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Abstract

During Phase I of WEST operation, one of the lower divertor sectors, known as the test sector,
was partially equipped with actively cooled ITER-like plasma-facing units (PFUs) made of 35
monoblocks (MBs). A visual inspection of the test sector after the C4 campaign revealed
changes on the surface condition of several MBs located in the outer strike area. In this work,
one of the MBs of interest, MB 28 from PFU#13, was extensively investigated focusing on fuel
retention, material migration (erosion, transport, redeposition), and surface morphology. The
plasma exposed surface of MB 28 exhibited four distinct zones along the toroidal direction. In
the first zone, extending up to 4 mm from the leading edge (LE), the surface showed signs of
erosion, with periodically spaced cracks oriented perpendicular to the LE. The second zone
exhibited the highest material deposition (B, N, Fe and Cu) and fuel (D and He) retention, with
the maximum deposit thickness reaching approximately 1.5 pm. In the third zone, the deposition
gradually decreased and accumulated in linear areas. The fourth zone, near the trailing edge,
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was marked by the maximum hydrogen (H) and carbon (C) deposition. In this zone, linear
deposition areas rich in O and B were detected, running parallel to the edge. A clear correlation
was observed between the deposition of B, N, Fe and Cu and the retention of D and He.

Keywords: tungsten, actively cooled divertor, ion beam analysis, scanning electron microscopy,

WEST tokamak, erosion, material deposition

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

1. Introduction

Plasma-wall interaction (PWI) [1, 2], namely erosion, mater-
ial migration, deposition, and fuel retention, is a critical issue
for fusion devices as it determines the lifetime of plasma-
facing components and strongly influences overall plasma
stability [3]. Following the recent ITER re-baseline to a full-
tungsten device, plasma—material interaction studies conduc-
ted on WEST have gained increased significance, as they dir-
ectly address key challenges associated with tungsten plasma-
facing components under long-pulse, high-heat-flux opera-
tion. Tungsten (W) has been selected for the plasma-facing
components [4, 5] due to its high melting point, high thermal
conductivity, thermal stress and shock resistance and high
temperature strength [6], low erosion [7] and low fuel retention
[8]. The interaction of the tungsten wall with the plasma
has been investigated through numerical simulations [9] and
experiments in several W-upgraded fusion devices, such as the
ASDEX Upgrade [10], JET [11], WEST [12, 13] and KSTAR
[14]. A comprehensive overview of the recent simulation and
experimental results is presented in [15].

During Phase I of WEST operation (2016-2020), five
experimental campaigns were carried out, identified as C1
to C5 [16]. The WEST lower divertor consisted of 12 inde-
pendent toroidal sectors of 30° each composing 38 targets.
A total of 10 of these sectors were equipped with inertially
cooled (IC) graphite tiles coated with a Mo interlayer and
a 12 pum top W layer. Part of one sector (Q2A) was fitted
with marker tiles (CFC/Mo/W/Mo/W) while another one of
the sectors, referred to as ‘test sector’ (identified as Q3B [17]),
was partially equipped with actively cooled ITER-like plasma
facing units (PFUs). Each PFU consisted of 35 non-beveled W
monoblocks (MBs) bonded to a CuCrZr cooling tube [12].

Following Phase I, numerous studies investigated the inter-
action between the marker tiles and the plasma [18-21], while
others [22, 23] examined the pre-damaged ITER-like PFUs.
Additional research, using both modeling and experimental
data, focused on the effects of heat loads [24-28], temperature
[29, 30] and their correlation with cracks [31, 32], melting [33]
and the emissivity [34-36] of the PFU.

The plasma exposure left its footprint on the test sector
surface. The observed pattern allowed to identify the type of
plasma—surface interactions occurring along the divertor tar-
gets: redeposition between MB 1-13, erosion between MB
14-17 and MB 23-29 and almost no interactions on the rest
of the MBs [17]. In the [37], one sample from each region was
analyzed using x-ray photoelectron spectroscopy.

Visual inspection of the test sector after the C4 campaign
revealed significant changes on the surface condition of cer-
tain MBs [38]. In the present work we investigate one particu-
lar monoblock, MB 28, from the PFU located at position 13 in
this sector. MB 28 was selected due to its distinctive features
that make it particularly informative for understanding PWIs
under ITER-relevant conditions: Firstly, MB 28 was located
in the outer strike point (OSP) area, which experiences the
highest heat and particle fluxes, and is therefore expected to
undergo the most pronounced erosion and surface modifica-
tions. Secondly, this MB was exposed to the helium campaign
during C4 [39, 40], providing a unique opportunity to invest-
igate the effects of helium plasmas—including bubble form-
ation, nano-structuring, and surface roughening—on tungsten
surfaces in a real tokamak environment. Most notably MB 28
exhibited clear surface changes along its toroidal direction,
characterized by variations in color and contrast. This change
of color/contrast is mainly due to the fact that MB 28 PFU#13
was vertically misaligned, during C4, of about +-0.3 mm with
respect to upstream neighbor PFU#12 [38].

The primary objective of this study is to systematically
investigate material deposition, fuel retention, and surface
morphological changes on an actively cooled ITER-like MB
using post-mortem analysis techniques, with a spatial resolu-
tion finer than that of previous studies [17]. By doing so, the
results from MB 28 provide critical insight into the mechan-
isms of tungsten erosion, re-deposition, and defect formation
under long-pulse plasma operation, supporting improved mod-
eling and predictive capabilities for ITER and future fusion
devices.

The manuscript is structured as follows: In section 2 the
divertor configuration in WEST and the operating conditions
are described, along with the experimental methods employed.
Section 3 presents the experimental results, beginning with
an overview of the MB 28 surface, followed by an analysis
of surface morphology changes, and concluding with material
deposition and fuel retention from ion beam analytical tech-
niques. In section 4 the results in relation to the WEST toka-
mak operation during the C3 and C4 campaigns are discussed,
and in section 5 a summary of the key findings is provided.

2. Experimental details

2.1. Divertor configuration and operating conditions

Figure 1(a) presents an overview of the interior of the WEST
vacuum vessel during the C3 campaign, noting the various
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parts of the first wall [16]. The configuration of the divertor
test sector from the C3 and C4 are depicted in figures 1(b)
and (c), respectively. In C3 campaign the PFU#20 and in C4
the PFU#7 were pre-damaged. Figure 1(d) depicts the nor-
malized heat flux and the ripple effect on the sector Q3B.
The schematic representation of the analyzed MB is shown in
figure 1(e). It consists of a tungsten block bonded to a CuCrZr
heat sink tube using a pure copper interlayer to reduce the
thermo-mechanical stresses resulting from the thermal expan-
sion mismatch of the bonded materials [12]. The tungsten
block has a 1 mm chamfer at both leading and trailing edges
(TEs). Apart from the plasma exposed surface of MB 28, a
sample from the bottom surface (non-exposed) of the MB was
cut to be used as reference. The reference sample was meas-
ured before and after electropolishing. The exposed and the
reference samples were stored under vacuum until the experi-
mental measurements.

The plasma exposed surface of tungsten MB 28 from the
ITER-like PFU#13 that had been exposed to the C3 (deu-
terium plasma) and C4 (deuterium and helium plasma) exper-
imental campaigns was investigated. During these campaigns,
several boronization procedures were performed, depositing a
thin boron layer on the surface of the W wall. This layer getters
oxygen, reducing O impurities in the plasma and mitigating
radiative losses, while also preventing W erosion. The main
parameters of the two campaigns are presented in table 1.

It is noted that during Phase I, no thermocouples or fiber
Bragg gratings were installed on the ITER-like PFUs. The
temperature of the tungsten MBs during the operation could
only be assessed from the images of the VHR IR (Very High
Resolution Infra-Red) system. The VHR camera can only
monitor a couple of MBs in-situ and the MB studied in this
paper (MB 28, PFU#13) was not under surveillance during the
campaign.

2.2. Experimental methods

2.2.1. Optical microscopy. The optical images and topo-
graphy of odd and non-exposed MBs from MB 19 to MB 35
in the OSP region were obtained using the S neox confocal
microscope from SENSOFAR equipped with a CCD camera
(1360 x 1024 pixels). For the block imaging, 5 x 13 image
stitching is used. The roughness (Sa values) of odd and non-
exposed MBs from MB 19 to MB 35 in the OSP region were
determined from 3 x 4 mm? images with spatial sampling of
645 nm. After image processing including levelling and apply-
ing a Gaussian filter with a 0.8 mm cutoff, the roughness values
were determined to range from 0.62 to 0.45 pm for the center
of the MBs. We estimated the roughness of the non-exposed
MB 28 to be (0.50 &= 0.05) pm based on the average of these
values, as unfortunately it was not measured directly.

2.2.2. Optical profilometry. The roughness of the exposed
surface was determined using the Profilm3D® from
the Filmetrics [41]. Fourteen areas, having a surface of

1.0 x 0.85 mm?, were analyzed along the toroidal direction,
with a 2 mm spacing between each area.

2.2.3. Scanning electron microscopy (SEM) with energy dis-
persive x-ray (EDX) spectroscopy, optical profiometry and
focused ion beam (FIB) cross-sectioning SEM. ~ SEM meas-
urements were carried out using the ThermoFisher scientific
Apreo 2 field emission gun scanning electron microscope (FE-
SEM). Additionally, EDX spectroscopy and elemental map-
ping for the same areas were carried out employing an Oxford
Instruments ULTIM-MAX Silicon Drift 65 mm? area detector
and the Aztec Advanced Live Package software. For the ele-
mental quantification a 5 keV electron beam was used. A
Hitachi SU-8000 FE-SEM equipped with EDX spectrometer,
Thermo Scientific, was combined with optical profilometry
(Veeco NT9300) in order to determine how the deposit forms
on the surface.

FIB cross-sectioning SEM (FIB/SEM Hitachi NB5000)
was employed to investigate the internal structure of both the
deposit and the features present on the MB.

2.2.4. Nuclear reaction analysis (NRA). The NRA meas-
urements were carried out at the 5.5 MV Tandem Accelerator
Laboratory of NCSR ‘Demokritos’, Athens, Greece employ-
ing a 1.6 MeV deuteron beam. The experimental setup is
placed in a C. Evans & Assoc. scattering chamber which
was under vacuum (10~7 mbar) during the measurement. The
products were detected by a silicon surface-barrier detector
placed at 170° with respect to the beam axis. A Kapton®
foil was placed between the detector and the samples in order
to absorb the backscattered deuteron so that the dead time
and the pile-up decreased. The 12C(d,p())13C, 4N(d,a;)1*C
and '°O(d,py)!’C reaction peaks were simulated using the
cross section from the SigmaCalc archive to obtain C, N,
and O surface densities on the surface [42]. The boron quan-
tification was determined from the ''B(d,ap)’Be peak using
the Kokkoris et al [43] cross section. The 11B(d,po)lzB and
10B(d,p2,3’4,5)“B were also simulated using Kokkoris et al
[43, 44] cross sections, respectively. For the deuterium reten-
tion the D(d,pp)T peak was simulated using the scaled W.
Gruebler et al [45] cross sections. The cross sections were
scaled employing a previous set of samples so that the amount
of deuterium with the deuteron beam coincides with the results
of the 3He beam measurements [46]. The diameter of the circu-
lar beam spot was about 2 mm. Fourteen points along the tor-
oidal direction were measured, with a 2 mm spacing between
each beam spot.

2.2.5. Time of flight elastic recoil detection analysis (Tof-
ERDA).  The elemental composition in the first 150 nm of
depth (in at%) was determined using Tof-ERDA. The Tof-
ERDA measurements were performed at the 6 MV tandem
van de Graaff accelerator at the Ruder Boskovié¢ Institute in
Croatia. 23 MeV '"I3+ ions hit the sample at an angle of
incidence of 20° to the sample surface. The Tof-ERDA spec-
trometer was positioned at an angle of 37.5° relative to the
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Figure 1. (a) Image of the interior of the WEST vacuum vessel, Reproduced from [16]. © EURATOM 2022. CC BY 4.0. Configuration of
the lower divertor during (b) C3 and (c) C4 campaign; (d) the configuration of the divertor showing the heat load pattern, Reprinted from
[17], Copyright (2023), with permission from Elsevier. (e¢) Schematic configuration of MB 28.

Table 1. Main parameters of the C3 and C4 experimental campaigns experienced by the MB 28 from PFU#13 under investigation.

Plasma pulses Cumulative time (s) Disruptions Deposited energy (MJ) Boronizations
C3 1076 7329 796 5052 3
July-December 2018
C4-D2 1112 9678 763 8962 5
July—-November 2019
C4-He 330 2991 279 4303 8

October—November 2019
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beam direction. Further details about the Tof-ERDA spec-
trometer (and the method) can be found in [47, 48]. Data
analysis was performed using the Potku software [49]. Since
the Tof-ERDA was performed after the NRA measurements,
new spots were selected on the right side of the NRA spots,
extending from the TE towards the leading edge (LE) dir-
ection. A total of nine spots were analyzed along the tor-
oidal direction, spaced 3 mm apart, using a beam spot size
of 2 x 3 mm?.

It is noted that between successive measurements, the
sample was maintained under vacuum.

3. Experimental results

An overview of the observed changes in MB 28, as assessed
through optical microscopy and profilometry, is presented
first, followed by the surface morphology including a detailed
description of the microstructural features. The ion beam ana-
lysis and energy dispersive spectroscopy results on fuel reten-
tion and material migration are then discussed.

3.1. Overview and roughness

The optical image of the MB 28 surface after plasma exposure
is presented in figure 2(a). It is evident that plasma exposure
induces surface changes that vary along the toroidal direction,
especially in the case of a misaligned MB, where the LE is
more exposed to plasma than the TE.

The surface near the LE (0—4 mm) presents a light gray
color. Between 4 and 15 mm from the LE, the surface turns
dark gray. In the area extending from 15 to 24 mm the color
of the surface becomes gradually lighter. Some scratches ori-
ented parallel to the TE are also visible on the surface, espe-
cially near the TE. Additionally, black spots are observed in all
areas, primarily consisting of carbon-rich areas. In figure 2(a),
the different areas as identified from the optical image are
marked by gray dotted lines, while the yellow dashed lines rep-
resent zones defined by integrating results from all employed
techniques.

The surface roughness (Sa, areal roughness average) before
and after plasma exposure, as determined by optical profilo-
metry, is presented in figure 2(b). In the as-received state, the
roughness is estimated as (0.50 = 0.05) pm (see section 2.2.1).
After exposure, it was measured all along the toroidal direction
of the MB. Figure 2(c) depicts representative 2D optical pro-
filometry maps at different distances from the LE, demonstrat-
ing the variation in roughness. Up to about 17 mm from the LE
the plasma exposure (resulting in surface erosion and material
deposition as it will be discussed in sections 3.2 and 3.3) has
smoothed the surface roughness which varies between 0.32
and 0.42 pm (figures 2(c-i, ii)). The roughness between 19
and 23 mm from the LE is similar to that of the non-exposed
MB and is caused by surface depressions (figure 2(c-iii). Near
the TE, the roughness reaches its maximum (0.59 ;m) due to
scratches (figure 2(c-iv).

3.2. Surface morphology

This section presents the surface morphology of the various
zones, along with the observed microstructural features, as
investigated using SEM combined with EDX spectroscopy
and optical profilometry with FIB cross-sectioning SEM. The
zone definition, based on all results, is presented in figure 2(a)
with yellow colored ranges.

Figure 3 shows backscattered electrons images of the dif-
ferent zones of the plasma exposed surface ((a)—(d)) as dis-
cussed in section 3.1 and (e) the reference sample. Figure 3(f)
presents a secondary electron image of the reference sample.
As reference sample, the free surface at the bottom of the
MB (see figure 1(a)) has been used; this surface was not
exposed to plasma. Cracks are visible on the surface of the
untreated reference sample (figure 3(e)) which may have
formed along the grain boundaries. It is noted that the mean
grain size of the tungsten used in the MB (in the plane
of the plasma exposure), is (57 £ 5) pum and the subgrain
size of (1.1 4+ 0.2) pum, as determined using the intercept
method.

The features observed on the exposed surface include
cracks (figure 3(a)), deposition areas (figure 3(b)), linear
scratches/grooves oriented mainly parallel to the LE/TE
(figures 3(c) and (d)) and elongated pointy objects (figure 3(a))
which will be described in more detail below.

3.2.1. Cracks.  Cracks similar to those observed on the ref-
erence sample were detected in zones 1, 3 and 4 (figure 3). In
zone 2 the cracks have been covered with deposition mater-
ial. After the plasma exposure, additional cracks have been
formed perpendicular to the LE (figure 4(a)), extending to
the chamfered areas (figure 4(c)). Their maximum length is
about 700 pm and their poloidal spacing is in the range of
250-300 pm (figure 4(b)). They are also formed along lin-
ear areas of high density adjacent elongated pointy objects
(figure 4(d)). Additionally, in zone 1 small length cracks have
been formed along the subgrain boundaries (figure 5), sim-
ilar to those observed on the electropolished reference (not
shown).

3.2.2. Formation of deposition areas. = Minimum deposition
of elements was observed on the surface of zone 1 (it will
be discussed further in 3.3) and this is verified by the obser-
vation of cracks similar to those of the non-exposed sample
(figures 3(a) and (e)). Unlike zone 1, zone 2 is mainly covered
by B, N, O and Cu rich areas (figures 6(b), (d), (e¢) and (g)).
Additionally, carbon-rich spots are distributed across the sur-
face (figure 6(c)). Figure 7(a) shows a representative SEM
image of zone 3 along with the corresponding elemental map-
pings for B, C, N, O, Fe, Cu and W. In this zone oxygen
rich regions are predominantly formed along the linear areas
(figure 7(e)). Spot analysis (not presented) shows that Cu, N
and B are present in the area with deposition and absent in the
green area (figure 7(a)). Carbon-rich spots were also observed
(figure 7(c)).
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Figure 2. (a) Optical microscopy image of the MB 28 surface after plasma exposure; the gray dotted lines present the ranges of the
different areas identified by the optical microscope, while the yellow dashed lines represent zones defined by integrating results from all
employed techniques. (b) The roughness of the center area of the MBs (see 2.2.1) before plasma exposure (red dashed line) and along the
toroidal direction after plasma exposure determined using optical profilometry (blue points). (¢) 2D optical profilometry maps from each
area at: (i) 3 mm, (ii) 9 mm, (iii) 23 mm and (iv) 27 mm from LE.
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Figure 3. The backscattered electron images of (a) zone 1, (b) zone 2, (c) zone 3, (d) zone 4 of the plasma exposed surface and (e) the
reference sample; (f) secondary electron image of the reference sample before the electropolishing.

Zone 4 displays linear deposition as shown by the dark gray
areas in figure 3(d), though it is sparser compared to zone 3. In
zone 4, near the TE edge, linear deposition parallel to the edge
rich in B (figures 8(c)) and O (figure 8(e)) is observed along
scratches (figures 8(a) and (b)). Areas rich in C (figure 8(d))
and spots rich in Cu (figure 8(g)) were also detected at these
scratches. The Fe (figure 8(f)) distribution is similar to the W
one (figure 8(h)).

The deposit grows in a characteristic manner, namely,
it forms initially in areas of surface depression, in this
case within scratches and spherical depressions (shadowed
areas). With regard to scratches, however, it does not fill

their interiors completely but builds up on one of the
slopes and sometimes also at the slightly raised scratches’
edges.

The areas of deposition are highly visible in the images
recorded both in the surface topographic (SE) and composi-
tional (BSE) modes. While the deposit present in the interior
of the scratches is very distinctive, it is difficult to attribute,
on the basis of SEM observations, the presence of irregularly
shaped deposit-covered areas with the presence of depressions
on the surface. Their presence was only revealed when the sur-
face topography of the MB was examined using an optical pro-
filometer.
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Figure 5. Cracks along the subgrain boundaries in the plasma
exposed monoblock.

Figure 9 shows a summary image of the surface morpho-
logy registered by SEM, along with images of the same area
recorded with an optical profilometer. It presents areas covered
by deposit located both inside the scratches and inside the
spherical depressions. The diameter of the largest depression
is about 100 pum, and its depth is about 4.5 pm. Similar maps
were recorded in the central part of the sample. They equally
revealed the presence of shallow depressions with spherical
morphology on the surface of the MB. It should be pre-
sumed that they were formed during the surface machining
process/treatment of the MB.

In the images of the deposit registered by SEM and optical
profilometer shown in figure 10, the layered structure of the
deposit and its location with respect to the scratches can be
clearly seen. In the area depicted in figure 10, the thickness of
the deposit can be estimated at 0.6—-0.7 pm, while the scratch

depth at ~0.6 pm. This value is comparable to the thickness
of the deposit determined on the FIB cross-section taken on
the slope of the scratch in the central part of the sample, being
0.85 pm at the widest point (figure 11, to be discussed further
below). The recorded images confirm the shallowness of the
scratches. They also provide insight into the structure of the
deposit, which is layered and porous in places, with internal
stratification/delamination, despite its small thickness.

The deposition pattern found in the MB is consistent with
what was observed on the samples cut out from the WEST
divertor erosion marker tiles [21], in which directional depos-
ition in the form of longitudinal parallel lines was found.

3.2.3. Morphology and internal structure of elongated pointy
objects.  Elongated pointy objects, as shown in figure 3(a),
are observed across the entire plasma exposed surface. These
objects are oriented with their long axis at an angle of about
50°-60° relative to the LE/TE (see orientation in figures 3(a)
and 12). The length of the long axis reaches up to 25 pm, with a
length-to-width ratio ranging from 2 to 4. Each object presents
a pointed tip directed towards the LE. Their number was estim-
ated on the basis of analysis of images recorded at 500 and
1000 times magnification, for the central part of the MB. The
obtained results oscillate in the range of 1000-3000 objects per
mm?. It is noted that in the areas where the objects are adja-
cent to each other (figure 4(d)) their number may be up to 10
times higher. In some cases, part of these objects (figure 12(c)
and (d)) or the entire object (figure 12()) is missing, and in
deposition zones, material accumulates around these objects
(figure 12(c)).

FIB cross sections were carried out on two elongated pointy
objects. On the cross-section of the former, two distinct areas
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Figure 6. (a) SEM image from zone 2 and the corresponding elemental mapping of (b) B, (¢) C, (d) N, (e) O, (f) Fe, (g) Cu and (h) W.

of layered structure are clearly visible (figures 13(a)—(c)).
These areas are separated by a crack, and the directions of the
layers in each area do not align (figure 13(b)). On cross-section
of the latter, a layered build-up of deposit is observed on both
sides of the chipping, which likely contained a dust particle.
The layering directions in these regions also do not corres-
pond with each other (figures 13(d)—(f)). Sub-layers of vary-
ing contrast and thickness are visible for both elongated pointy
objects, differing in chemical composition. Porous areas are
present, as well as stratification (figures 13(c) and (f)).

3.3. Fuel retention and material deposition

Figures 14(a) and (c) depict representative NRA experimental
and simulated spectra, along with the elemental depth profiles
(figures 14(b) and (d)) from a low deposition area (3 mm dis-
tance from the LE) and a high deposition one (9 mm distance
from the LE), respectively. In the first zone, only carbon (c)
and oxygen (O) (figure 14(a)) were detected and their depos-
ition is restricted in a very thin layer with thickness of about
0.15 pm and a concentration of 6.5 at% and 19 at%, respect-
ively (figure 14(b)). On the contrary, in the second zone (9 mm

from the LE), a rich deposition is found. The detected ele-
ments are deuterium (D), boron (B), carbon (C), nitrogen (N)
and oxygen (O) (figure 14(c)). The relevant nuclear reactions
are denoted in figure 14(c). The deposition thickness is about
1.5 pm and the highest concentration of the detected elements
is: 8 at% D, 35 at% B, 7.5 at% C, 10 at% N and 23 at% O.
Fourteen areas, spaced 2 mm apart along the toroidal direc-
tion, were analyzed using NRA. The results will be discussed
below, along with a comparison to those obtained through Tof-
ERDA and EDX spectroscopy.

Nine points along the toroidal direction were analyzed
using Tof-ERDA. Figure 15 shows the Tof-ERDA experi-
mental spectra and depth profiles close to the sample surface
(up to 1.5 x 10" at cm™? depth) for both the low deposition
area (3 mm from the LE) and the high deposition area where
maximum concentration of He was measured (6 mm from the
LE). In all nine Tof-ERDA measured spots a strong surface
peak of O was present.

Fourteen areas at a spacing of 2 mm along the toroidal dir-
ection were also analyzed using EDX spectroscopy. Figure 16
presents the EDX spectra from a) a low deposition area
(3 mm from the LE) and b) a high deposition area (9 mm
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Figure 7. (@) SEM image from zone 3 and the corresponding elemental mapping of (b) B, (¢) C, (d) N, (e) O, (f) Fe, (g) Cu and (h) W.

from the LE). In the former, the detected elements are C, N
and O, while in the latter B, C, N, O, Fe, Cu and W were
detected.

In figure 17 the concentration/amount of the detected ele-
ments using NRA, Tof-ERDA and EDX spectroscopy are
depicted. The maximum detected depth for NRA is around
3 pm. The elemental concentrations in at% determined by
Tof-ERDA correspond to the depth range of (40-120) nm.
The elemental amount in at cm ™2 presented in figures 17(b)
and (¢) for D and “He for Tof-ERDA were obtained from a
layer with thickness of 0.24 pm. The elemental concentrations
determined by EDX spectroscopy correspond to a surface
layer with a thickness ranging from 70 nm in zone 1-170 nm
in zones 2, as estimated from depth profiles obtained via
NRA.

The amount of hydrogen (H), determined by Tof-ERDA, is
almost constant along the toroidal direction, varying between
6.2 at% and 8.3 at%, apart from the point near the TE
where it presents a much higher amount of (19.0 £ 1.3) at%
(figure 17(a)). Deuterium (D) was detected by NRA and Tof-
ERDA (figure 17(b)). The D amount, as determined by NRA,
shows a sharp increase near the LE, peaking at about 7 mm

from the LE before gradually decreasing towards the TE. Since
the maximum analyzable depth using Tof-ERDA for the D
amountis 1.5 x 10'® atcm—2, the Tof-ERDA results for D con-
tent were scaled in order to be comparable with the NRA ones
which correspond to a depth of 4 x 10'® at cm~2. This scaling
assumes a constant D concentration over the maximum detect-
able depth, which is valid to a first approximation as observed
in figures 14(d), 15(c) and (d). The scaled Tof-ERDA data are
presented in figure 17(b), and demonstrate good agreement
with the NRA results, considering the following: In the NRA
spectra the D(d,p)T peak overlaps with the '*N(d,ps)'°N one
(figure 14(c)), which limits the accuracy in the determination
of D amount by NRA. Figures 17(a) and (b) show that the deu-
terium concentration is higher than that of 1H.

The *He amount was determined by Tof-ERDA
(figure 17(c)) and its distribution along the toroidal direc-
tion is similar to the deuterium one, presenting a peak of
0.92 x 10'7 at cm™? at the distance of 5 mm from the LE and
then it decreases gradually to the values 0.15 x 10'7 at cm—?
near the TE.

The concentration and amount of the deposited B, N,
C and O as determined by NRA, Tof-ERDA and EDX
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Figure 8. SEM image of a representative area in zone 4 near the TE and its elemental mapping.

spectroscopy is presented in figures 17(d)—(g), respectively. into account the limitations of each technique and the differ-
Good agreement among the three techniques is observed for ent depths detected by each technique. B and N content present
the B and N distribution along the toroidal direction, taking a peak at around 9 mm from the LE and it gradually decreases
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Figure 10. SEM image of the (a) deposit morphology together with (b) its 3D and (c) 2D maps and (d) its depth profile.

towards the TE. The maximum B amountis 2.2 x 10'® atcm—2
corresponding to a maximum concentration of about 30 at%
according to Tof-ERDA and around 20 at% according to EDX
(figure 17(d)). The maximum N amount is 2.8 x 10'7 at cm—?
according to the NRA (figures 6(f)) and a maximum con-
centration of about 6 at% is found by both Tof-ERDA and
EDX spectroscopy. C deposition (figure 17(e)) increases at the
two edges, whereas in the middle region its amount fluctuates
around the value of 3 x 10'7 at cm~2, corresponding to a

concentration of about 5 at% as determined by Tof-ERDA.
It is noted that EDX spectroscopy may overestimate the C
content. For O deposition (figure 17(g)), NRA shows a peak-
ing in its amount at 9 mm from the LE with its value vary-
ing in the range from 3 x 10'7 to 11 x 10'7 at cm~2. Tof-
ERDA shows that O concentration decreases gradually from
the value of 20 at% close to the LE to 13 at% close to the
TE. The discrepancy between Tof-ERDA and NRA regarding
the O distribution along the toroidal direction is attributed to
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c)

Figure 11. FIB registered SEM images of the deposit and its cross-sections, the central part of the monoblock. SEM images (a) before FIB
was carried out, (b) after FIB and (c) after FIB with higher magnification, focusing on the cross section of the deposition.
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Figure 12. Top view of the pointy objects (a) as formatted (zone 1), (b) totally (zone 1) or partially removed from (c) zone 2 and (d) zone 4.

the different depths probed by each technique and to the lim-
itations of each technique. Specifically, in the NRA spectra
the end of the C peak overlaps with the O peak (figures 14(a)
and 13(c)) which inhibits the accurate determination of
oxygen.

Figure 17(h) shows the Fe and Cu concentrations as determ-
ined by EDX spectroscopy. Both elements exhibit similar dis-
tributions along the toroidal direction, with peak values of
3.3 at% for Cu and 2.2 at% for Fe at 9 mm from the LE.
Figure 17(i) depicts the W concentration obtained using ToF-
ERDA and EDX spectroscopy. The distributions are in good

agreement, with differences in concentration at each point
attributable to the presence of the other detected elements.

Based on the above discussed observations, we can redefine
the four distinct zones according to the roughness, surface
morphology, fuel retention and material deposition: 0 mm to
4 mm from the LE shows low deposition, 4 mm to 12 mm
marks the highest deposition zone, 12 mm to 20 mm exhibits
a smooth decrease in both material deposition and fuel reten-
tion, and 20 mm to 28 mm shows an increase in roughness
while fuel retention and material deposition further decrease
(figure 2(a) yellow dashed lines).
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Figure 13. SEM images of the elongated pointy objects and their structure revealed on the FIB-produced cross-sections: (a)—(c) elongated
pointy object no. 1 and (d)—(f) elongated pointy object no. 2.
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Figure 16. The EDX spectrum of (a) a low deposition area and (b) a high deposition area.

4. Discussion

The plasma exposed surface of the MB 28 can be divided into
four distinct zones along the toroidal direction:

(a) Zone 1 (04 mm from the LE): This zone appears
light gray in color, with no scratches visible in SEM. It
resembles the surface morphology of the electropolished
reference sample and this is an indication that this zone
has undergone erosion. Near the LE, cracks perpendicular

(b)

to the edge have been developed. This phenomenon is not
unique as these cracks were observed in 27% of all MBs
and their causes are under investigation [50]. The depos-
ition of B, N, Fe and Cu, as well as H/D retention is very
low, while C deposition increases near the LE. The mac-
roscopic roughness remains constant around 0.5 pm.

Zone 2 (4-12 mm from the LE): The transition from zone
1 to zone 2 is abrupt, marked by a color change from light
to dark gray. This zone exhibits the highest material depos-
ition (B, N, Fe and Cu) and fuel retention (D and “He). The
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Figure 17. Elemental concentration along the toroidal distribution obtained by NRA, ToF-ERDA and EDX spectroscopy.

surface shows random scratches and black spots (mainly
carbon rich areas), with almost the entire area covered
by deposited material. The deposition layer thickness is
approximately 1.5 um. The surface roughness remains rel-
atively low (0.5 pum), similar to that of zone 1.

(¢c) Zone 3 (12-20 mm from the LE): In this zone, material
deposition and fuel retention gradually decrease. The sur-
face color lightens and dark spots persist. The deposition is
now limited to linear areas and depressions. Cracks along
the grain boundaries begin to reappear in non-deposition
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areas. The remains constant around
0.5 pm.

(d) Zone 4 (20-28 mm from the LE): As the TE is
approached roughness increases initially due to depres-
sions followed by a further rise caused by scratches. The
material deposition continues to decrease and the dens-
ity of linear deposition areas diminishes. Cracks along
the grain boundaries become more noticeable. The dense

scratches parallel to the TE are rich in B and O.

roughness

The deuterium and helium plasma in C3 and C4 campaigns
resulted in the deposition of D and He with maximum depos-
ition of 3.6 x 10'7 at cm~2 and 0.9 x 10'7 at cm~2, respect-
ively, at approximately 67 mm from the LE. The boroniz-
ation, using ByHg, which was performed 3 times during the
C3 campaign and 13 times within the C4 campaign (table 1)
with a total injected B amount of 192 g [51], for active wall
conditioning and plasma performance improvement resulted
in boron deposition varying between 10 and 30 at% along the
toroidal direction. Carbon was also detected at a maximum
concentration of about 30 at% (maximum amount of about
1 x 10" at cm™2) and its origin is attributed to (a) the W-
coated graphite tiles (see figure 1(a)), (b) the W-coated car-
bon antenna protections (see figure 1(a)), (c) residual gas in
the vacuum vessel, (d) oil diffusion pumps of the vacuum
vessel, and (e) probably to sample handling. As the sputter-
ing threshold energy predicted by theory and simulation for
deuterium on W with carbon contamination is ~85 eV, the C
impurity in the sample can significantly enhance the sputtering
yield of W [52, 53]. The maximum oxygen concentration was
found 27 at% (maximum amount of 1.2 x 10'® at cm~?) stem-
ming mainly from outgassing of materials, plasma interac-
tion with plasma facing components and residual gases in the
vacuum system. It is noted that residual water in the vacuum
system is a dominant oxygen source. It desorbs from walls,
especially after venting or insufficient baking. Similarly to C
impurity, O impurities in W also result in the reduction of the
effective threshold energy of W—O mixed layer on W for sput-
tering by D ions leading to substantial increases in sputtering
yields in the threshold energy region [52]. Maximum nitro-
gen deposition of about 6 at% (maximum amount of around
3 x 107 at cm™?) was detected and this originates from the
exposure to air as there are always leaks in the vacuum ves-
sel. Additionally, at the end of C4, nitrogen injections were
performed for dedicated experiments. Small amounts of nitro-
gen were injected through the mid-plane for scenarios aimed
at placing the X-point of the plasma on the upper divertor.
It is unlikely that the nitrogen reached the lower divertor,
but it remains a possibility [54]. Cu (from LH antennas, see
figure 1(a)) and Fe (from steel panels, see figure 1(a)) impur-
ities presenting a maximum concentration of about 3.3 at%
and 2.2 at%, respectively, were detected. In a previous study
[37] of various MBs of PFU #13, boron and tungsten carbides,
tungsten borides and boron nitride have been found by x-ray
photoelectron spectroscopy.

A correlation is generally observed between the depos-
ition of B, N, Cu and Fe and the retention of D and “He.
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Figure 18. The D/B ratio determined by NRA along the toroidal
direction.

However, the correlation between these elements and O depos-
ition is more ambiguous. While both elemental mapping and
Tof-ERDA data suggest a correlation, quantification via NRA
and EDX spectroscopy does not support this conclusion.
Additionally, the D/B ratio remains nearly constant of about
0.166 £ 0.028 along this direction (figure 18). This implies
co-deposition of D and B. On the other hand, Tof-ERDA res-
ults indicate a clear correlation between C and 'H deposition,
suggesting the deposition in the form of hydrocarbons at the
very surface (up to about 150 nm) of the deposited layers.
MB 28 exhibits nearly three times higher average D reten-
tion compared to the corresponding positions in the C4 IC PFU
[18], likely due to thermal desorption effects at temperatures
ranging from 900 °C to 1000 °C in the OSP of the IC PFU.
Oriented elongated objects are observed across the entire
surface of the exposed sample. Cross-sectional analysis
reveals that these features consist of a adhered dust particle
embedded in a stratified structure formed on the sample sur-
face. In some cases, the deposited particle has remobilized,
leaving a crater in the feature. Additionally, material depos-
ition was observed around these features. The mechanism of
formation of similar objects was explained in [55] which refers
to an experiment with a polished tungsten specimen exposed
to the outer divertor plasma of ASDEX Upgrade close to the
strike point. It describes that a deposit can form around dust
particles adhered on a surface; in our study this might be the
case, including the deposition also at surface irregularities.
The region of the examined monoblock (MB 28) on the
PFU is characterized as eroded in previous studies [17, 37].
However, the results of the present study indicate that the
sample experienced distinct phenomena along the toroidal dir-
ection, with millimeter-scale morphological variations. The
observed pattern of the erosion, material deposition and fuel
retention along with the morphological changes were caused
by heat and particle fluxes that follow the magnetic field lines,
impacting PFCs at grazing angles in combination with the pol-
oidal misalignment of MB 28 during C4. Small variations in
magnetic topology lead to strongly localized heat loads. In the
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OSP region, this naturally produces toroidal asymmetries in
power deposition.

5. Summary and conclusions

The erosion-deposition profile along the toroidal direction and
the surface morphology of the plasma exposed MB 28 were
investigated using NRA, Tof-ERDA, SEM with EDX spectro-
scopy, FIB cross-sectioning SEM and optical profilometry.

Starting from the LE, low material deposition (boron, nitro-
gen, copper and iron) and fuel (deuterium and helium) reten-
tion were observed. The surface close to the LE appears to have
undergone erosion, presenting a grain structure similar to that
of the reference sample. However, additional cracks, perpen-
dicular to the LE, have been formed due to plasma exposure;
they present a poloidal spacing of 250-300 pm and a max-
imum length of 700 pm.

The crack formation on the LE is most probably related to
the increase of the surface temperature at the chamfered pol-
oidal edge above the ductile to brittle transition temperature of
tungsten as discussed in [17]. The temperature of MB 28 was
not monitored by the VHR IR camera; however, its neighbor-
ing MB, MB 27 (PFU #13), was monitored (see figure 5(b)
of [50]). Because of the vertical misalignment mentioned (see
introduction) there is a temperature gradient in steady state
along the toroidal direction, i.e. 500-900 °C on the LE versus
300 °C on the rest of the MB. During disruptions the temper-
ature can go even higher (>1000 °C). According to modelling
studies, in the case of misaligned MBs during disruptions the
temperature at the poloidal edge can rise above 1000 °C, even
up to the recrystallization temperature of W (1400-1500 °C)
leading to brittle fracture [32].

At approximately 4 mm from the LE, material deposition
and fuel retention increase sharply, peaking between 6 and
10 mm, with maximum deposition thickness of about 1.5 pm.
Beyond this point, both deposition and retention gradually
decrease towards the TE. Deposition and fuel retention are
preferentially concentrated along linear grooves and depres-
sions. In the highest deposition and retention zone, the dens-
ity of linear features increases, covering the majority of the
area. Generally, there is a correlation among the boron, nitro-
gen, copper and iron deposition and fuel retention, while the
C deposition is correlated with the H deposition for depths up
to about 120 nm.

Additionally, oriented elongated objects were observed
across the entire surface of MB 28. These objects consist
of a stratified structure with, in some cases, embedded dust
particles. Similar features have been observed in ASDEX
Upgrade and WEST divertor marker tiles.

While previous studies identified the region of MB 28 on
the PFU as eroded [17, 37], our results demonstrate signi-
ficant variability in the toroidal direction, around the strike
point, manifested as millimeter-scale morphological changes
and detailed material deposition patterns obtained by ion beam
analyses. Re-deposition of eroded tungsten and other impur-
ities results in spatially heterogeneous surface modifications,
including roughening, nano-structuring, and crack formation

over characteristic length scales of ~28 mm. These observa-
tions highlight the highly localized nature of PWIs, which are
strongly influenced by surface temperature, impurity content,
and component alignment.

Post-mortem analyses of additional ITER-like actively
cooled PFUs are currently underway, and the resulting data
will be used to consolidate the experimental database sup-
porting PWI modeling for ITER and future fusion devices.
WEST is currently in an advanced operational campaign
(2025) focused on long-pulse plasma physics and materials
testing with actively cooled tungsten divertors. Following this
campaign, a planned technical shutdown will enable inspec-
tion and preparation for subsequent experiments in 2026.
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