PSI processes related
to carbon erosion, transport, deposition and hydrogen retention by implantation and co-
deposition with carbon. Carbon erosion follows - as demonstrated in the case of the
standard magnetic divertor configuration - the heat and particle footprint on the divertor
target plates resulting in strong net erosion zones at the strike lines and local deposition
away from those e.g. close to the O-point of an magnetic island. Interpretative ERO2.0
modelling reproduced, in particular also quantitatively on the horizontal target plate, the
measured erosion/deposition pattern in OP1.2B and its relation to ionising plasma con-
ditions in the standard divertor configuration. In contrast to tokamak applications with
large variations in divertor configurations and plasma shapes, in the case of W7-X the
integrated campaign pattern can in the first order be separated into a small set of basic
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magnetic configurations as the heat and particle footprint is within this configurations to
a large extend separated on the target plates of the TDU. The shadowed or unexposed
areas in those configuration can in first order approximation be treated as recessed areas.
Correlation between the configuration and the measured integrated net carbon erosion
and deposition can be done under consideration of the operational time in the configu-
ration. The next step of analysis requires the inclusion of recessed first wall components
on the carbon migration cycle in W7-X. This must include in particular the erosion of
e.g. graphite PFCs of the heat shield by protons and charge-exchange hydrogen atoms
as well as deposition of once eroded carbon on those PFCs in a given magnetic divertor
configuration. This more detailed study will feed into an overall carbon balance in W7-X
for OP1.2B, but is out of the scope of the present studies. At this stage we can only refer
to recent campaign-integrated information from colorimetric and marker sample analysis
after OP1.2B [6I] indicating after introduction of boronisations, that the first wall is to a
large extent in erosion/dpeosition balance or shows in specific, mostly shadowed regions,
deposition [68, [60]. This is inline with the conclusion of the campaign-integrated analysis
presented here: the TDU is a net C erosion source.

The standard divertor configuration is the best characterised magnetic configuration from
PSI perspective in W7-X and it was executed for the majority of operational time in
OP1.2B (53%). The footprint of net C erosion/deposition of PFCs and H content in
PFCs has been assessed in the standard divertor configuration via two main paths a)
campaign integrated post-mortem analysis of PFCs utilising in particular marker target
elements, and b) a 3CH, injection as last experiment of OP1.2B accumulating 330 s
of similar plasma conditions. Operation in attached divertor conditions was dominant
in OP1.2B and caused, despite O concentrations below 0.1%, peak net C erosion about
10 pum at the strike line on the VT plates, which is equivalent to 2.5 nm/s of C erosion
by protons and C ions. Considering the total number of half modules, this amounts to a
campaign integrated net C erosion of (6.84+/—1.2) g C. The corresponding analysis of the
HT plate revealed a campaign integrated net C erosion of (13.74/—2.3) g C in OP1.2B or
net C erosion rates of (2.84/0.5) mg/s when related to 4809 s of plasma time in standard
configuration in H. The integrated net C erosion at the HT and VT plates of the inertially
cooled TDU corresponds to ~ 2.5 long-pulse discharges of 1800 s duration under typical
attached and ionising divertor plasma conditions operated in standard magnetic divertor
configuration in OP1.2B. The predicted net C erosion source in the divertor would amount
7.6g C per 1800 s discharge if similar plasma and divertor conditions as in OP1.2B would
be applied in the next operational phase of W7-X with actively cooled CFC divertor. We
shall stress, that the predictions are made under the assumption of symmetric particle and
power loads onto the ten divertor half modules. Moderate deviations from this symme-
try assumption have been observed and related to alignment uncertainties with the TDU
(half module to half module) as well as to physics-driven causes (top to down) by particle
flows. This poses an uncertainty in particular on the peak-erosion rates and the surface
temperature footprint in absolute numbers. The latter impacts on the source strength of
chemical erosion of graphite which is temperature dependence. However, the predicted
net C erosion source per 1800 s based on the symmetric assumptions can be applied as
good and best as available guidance to the operation in OP2. The total C erosion per
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pulse as well as the peak C erosion could hamper plasma operation with time in OP2
causing C dust production from unstable C layers in deposition zones. Tore Supra [62]
and LHD [63], both equipped with actively cooled graphite-based PFCs, had experienced
the multistep C erosion/deposition cycle with the release of C clusters or C dust particles
from disintegrated layers which impacted strongly steady-stare plasma operation. Such
type of C dust would have a very critical impact on the duty cycle and the safety of a
reactor-like stellarator with graphite components if divertor conditions like in OP1.2B
would be applied.

Potential counter measures required for reliable and safe long pulse operation in W7-X are
a) reduction of the C source by operation with cold, detached divertor [64], b) optimised
wall conditioning techniques to avoid carbon layer formation with high fuel content [65],
and c) ultimately change of the PFC material to e.g. tungsten [66]. The use of W as
plasma-facing material in W7-X [67], [6§] requires besides the plasma-surface interaction
and lifetime aspects of components additionally the compatibility with plasma operation
and performance, thus, e.g. the avoidance of W accumulation. The transfer from an all-C
W7-X to a metallic facility faces similar challenges as mastered in the tokamaks ASDEX
Upgrade [69], WEST[70], and JET [71]. It shall be again stressed, that the presented
pure experimental extrapolation to long pulse operation is based on one typical (average)
plasma and variations exist depending on the actual plasma boundary conditions and
divertor regime which have been explored in OP1.2B.

Interpretative ERO2.0 and WallDYN-3D modelling of such a typical W7-X plasma with
attached and ionising divertor conditions reproduced the observed net C erosion/deposition
pattern as well as revealed C migration paths in the standard divertor configuration. The
exact 2D erosion and deposition pattern on the target plates is complex due to the 3D
shape of the TDU which follows the five-fold island divertor structure present in W7-X.
Interpretative modelling requires therefore in all cases a full 3D treatment in contrast to
tokamaks where axial symmetry can often be assumed. Reduction of the plasma simula-
tion volume and the plasma-facing surfaces to 1/10, or one divertor half module (HM),
can be applied assuming perfect fivefold symmetry as well as top/down symmetry. Devi-
ations from the symmetry assumption, observed in experiments, cannot be treated with
a symmetric plasma boundary background. This uncertainty for attached divertor con-
ditions needs to be taken into account in predictions for long-pulse operation. Note that
detached divertor operation shows in experiments symmetric particle and heat loads to
all HMs and minimises the modelling uncertainties with this respect [72].

Further interpretative modelling of other magnetic configurations used in OP1.2B like
e.g. the high mirror (KJM) or low iota configuration (FTM) with EMC3-EIRENE and
ERO2.0 are foreseen in future. The simulation information about net C erosion and de-
position will be compared with post-mortem analysis on representative target fingers of
those configurations. The simulations will help to explore the capability of these configu-
rations for long pulse operation from the PSI and plasma exhaust perspective. Moreover,
the range of ERO2.0 simulations in standard divertor configuration will be expanded to
plasmas with impurity seeding (Ne or Ny) and detached divertor conditions [46], [72] once
suitable EMC3-EIRENE simulations are available. Impurity seeded plasmas are one of the
most promising candidates to comply with the power load restriction to the target plates
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with enlarged input power in W7-X. Moreover, they are attractive from the standpoint of
carbon erosion. Finally, predictive modelling of long pulse discharges with actively cooled
CFC divertor and first wall components will be carried out soon with the aim to provide
an insight of the C balance in targeted 1800 s long discharges with island divertor as well
as compatibilities of such discharges with an all-W divertor in W7-X.
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A Magnetic divertor configurations and their opera-
tional times

A.1 Heat load footprints

20180724 043_ AEF51_target_0.4t0 0.55_0 20180809_011_AEF51_target_ 0.4 to 0.49 s 0

10/ EJM 10 KJM
E E
= 05 = 05
s s
=) =)
8 g
= 00 = 00

-0.5¢ 5u - - : + : -0.5
-2 -1 0 1 2 3 0 2 3
Length [m] Length [m]
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
Heat Flux [MW/m?] Heat Flux [MW/m?]
20180829_009_ AEF51_ target_0.4to 0.5s_0 . 20180911 033__AEF51_target 0.4t00.5s 0

10 DBM FTM
E E
s 05 <
° =)
c €
3 3

0.01

-0.51 X
-2 -1 0 1 2 3 =2 -1 0 1 2 3
Length [m] Length [m]
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 2.0 2.5 3.0

15
Heat Flux [MW/m?] Heat Flux [MW/m?]

FIG. 18: IR thermography footprint of main magnetic divertor configurations used in
W7-X during OP1.2B. Measurements were taken in hydrogen plasma under ionisation
conditions in half module 5u (HM 5u). The IR data was averaged between t = 0.4 s to
0.5 s after start of the plasma start in the corresponding configuration. The corresponding
input power amount (i) EJM: 2.7 MW, (i) DBM: 3.8 MW, (iii) KJM: 2.1 MW, and (iv)
FTM: 3.8 MW Details about the applied IR system and the interpretation of experimental
data can be found in [72)].

A.2 Campaign statistics
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| OP1.2A: Configuration Family | Species | Plasma Time [s] | Fraction [%] |
Standard Divertor Configuration (EJM) | H+He 2481 65.6
High Mirror Configuration (KJM) H+He 714 18.9
High Iota Configuration (FTM) H+He 434 11.5
Diverse H-+He 147 3.9

| Total | H+He | 3776 999 |

TABLE I: OVERVIEW OF MAIN CONFIGURATION FAMILIES IN OP1.2A: PLASMA
SPECIES, OPERATIONAL TIME, AND FRACTION OF OPERATIONAL TIME. THOUGH ONLY
28% OF PLASMA DISCHARGES WERE ASSOCIATED WITH PURE Hy INJECTION INTO W7-
X, THE PLASMA OPERATION TOOK PREDOMINANTLY PLACE IN H4+HE PLASMAS DUE
TO OUTGASSING OF Hs FROM THE VESSEL WALLS.

\ Configuration Family | Species | Plasma Time [s] | Fraction [%] |
Standard Divertor Configuration (EJM) H 4809 53.1
High Mirror Configuration (KJM) H 1392 15.3
Low Iota Configuration (DBM) H 1180 13.0
High Iota Configuration (FTM) H 1673 18.5

| Total | H | 9054 999 |

TABLE II: OVERVIEW OF MAIN CONFIGURATION FAMILIES IN OP1.2B: PLASMA
SPECIES, OPERATIONAL TIME, AND FRACTION OF OPERATIONAL TIME.
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