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Abstract

®

CrossMark

The net erosion and deposition pattern of carbon from the Test Divertor Unit (TDU) of the

stellarator W7-X was determined. Special target elements with marker layers consisting of about
300 nm molybdenum and 5-10 ym carbon on top were used during the operational phase OP
1.2a. The thicknesses of the marker layers were determined by elastic backscattering
spectrometry (EBS) using 2.5 MeV protons before and after plasma exposure and laser-induced
breakdown spectroscopy on selected target elements after exposure. Scanning electron
microscopy was used for investigating the surface morphology before and after exposure.
Massive erosion of up to 20 um carbon was observed at the strike line, in total 48 £ 14 g carbon
were eroded from the 10 TDUs. The erosion was laterally non-uniform on the micro-scale.
Strongly eroded surfaces were considerably smoother as compared to the original material. Only
very little deposition of carbon is observed on the TDU: this means that the TDU is a large net
erosion source.

Keywords: W7-X, erosion/deposition, test divertor unit (TDU), carbon, elastic backscattering
(EBS), laser-induced breakdown spectroscopy (LIBS)

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

1. Introduction

The Wendelstein 7-X (W7-X) experiment [1-4] is an
advanced stellarator with a plasma volume of 30 m> , a
superconducting coil system operating at a magnetic field of
2.5 T, and steady-state heating capabilities of up to 8 MW. It
is in operation since 2015. For the first operational phase (OP
1.1) only a minimal set of five discrete inboard graphite
limiters was used as plasma-facing components (PFCs). For
the second operational phase (OP 1.2) an adiabatically loaded
divertor, the so-called Test Divertor Unit (TDU) [5, 6], baf-
fles, an inner heat shield, wall panels and toroidal as well as
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poloidal closures were installed. Except for the wall and
pumping gap panels and poloidal closures all PFCs are made
of fine-grain graphite. The TDU provides a larger area of
plasma-facing surface and allows an improved particle
exhaust as compared to limiter operation, thus allowing much
higher injected heating energies per plasma pulse and a better
separation between the plasma-wall interacting region and the
core plasma. The TDU implements the so-called island
divertor concept [7], where intrinsic chains of islands at the
plasma edge provide multiple x-points and the plasma inter-
sects the divertor plates at some distance from the closed flux
surfaces. The successful application of this concept was
already demonstrated at the antecessor experiment W7-AS
[8]. The TDU has the same plasma-facing contour as the

© 2020 The Royal Swedish Academy of Sciences Printed in the UK
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Table 1. Discharge statistics for OP 1.2a. A discharge is defined by a
diamagnetic energy Wg;, above 50 kJ or ECRH power above
0.1 MW if Wy;, is not available.

Number of discharges Plasma time (s)

Configuration

H He H He
Standard 236 421 655 1826
High Iota 27 117 55 379
High mirror 224 133 295 419
Unknown 34 56 43 104
Total 1248 3776

water-cooled steady-state divertor equipped with carbon-
fibre-composite PFCs that is currently being installed and will
be in operation in the early 2020s.

The investigation of plasma-wall interactions (PWI) in
W7-X is challenging due to the three-dimensional twisted
plasma geometry and the consequently curved shape of all
PECs, the high divertor heat loads (up to 10 MW m™?) and the
large size of the components. For PWI investigations 18
exchangeable divertor target elements were coated with C/
Mo marker layers and exposed during the operational phase
OP 1.2a in 2017; the whole set of target elements was
exchanged between the operational phases OP 1.2a and OP
1.2b. This paper describes the details of the experimental
setup and the erosion/deposition pattern observed in OP 1.2a.

2. Experimental

2.1. Plasma operation and wall conditioning

The operational phase OP 1.2a lasted from August to
December 2017. In total 1248 plasma discharges were per-
formed, see table 1, with a total plasma time of 3776 s. Most
discharges (65.7% of the plasma time) were in Standard
configuration, the remaining discharges were in High Iota or
High Mirror configuration or their derivatives. Low Iota
discharges were not performed in OP 1.2a. 72.2% of the
plasma time were nominally He fuelled discharges. However,
even in the case of He fuelling the plasmas were usually
mixed H 4 He discharges with varying (and often only
minority) He content. Deuterium discharges were not per-
formed in OP 1.2a.

The Standard Configuration has its strike line on the
horizontal target modules TM1h to TM4h and the vertical
target modules TM1v to TM3v (see figure 2), the High Mirror
configuration has the strike line on TM1v to TM3v and TM3h
to TM4h. The High Iota configuration has the strike line in
the high iota part of the divertor outside of the investigated
area of this study. See e.g. [6] for details of the different
configurations. Peak divertor heat loads of up to 8 MW m 2
and strike line widths of up to 11 cm were observed using
infrared thermography, the plasma wetted divertor area
increased about linearly with ECRH heating power up to
values of 1.5m? at 5SMW [6]. The divertor bulk target
temperature increased throughout the experimental day,

seldomly up to 400 °C [6]. The surface temperature at the
strike line could reach temperatures up to 800 °C [9]. The
electron temperature in the scrape-off layer was 50-100 eV
with electron densities of 2-6 x 108 m™3 [10, 11].

Glow discharge cleaning (GDC) was regularly performed
for wall conditioning. 2:58 h of H,-GDC and 0:36 h of He-
GDC were performed prior to the first plasma. 13:46h of
H,-GDC and 14:48 h of He-GDC were performed during the
campaign. There were no boronizations applied in OP 1.2a.

2.2. Exchangeable PWI target elements in the TDU

Special exchangeable PWI target elements for erosion/
deposition investigations were developed [12], a schematic
representation is shown in figure 1. Each PWI target element
consists of a fixed bar and a removable rider frame with
mounted graphite tiles. The bar has three bayonet couplings
allowing easy slide-in of the rider frame which is finally fixed
with a single screw. This construction allows easy exchange
of the rider frame with graphite tiles inside the machine. The
bar and the rider frame were manufactured from the high-
temperature molybdenum-based alloy TZM, the graphite tiles
were manufactures from isostatically pressed fine grain gra-
phite SGL SIGRAFINE R6710. The lengths of the target
elements were up to 600 mm, the sizes of the graphite tiles
were typically 75 x 50 x 30 mm® with differing start and end
tiles.

For qualifying the construction a test target element was
exposed in the high heat flux facility GLADIS [13] at heat
loads up to 8.5 MW m ™2 for 6.2s. For a start temperature of
200 °C the maximum surface temperature reached 1910 °C.
Plastic deformations or other problems (for example cracks)
were not observed. This qualification was beyond the actually
achieved values in W7-X.

W7-X has 10 TDUs of which 5 are lower TDUs (1-51)
and 5 upper TDUs (1-5u), see e.g. [5, 9] for a schematic
representation. In total 18 PWI target elements were used, see
table 2 and figure 2 for a schematic representation of the
locations of the elements. The position TM2h6 in the hor-
izontal target was used in all TDUs for studying the toroidal
asymmetry of the erosion/deposition pattern, additionally the
positions TM1h3 and TM3h6 in the horizontal and TM1v5
and TM2v2 in the vertical targets were used in TDUs 51
and 5u.

2.8. Marker layers for erosion/deposition measurements

Carbon/molybdenum marker layers were used for determin-
ing erosion of carbon and deposition of wall materials and
impurities, e.g. C, O, Ni, Fe etc on the TDU. The marker
layers were deposited as an about 2 cm wide stripe in the
middle of the graphite tiles using the CMSII technique [14].
The markers consist of an about 200 nm thick Mo layer and a
5-10 pm thick C layer on top. The Mo serves as indicator for
distinguishing the C layer from the bulk C of the tile.

Test marker layers were tested in GLADIS with 50
pulses at a heat load of 8 MW m~2 for 2.5 s, the maximum
surface temperature was 1200 °C. Optically no change of the
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Outer baffle

Graphite tiles

Vertical target

Figure 1. Schematic representation of the PWI target elements.

Table 2. Locations of all PWI target elements in the TDU, see
figure 2 for a schematic graphical representation of the positions.
TDU 1 1is the lower TDU in W7-X module 1, TDU 1 u is the upper
TDU in W7-X module 1 etc TM2h6 is target module 2, horizontal,
target element 6. A similar nomenclature applies for all other target
elements with h for horizontal and v for vertical modules.

TDU Position of PWI target element
11 TM2h6
lu TM2h6
21 TM2h6
2u TM2h6
31 TM2h6
3u TM2h6
41 TM2h6
4u TM2h6

51 TM1h3 TM2h6 TM3h6 TM1v5 TM2v2
Su TM1h3 TM2h6 TM3h6 TM1vS TM2v2

layer was visible, scanning electron microscopy (SEM)
showed small cracks in the layer probably due to different
thermal expansion coefficients. Delamination of the layer was
not observed.

2.4. Analysis of the marker layers

The marker layers were analysed before and after exposure in
W7-X using Elastic Backscattering Spectrometry (EBS) at the
IPP tandem accelerator facility in the Bombardino chamber
using the BesTec flange. 2.5 MeV incident protons at normal
incidence and a scattering angle of 165° were used, see
figures 1 and 2 in [15] for typical spectra. A passivated
implanted planar silicon detector with a thickness of 300 yim
and nominal energy resolution of about 12 keV was used. The
pre-exposure measurements were performed with a step width
of 20 mm in order to determine variations of the initial layer

thicknesses, the post-exposure measurements were made with
a step width of Smm. In total almost 3000 spectra were
recorded.

The measured spectra were analysed using the pro-
gramme SIMNRA [16, 17] with SRIM [18] stopping powers
and non-Rutherford SigmaCalc scattering cross-sections for
12¢, 13C and 'O [19]. Surface roughness was taken into
account using the simplified model from [20].

The large number of acquired spectra required a special
approach. The spectra were fitted using different methods:

1. The measurements before exposure (about 500 spectra)
were fitted manually.

2. All measurements were fitted using automated fits. The
total computing time for all fits was about 5000 CPU
hours, the fits were run in 20 parallel threads on
multiple PCs.

3. An Artificial Neural Network (ANN) was trained using
about 1 million simulated spectra calculated by
SIMNRA [16, 17, 20] with added artificial Poisson
counting statistics. 75% of the dataset was used for
training and 25% was used for validation. The ANN
had 3 hidden layers and was trained to predict the
amounts of carbon and molybdenum. The ‘Adam’
solver was used, iterative learning with o =0.0001,
initial learning rate 0.001, tolerance 0.0001. Once
trained the ANN evaluated a spectrum in less than 1 s.

Laser-Induced Breakdown Spectroscopy (LIBS) mea-
surements were performed in a vacuum of 10> Pa using a
laser pulse length of 35 ps with a repetition rate of 10 Hz at a
wave length of 355 nm [21]. The laser beam spot diameter
was 0.7mm. The plasma emission was observed with an
optical fibre and collected by a compact Czerny-Turner
spectrometer from Ocean Optics in the wavelength range
from 350 to 800 nm with a resolution of about 0.2 nm/pixel.
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Figure 2. Schematic representation of the positions of the PWI target elements in the TDU. TMx#% denotes horizontal target modules, TMyv

are vertical target modules. See table 2 for the nomenclature.

This wavelength range covers lines of hydrogen and of
relevant impurities, namely C, N, O, Mo as well as B.

SEM was performed with a FEI Helios nanolab 600 with
focused ion beam (FIB) for cross-sectioning and energy dis-
persive x-ray spectroscopy (EDX) capabilities. The electron
beam energy was 5 keV.

3. Results

3.1. Scanning electron microscopy

Scanning electron micrographs of unexposed marker samples
are shown in figure 3. The micrographs were recorded with
secondary electrons. A typical micrograph of the raw tile
surface is shown in figure 3(a). The surfaces of the fine-grain
graphite tiles were grinded and not polished in order to have a
comparable surface finish as all other graphite tiles in W7-X,
the surfaces are therefore generally very rough on the pum-
scale. In addition to this small-scale roughness of the material
large grooves due to the grinding process and deep pores are
observed. The surface of the Mo/C marker layer is shown in
figure 3(b). This surface is generally smoother on the pm-
scale as the raw material and shows larger hemispheric
structures. Figure 3(c) shows a FIB cross-section through the
C and Mo marker coatings into the graphite substrate. The Mo
layer with a thickness of 200-300 nm follows the morphology
of the fine-grain graphite surface and is consequently very
rough. It also penetrates into the interior of pores.

Typical scanning electron micrographs of the Mo/C
marker coating after exposure during OP 1.2a are shown in
figure 4 for (a) the high erosion area at the strike line in

standard configuration, (b) a medium erosion area, and (c) in a
remote area. The erosion-dominated areas are considerably
smoother than the initial marker coating, see figure 3(b), and
also smoother than the initial raw graphite. At the strike point
area of this target element, see figure 4(a), not only the C
marker coating, but also the Mo layer was completely eroded.
Small remnants of the Mo layer could be observed in back-
scattered electron (BSE) images at the bottom of pores (not
shown). In the medium erosion area inhomogeneous erosion
is observed: At many places the carbon marker layer is still
present above the Mo layer, while at some other places the C
marker layer was completely eroded and the Mo can be
observed at the surface. No indications for delamination,
either of the C marker layer or the Mo layer, could be found.
In remote areas close to the outer baffle, see figure 4(c), the
surface shows only very small modifications. The plasma-
exposed surfaces are slightly brighter than shadowed areas
indicating a somewhat different secondary electron yield on
plasma-exposed surfaces: This is an indication for a thin
deposit. SEM images at higher magnification (not shown)
confirmed the existence of a thin deposit.

3.2. Erosion/deposition pattern

The initial thicknesses of the Mo and C layers, as determined
by EBS on target element 1 u TM2h6, are shown in figure 5
as hollow symbols together with a schematic representation of
the target element. The origin of the shown coordinate system
along the target element is the gap between the first and the
second tile on the pumping-gap side. The results of the pre-
analysis from the ANN analysis, the manual analysis, and the
automated fits agree very well. The thicknesses of the Mo and
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Figure 3. Scanning electron micrographs of unexposed samples.
(a) Fine grain graphite base material; (b) Mo/C marker coating.
(c) Focused ion beam cross-section of the Mo/C marker coating.
The inclination angle of the viewing direction is 52° towards the
surface normal.

C layers on the different tiles show some variation due to
layer deposition in different coating runs, but also due to the
position of each tile in the coating device during the coating
process. Some tiles also show a thickness gradient of the
order of 10% over the length of the tile. This variation of layer

— c b a 7]
— ~ N [/

Figure 4. Scanning electron micrographs of the Mo/C marker
coating after exposure during OP 1.2a in TDU 2 u TM2h6. (a) High
erosion at the strike point in standard configuration (centre of tile
#120); (b) medium erosion (centre of tile #121); (c) remote area
with thin deposits (centre of tile #124). The inclination angle of the
viewing direction is 52° towards the surface normal. A schematic
representation of the target element is shown at the very top,
positions of the micrographs are marked with dots.
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Figure 5. Thicknesses of the carbon (top) and molybdenum (bottom)
marker layers before (hollow symbols) and after (solid symbols)
exposure during OP 1.2a. Circles: thicknesses from the Artificial
Neural Network (ANN) analysis; Triangles: thicknesses from
manual fit; Squares: thicknesses from automatic fit. A schematic
representation of the target element is shown at the very top. PG is
the direction towards the pumping gap between the horizontal and
the vertical targets, see figure 2, OB is the direction towards the outer
baffle, see figure 1. TDU 1 u TM2h6.

thicknesses on different tiles demonstrates the necessity of
careful pre-analysis of each individual tile.

The thicknesses of the Mo and C layers, as determined by
ANN analysis of the EBS spectra, are shown in figure 5 as
solid symbols. From about —320 to O mm the carbon marker
layer has been (partly or completely) eroded. Around about
—200 mm both the C and the Mo layer have been, at least
partly, eroded: This is due to the inhomogeneous erosion
observed in the SEM images, see figure 4(b) for a typical
image. From about —130 to —50 mm the carbon layer was
completely and the Mo layer below was partly eroded, with
almost complete erosion of the Mo layer at about —100 mm,
see figure 4(a) for a typical representation of such an area.

The thicknesses of the C layer are almost identical before
and after exposure in areas without direct plasma contact
close to the outer baffle (—470 to —320 mm). The Mo layer
thicknesses show a larger scatter in these areas: This is partly
due to an increased roughness of the top C layer after expo-
sure, which results in a larger scatter of the Mo data, and
partly due to an increase of the oxygen signal, which partly
overlaps with the Mo signal. Except this increase of the
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Figure 6. Net erosion of carbon (top) and molybdenum (bottom)
from the marker layers during OP 1.2a based on the Artificial Neural
Network (ANN) analysis. Deposition has positive, erosion negative
sign. Dots: measured data; Dashed—dotted line: extrapolated erosion
of C based on the erosion of Mo; Grey area: uncertainty range of the
extrapolated erosion of C. Typical experimental uncertainties are
given for some points, the uncertainty for the C erosion is smaller
than the point sizes. A schematic representation of the target element
is shown at the very top. PG is the direction towards the pumping
gap between the horizontal and the vertical targets, see figure 2, OB
is the direction towards the outer baffle, see figure 1. TDU 1u
TM2h6.

amount of oxygen the deposition of other elements, for
example Fe or Ni, was below the detection limit.

Close to the pumping gap (0-50 mm) typically a (small)
increase of the amount of C was observed.

The difference between the layer thicknesses before and
after exposure, i.e. the net erosion of C and Mo, is shown in
figure 6 for target element 1u TM2h6 (the initial layer
thicknesses are shown in figure 5). The layer thicknesses
before exposure were linearly interpolated (and extrapolated
at the tile edges if necessary). The uncertainty of the Mo data
points was 2.7 x 10'7 Mo-atoms cm 2 and was determined
by a statistical analysis of all Mo data points in remote areas
where the top C layer was still present: In these areas the net
erosion of Mo should be zero, and the uncertainty of the net
Mo erosion can be determined as deviation of the determined
Mo erosion from zero. Uncertainties of the net C erosion were
determined on target element TM1h3 in TDU 51, where only
little net erosion was observed: Here it can be assumed that
the net C deposition was also low and the statistical uncer-
tainties can be determined by a statistical analysis of the
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deviation of the determined net C erosion from zero. The
uncertainty for the net C erosion is smaller than the size of the
data points in figure 6.

Due to the complete erosion of the C layer at the strike
point position (see figure 5) only a lower value for the net carbon
erosion can be determined directly from the measurements. In
order to get a more realistic value for the net carbon erosion it
was assumed that the shape of the carbon erosion is identical to
the shape of the Mo erosion. This curve was then fitted to the
measured C erosion close to the strike point position where the
carbon was not fully eroded. This extrapolation of the carbon
erosion based on the Mo erosion is shown in figure 6 as dashed—
dotted line. It should be noted that due to the different erosion
mechanisms of carbon and molybdenum (carbon can be eroded
by physical sputtering and by chemical erosion, while Mo is
eroded only by physical sputtering by heavier impurities) this
extrapolation is only valid for steady plasma and surface con-
ditions throughout the whole campaign and therefore has large
uncertainties. This is taken into account by assuming an
uncertainty of 33% for the extrapolation: this range of uncer-
tainties is shown as light grey area in figure 6.

The maximum effective net carbon erosion rate at the
strike line in standard configuration was in the range
5-8nms .

The EBS results described above are in good agreement
with the LIBS results from target element 1 u TM2h6 [21].
Here also high erosion was observed at the strike line and
almost the entire C and Mo marker layer was erased in this
area. Some redeposition of Mo on the uncoated bulk graphite
area of these tiles was observed. Furthermore, lower H con-
tents were observed around the strike line, which matches
well with the heat flux pattern during plasma operation in
standard configuration.

The eroded area ranges from about —320 to 0 mm and is
relatively wide. This is due to the movement of the strike line
by toroidal currents [22]. In addition to the large erosion at the
strike line at around —90 mm a second line of enhanced
erosion is observed at about —210 mm: this is probably due to
a second strike line which was already observed by thermo-
graphy and appears at higher plasma currents [22].

For the vertical target element 5 u TM2v2 the difference
between the layer thicknesses before and after exposure, i.e.
the net erosion of C and Mo, are shown in figure 7. See above
for details of data processing and determination of uncer-
tainties. As for the horizontal target elements the C layer was
completely eroded from —150 to —70 mm and the real carbon
erosion was extrapolated based on the Mo data (dashed—
dotted line in figure 7).

3.3. Total carbon erosion

The toroidal distribution of carbon erosion integrated along
the central line of target element TM2h6 is shown in figure 8
for all 10 TDU modules. The black bars indicate the directly
measured C erosion. These values are, however, too low due
to the complete erosion of the carbon marker at the strike line,
see figures 5-7. The grey bars indicate the carbon erosion
based on the observed Mo erosion, see figures 6 and 7, the
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Figure 7. Erosion of carbon (top) and molybdenum (bottom) from
the marker layers during OP 1.2a based on the Artificial Neural
Network (ANN) analysis. Dots: measured data; Dashed—dotted line:
extrapolated erosion of C based on the erosion of Mo; Grey area:
uncertainty range of the extrapolated erosion of C. Typical
experimental uncertainties are given for some points, the uncertainty
for the C erosion is smaller than the point sizes. A schematic
representation of the target element is shown at the very top. PG is
the direction towards the pumping gap between the horizontal and
the vertical targets, see figure 2, IW is the direction towards the inner
wall. TDU 5u TM2v2.

error bars take the uncertainty of this extrapolation (light grey
area in figures 6 and 7) into account.

The difference in C erosion between the smallest erosion
in 51 and the highest erosion in 2 u is a factor of almost 2. The
observed erosion pattern is in rough agreement with the
energy deposition with symmetrized trim coil currents to
different TDU target modules determined by thermocouples
(TCs) on the rear side of the target modules (see figure 11 in
[23]. Higher temperature rises of the TCs were observed for
2 u and 5 u, lower temperature rises for 11, 4 u, 51: This is in
line with the observed net erosion pattern where higher ero-
sion is observed in 2 u and 5 u and smaller erosion in 11, 4 u,
51. But there are also some differences: The temperature rise
was low in 3 1 and 3 u, while this is not visible as low erosion.
These differences might be due to the fact that the erosion is
integrated during the whole campaign while the TC temper-
ature rise was only determined in single discharges. More-
over, the temperature rise of the TCs is proportional to the
deposited energy, which in turn is approximately proportional
to the gross carbon erosion. The measured net carbon erosion
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Figure 8. Erosion of carbon from the marker layers along the middle
of target element TM2h6 in the upper and the lower TDUs in all 5
W7-X modules. Black bars: Measured carbon erosion; Grey bars:
Carbon erosion extrapolated from the erosion of Mo, see figure 6.
Uncertainties see figure 6.

depends additionally on redeposition, which can be different
in different TDUs for example due to locally different plasma
parameters or impurity concentrations in the plasma, espe-
cially carbon and oxygen.

The erosion pattern varies not only between the different
target modules in one TDU, but also between the different
TDUs (see figure 8). According to the TC data from [23]
TM1h to TM5h (see figure 2) receive the highest power fluxes
in the horizontal targets during standard configuration dis-
charges, while the fluxes to TM6h and TM7h are already
considerably smaller. We therefore consider only carbon
erosion from target modules TM1h to TM5h for the calcul-
ation of the total carbon erosion, which means that the carbon
erosion from 5 target modules in each of the 10 TDUs, i.e. in
total 50 target modules in W7-X, has to be determined. Based
on the thermographical images one can assume toroidal
symmetry within each target module. Carbon erosion has
been measured in poloidal direction on 14 horizontal target
elements (see table 2), which (based on the assumption of
toroidal symmetry within each target module) can be extra-
polated to 14 horizontal target modules. For the remaining 36
horizontal target modules the erosion can be extrapolated
based on the TC data from [23] with symmetrized trim coil
currents assuming that the carbon erosion is proportional to
the temperature rise of the TCs. For all 10 horizontal targets
this results in 34.5 + 8.4 g of net carbon erosion.

For the vertical targets the situation is more difficult:
Each vertical target consists of 3 target modules, i.e. in total

30 target modules in W7-X. Only at 4 of these the poloidal
distribution of erosion has been measured, see table 2, and TC
data have not been published. We therefore have to assume
identical erosion on the 10 vertical targets of the TDU. Based
on thermography images we assume that 50% of the toroidal
length of TM1v and 50% of the toroidal length of TM2v have
full erosion and 50% of the toroidal length of TM2v have
50% erosion. With this assumption and the assumption of
identical erosion in all TDUs, this gives a total carbon erosion
at the vertical targets of 13.3 £ 5.7 g. The total carbon ero-
sion from the horizontal and vertical targets of all 10 TDUs is
therefore 48 4+ 14 g carbon.

4. Discussion

The PWI target elements should represent regular target ele-
ments as close as possible. As already reported for example in
[9] the PWI target elements have a slightly different thermal
capacity as regular TDU target elements. Moreover, some of
the PWI target elements had leading edges. Both effects
resulted in somewhat higher surface temperatures of the PWI
target elements compared to regular target elements. While at
the beginning of an experimental day all target elements had
identical base temperature, the base temperature of the PWI
target elements rose faster than the base temperature of reg-
ular elements throughout the day. The PWI target elements
got also somewhat hotter by typically 50-100 K during
plasma discharges. But it should be kept in mind that also
some of the regular tiles had leading edges and got hotter than
other tiles.

OP 1.2a was characterized by very high levels of C and O
impurities in the plasma [24, 25]. Carbon was therefore ero-
ded by physical and chemical erosion by oxygen ions, phy-
sical sputtering by carbon ions, and physical and chemical
erosion by hydrogen. It has been already observed at TEX-
TOR at conditions comparable to W7-X that for small plasma
impurity concentrations the contributions of physical and
chemical erosion of carbon by deuterium are almost identical
[26]. However, for higher plasma impurity concentrations this
may be different. The erosion yield of carbon by impact of
oxygen ions is close to unity over a large range of energies
[27] and temperatures from room temperature to above
1000 K [28]. The erosion is mainly due to chemical erosion
by formation of CO and (to a minor degree) CO, [28]. Phy-
sical sputtering plays a role only at energies above about
1keV [29], but remains always considerably smaller than
chemical erosion. The physical sputtering yield of carbon by
carbon ions with a few 100 eV is 0.2-0.3 C/C-ion at normal
incidence [27], but can get close to unity at grazing angles of
incidence [29]. However, while self-sputtering of carbon can
play an important role for the carbon concentration in the
plasma, it is less relevant for the net erosion: Only sputtering
yields above unity result in net erosion, smaller sputtering
yields still result in net deposition of carbon. The total erosion
yield of carbon by hydrogen ions is only 0.01-0.03 C/H-ion
at temperatures between room temperature and 600 K. At
higher temperatures chemical erosion by formation of CHy
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plays a more dominant role and the erosion yield can reach
values of 0.1 C/H-ion at 800 K [30]. The physical sputtering
yield of carbon by helium ions is in the range 0.05-0.1 C/He-
ion [27, 29]. With the high oxygen plasma concentrations in
OP 1.2a the main erosion mechanism therefore was probably
erosion of carbon by oxygen through formation of CO.
Physical sputtering of carbon by hydrogen is low and che-
mical erosion by formation of CH, plays only a role at tem-
peratures around 800 K: Such high temperatures were reached
only for relatively short times in OP 1.2a. Nevertheless,
chemical erosion can play a role due to the higher H fluxes.
Further self-sputtering of carbon can maintain high carbon
plasma concentrations, but, as discussed above, does not
contribute to net carbon erosion. Physical sputtering by
helium probably also plays only a minor role due to the
relatively low helium concentrations in the plasma—at least
compared to the oxygen concentrations. The quantification of
the contributions of the different erosion mechanisms requires
further investigations.

Sputtering by oxygen (and potentially carbon) ions is
also the most probable erosion mechanism for explaining the
observed erosion of the Mo layers at the strike line: Sputtering
of Mo by hydrogen-ions is very low with a threshold energy
of 199eV [27]. Due to the low temperature dependence of
carbon erosion by oxygen the somewhat higher temperature
of the PWI target elements compared to regular target ele-
ments does not play a significant role.

In total almost 50 g carbon were eroded from the TDU in
OP 1.2a, see section 3.3. To which places has this carbon
been transported to? Carbon deposition on the TDU itself is
low, see sections 3.1 and 3.2. This is a pronounced difference
to tokamaks, where strong carbon deposition in the inner
divertor or in remote divertor areas is observed [31-33].
Carbon-containing thin layers are observed at various places
inside the main chamber of W7-X [34], but total amounts of
deposited carbon are not yet available. Pump-out of carbon-
containing molecules (CO, CO,, CH,) is also observed, but
has not been quantified yet. Therefore, the carbon balance for
W7-X requires further investigations.

5. Conclusions

The net erosion and deposition of carbon from the TDU of
W7-X was determined using special PWI target elements with
marker layers consisting of about 300 nm Mo and 5-10 ym C
on top during the operational phase OP 1.2a. The thicknesses
of the marker layers were determined by EBS using 2.5 MeV
protons before and after exposure and LIBS on selected target
elements after exposure.

The erosion/deposition patterns determined by EBS and
LIBS are in good agreement. Massive erosion of up to 20 ym
carbon was observed at the strike line. In total 48 £+ 14 g
carbon were eroded from the TDU. The erosion was laterally
non-uniform, strongly eroded surfaces were considerably
smoother compared to the initial material. The most probable
erosion mechanism is chemical erosion due to impact of
oxygen ions and formation of CO. Chemical erosion by

hydrogen and formation of CH,4 can also play a role, but only
at elevated temperatures close to the maximum of chemical
erosion. The quantification of the contributions of the dif-
ferent erosion mechanisms requires further investigations.

Only very little deposition of carbon is observed in
remote areas of the TDU with little plasma contact. This is a
profound difference to divertors in tokamaks, where eroded
material is typically redeposited in remote divertor areas or in
the inner divertor. The carbon balance for W7-X is not yet
fully understood and requires further investigations. The
hydrogen content of the TDU is relatively low and minimal at
the strike point region as result of the elevated temperatures.
The presented experimental results will be used as basis for
modelling plasma-surface interaction processes in W7-X in
order to gain deeper insight into the erosion mechanisms and
material transport in W7-X.
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