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For Phase 2 of WEST, the lower divertor was entirely equipped with actively cooled ITER grade plasma-facing
units made of chains of tungsten beveled monoblocks. In this configuration, dust particles were collected in
2023, after the first plasma campaign mainly dedicated to repetitive long pulses in the conditions of attached
plasmas to the divertor. Due to a high particle fluence and a significant tungsten erosion, large quantities of dust
were produced. In addition to those produced during off-normal events and the flaking of deposits which are

typical of tokamak wall erosion, dust particles due to the flaking of pure tungsten thin layers deposited on the
shadowed areas of beveled monoblocks were found. As specific characteristic, these thin layers may not adhere
to the divertor and consequently, may be peeled off and mobilized during plasma operation.

1. Introduction

Plasma-wall interaction generates dust particles of sizes varying from
a few nanometers to hundreds of microns. In tokamaks with metal
divertor, they come from molten metal droplets produced during off-
normal events (arcing, disruptions, runaway electrons...) identified in
AUG, JET, Alcator C-Mod and WEST [1-7]. The flaking of deposited
layers due to wall conditioning and sputtering also produces dust
[1,2,4-7]. Recently, tungsten (W) nanoparticles of sizes as small as 5 nm
were found in WEST [7].

When dust particles are produced in large quantities, they can limit
the expected performances. Due to their low adhesion to plasma-facing
components, they can produce hot spots during long pulses, which were
correlated to asymmetric radiation of the plasma edge, leading some-
times to plasma termination [8]. The potential reinjection during early
discharge stages can also impact the plasma start-up as shown in rele-
vant ITER-like experiments and modeling [9-11] and FTU [12]. During
plasma operation in JET, intense radiation spikes have been correlated
to dust events [13]. In WEST, Unidentified Flying Objects (UFOs) orig-
inating mostly from deposited layers of low adhesion were divided in
three classes according to how they affect the discharges [14]. Modeling

have shown that even bursts of W dust could result in large perturbations
of the divertor power load in ITER [15]. In addition to the effects of high-
Z plasma contamination, other implications for fusion operation have
been considered. Due to their large surface areas, dust particles can
potentially retain tritium which could impact the fuel cycle efficiency
[16,17]. Additionally, dust adds a risk of explosion which raises the
question of environment contamination by tritiated and activated dust
[17-19].

In this article, new highlights on the dust production during long
plasma pulses and a high particle fluence in the WEST tokamak are re-
ported. The latter is now equipped with an actively cooled ITER grade
divertor where the plasma facing units consists of W beveled mono-
blocks in the toroidal direction [20,21]. In this context and in a regime of
attached plasmas to the divertor, large quantities of dust were produced.
In addition to dust due to molten materials and the flaking of deposits
early observed in WEST [7], pure W thin layers formed on the shadowed
areas of the beveled monoblocks have been identified. These thin layers
never found before could be peeled off during plasmas. Hence, a part of
them might have participated in the production of UFOs observed dur-
ing the plasma campaign, some of them leading to disruptions [14,22].

* This article is part of a special issue entitled: ‘PSI-26° published in Nuclear Materials and Energy.
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2. Specificities of the first plasma campaign of Phase 2 of WEST

During Phase 1 of operation of WEST (2017-2021), the lower
divertor divided in 12 sectors was equipped with tungsten-coated
graphite tiles (inertial PFUs) and a set of ITER-like plasma facing units
(PFUs) consisting of actively cooled chains of non-beveled W mono-
blocks (MB). For Phase 2 (2022-present), the lower divertor consists
entirely of actively cooled ITER-like PFUs. Their number is 38 per sector
and each of them contains 35 beveled W MBs. These MBs are charac-
terized by a slight tilt of their surface in the toroidal direction, the focus
of this shaping being to check the improvement of mechanical and heat
load constraints applied to the leading edges of downstream MBs [20]. A
precise, complete study of the new configuration of the divertor of WEST
and, the complexity of the resulting heat load and mechanical effects, as
well as their modeling are presented in ref [21].

The first plasma campaign of Phase 2 was mainly dedicated to long
plasma pulses cumulated over 3 months (January-April 2023). A total of
5.5 h of discharges was reached. About 3 h of repetitive, cumulated long
pulses ~60-70 s in the conditions of attached L-mode plasmas (Te ~ 25
eV) were performed with Py = 3.8 MW (lower hybrid heating) leading
to a high cumulated fluence on the lower divertor of ~5 106 D/m? [22]
and an expected significant tungsten erosion and migration [23] leading
to deposited layers [24].

3. Method of collection and analyses of dust particles

After venting the vessel and before any maintenance operation,
collections are performed on the lower divertor with the vacuum tech-
nique. A small oil-free vacuum pump (ARICA 6VK — 7 m>/h without
load) is put on a safety platform set under an open port of the tokamak. It
is connected to a hand-held filter holder by means of a long plastic tube.
The filter holder is loaded with thin, smooth polycarbonate membranes,
10 pm thick and 47 mm diameter (Whatman cyclopore membrane, No.
7060-4704). These membranes contain calibrated holes of 0.4 pm all
over the surface. For collection, the plastic nozzle of the filter holder
(hole ~2 mm diameter) is put in contact with PFUs. Then, each mem-
brane loaded with dust is transferred with a tweezer to a dedicated
plastic box in the safety platform. The collection starts again elsewhere
on the divertor with a new membrane.

Dust particles were collected on three sectors of the lower divertor i.
e. the sector of the outer limiter, of a ICRH antenna and LH antenna.
PFUs of these sectors were only exposed to the first plasma campaign of
Phase 2. For each sector, one membrane was used for collection on the
high field side area (HFS) and another membrane for the low field side
area (LFS).

In the laboratory, two categories of dust were identified: dust
dispersed inside the plastic boxes as shown Fig. 1a) (box lid at the figure
top) and those adhering to the membrane (Fig. 1b). The dust samples in
a given box and on the corresponding membrane, were pressed just once
with the top of a sample-holder of electron microscopy (12 mm diam-
eter) covered with a double-sided carbon adhesive tape. Fig. 1¢) shows
dust on the carbon tape of a sample-holder, taken in the box. Fig. 1d)
shows another sample-holder with dust taken on the bottom right of the
membrane. Particles of size smaller than few tens of microns remain on
the membrane surface via electrostatic force (friction with the air flow of
the vacuum technique), and van der Waals and capillary forces [25].

Note that during plasma campaigns of Phase 1 during which pulses
were limited to a few seconds, dust particles were dispersed on the
membranes making them difficult to see with the naked eye and no dust
was found on the boxes [7]. These results indicate that the produced
quantities and the presence of large particles in the boxes are specific to
the plasma campaign described Section 2.

Shapes, sizes, compositions were investigated with a Scanning
Electron Microscope (SEM — Zeiss Gemini 500) of ultra-high resolution
field emission coupled to an energy dispersive X-ray spectroscopy (EDS)
detector (SDD EDAX). With an incident electron beam energy of 15 kV,
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Fig. 1. Dust samples from the HFS area of the lower divertor (outer limiter
sector). a) Largest dust particles dispersed inside the plastic box where the
membrane shown in b) was initially placed (box lid at the top). b) Membrane
with adhering dust (dark part). ¢) Top of a microscope sample-holder covered
with carbon adhesive tape on which dust particles of the box are stuck. d)
microscope sample-holder on which dust particles of the bottom right of the
membrane shown in b) are stuck.

secondary electron (SE) images give the dust topography slightly below
the dust surface. Backscattered electrons (BSE) are also collected (Zeiss
EsB detector) to highlight different chemical compositions by means of
contrast variations in a given sample or on a dust particle. In particular,
this diagnostic was used to highlight the presence of nanoparticles with
an incident electron beam energy of 5 kV. Moreover, in BSE images (also
in SEM images of SE but not as much), heavy elements such as W appear
bright and light elements such as B and C appear dark. EDS spectroscopy
gives the composition details when there are mixtures of materials.

As SEM and EDS analyses have revealed similar dust characteristics
for the three investigated sectors, only those of the sector of the outer
limiter are presented in the following sections such as for Fig. 1).

4. Dust particles from high field side and low field side areas
4.1. Dust particles from high field side not adhering to membranes

Fig. 2a) is a SEM image of a part of dust taken in the box shown
Fig. 1a), the black background being the carbon adhesive tape. This
sample contains essentially small pieces of thin and thick deposited
layers. Many of them have straight and sharp edges and sizes of the order
of mm can be reached. In the orange circle, the dot is a dust of similar
shape, of length ~40 pm measured at higher magnification. Fig. 2b) is a
high magnification of the 1 mm particle shown Fig. 2a). Parallel stria-
tions of the surface are the fingerprints of machining grooves present at
the MB surface on which the thin layer initially deposited. The EDS
spectrum (red cross) shows that it is pure W. By tilting the sample-
holder, dust particles from thin and thick layers are visible in different
parts of the sample. Fig. 2c) shows an example obtained with 70° tilt.

4.2. Dust particles from high field side adhering to membranes

Fig. 3a) shows a part of dust adhering to the membrane. The
magnification is the same as in Fig. 2b) for comparison. In Fig. 3b), sizes
range from ~600 nm to ~15 pm and from ~80 nm to ~6 pm at higher
magnification (Fig. 3c)). Fig. 3d) is a BSE image showing nanoparticles,
the smallest size being ~25 nm.

The compositions of some dust found with EDS spectra (not shown
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Fig. 2. A) SEM image of some largest dust particles coming from the HFS area of the lower divertor (dust in the membrane box). b) High magnification of a 1 mm
dust coming from a pure W thin layer and the corresponding EDS spectrum. c¢) Dust particles from thin and thick layers revealed by tilting the sample-holder to 70°.

Fig. 3. A) SEM image of a part of the membrane shown Fig. 1 b). b) and c) details at higher magnifications. ¢) Compositions of some dust (red dots). d) BSE image
showing nanoparticles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

here) are indicated Fig. 3c). The bright particle on the right side is W-
dominated with the presence of O. All dust of same or similar brightness
on this image are W-dominated while dark particles also contain light
impurities. Thus, in addition to W, the surfaces of the dust particles of
the left side contain impurities such as B, C and N in various proportions
leading to various shades of grey. Cu traces are also present and O is
present everywhere. They can have different surface porosities. W
nanodroplets are seen on the surface of the central dust and W drippings
on the surface of the dark particle in the bottom left. The origins are now
well identified. Dust particles of complex shapes and metal mixture with
irregular and rounded edges due to material melting are produced
during off-normal events. This could be the origin of the right bright
particle (W-dominated). Particles of sizes <1 pm deposited on the sur-
face of the dark dust slightly to the right, have similar brightness and for
a part of them, rounded edges (see at higher magnification). Dust with
roughly straight and sharp edges come from the flaking of deposited
layers.

4.3. Dust particles from low field side adhering to membranes

Fig. 4a) shows particles adhering initially to a membrane. They come
from the same sector as Fig. 3) but from the LFS area. Less dust particles

were produced/collected. The same result was observed for each
investigated sector. In Fig. 4b), sizes range from ~1 pm to ~30 pm. At
the right end, four EDS mappings give the chemical compositions. Dust
particles on a diagonal are in W oxide (yellow and red parts, respec-
tively). They also contain traces of N (blue part). On each side of the
other diagonal, there are two particles made of pure W. On the right side
of the SEM image, there are two Cu particles also oxidized.

As for the HFS area, much of the dust from the LFS samples comes
from the flaking of thin and thicker deposited layers. They have the
composition of materials that can be oxidized during plasma operation
and also to air exposure, and may chemically associate with O when they
contain C. Moreover, SEM images have revealed that dust adhering to
membranes in HFS and LFS areas have multi-scale sizes ranging from
several nm to several tens of microns.

5. Location of thin and thick layers producing dust particles and
consequences

New results on dust produced in WEST- Phase 2 are i) the presence of
large particles resulting from the flaking of thick layers and importantly,
of thin layers of pure W not observed before, and ii) large produced
quantities as shown Fig. 1 due to repetitive long plasma pulses.

Fig. 4. A) SEM image of a part of the membrane used for collection on the LFS area of the lower divertor (outer limiter sector). Magnification of a) and b) are the
same as Fig. 3a), b). On the right side, four EDS mappings give some dust compositions.
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Fig. 5 shows a part of the HFS area of the lower divertor of WEST
where collections were performed with a filter-holder (left side). This
image shows a complex pattern of deposited layers on chains of W MBs.
These deposits are located just above the upper strike point region. Dark
layers on top and those located on the left and middle side of MBs are
thick [26]. In particular, dark layers are easily flaked with the vacuum
technique. Thin layers are on the far right. Their presence is new and
explained by the fact that all MBs have a slight tilting to avoid the
leading edge melting of the downstream MB during plasma operation.
Pure W thin layers are then formed on the shadowed areas of the
downstream MBs. The inset shows that some parts of these thin layers
are already peeled off before collection. Deposits are also present on LFS
areas of the lower divertor. Also there, thin layers, sometimes already
peeled off before collection were formed on the shadowed parts of MBs.
Moreover, it has been shown that for the repetitive long pulses of this
plasma campaign, about one third of discharges ended in a disruption
whose origin was UFOs. It was also established that UFO production
occurred mainly from thick and thin layers of low adhesion on HFS areas
and for a less extent on LFS areas [14].

6. Nanoparticles of varying sizes
Fig. 6 a) is a BSE image of a dust made of multilayers coming from a

thick deposit of the HFS area. To see the internal structure on one edge
(dust cross-section), the microscope holder was tilted of ~35°. Layers of

Fig. 5. Part of the HFS area of the lower divertor where collections were made
(filter-holder on left side). Red arrows show thin and thick deposited layers,
organized in a complex pattern. The inset shows that thin layers can be already
peeled off before collection. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Nuclear Materials and Energy 42 (2025) 101848

various compositions are revealed through shades of grey also seen in
the magnification, Fig. 6b). Unfortunately, since de dust particle was not
located on the edge of the microscope holder, it was not possible to
shorten the distance of the particle to the electron source after the
sample was tilted and the inner layer compositions could not be ob-
tained with a sufficiently high spatial resolution [24].

Nanoparticles (NPs) are present in different places. Those on the
surface have sizes in the range 85-170 nm. A layer of NPs just below the
slightly transparent upper layer (like a grey veil) are also seen in the
magnification Fig. 6b) and have sizes in the range 30-65 nm. Smaller
white dots of similar brightness inserted in dark parts of the cross-
section are also present and shown Fig. 6b). The size estimate of these
white dots is assumed to be <20 nm.

On the right side, the EDS spectrum noted 1 gives the composition of
the area where NPs are present. Lines of W and O are present as well as
traces of impurities such as B, C, N and Cu. As mentioned, Section 3, in
BSE images and to a lesser extent in SEM images, heavy elements (W)
appear bright and light elements (B, C) dark. W-dominated dust particles
were already identified as bright particles Fig. 3c) and Fig. 4b). Hence, it
is assumed that NPs above the thin grey layer are W-dominated. The
presence of light elements in the spectrum may also give the composi-
tion of the thin grey layer due to a topography not flat at the EDS point
and the presence of boronized elements around, producing EDS counts.
This may be confirmed with the spectrum 2 obtained on a position of the
thin layer where light element lines have raised. Moreover, it is assumed
that the incident microscope electron beam of 5 keV (see Section 3)
passed through this thin and light Z layer, revealing the composition of
NPs just below and evidenced through W lines. It should be noted that
the final internal structure of the particle of ~1 pm thickness is the result
of multiple PFU erosions during multiple plasmas.

W NPs have already been observed in WEST [7,26]. They are most
often separated and appear as layers on the surface of micrometer par-
ticles or as dots in cross-sections of dust made of multi-layers. They were
first observed in tokamaks with graphite-based plasma facing compo-
nents as TEXTOR [27,28], Tore Supra [28], JET [29] and MAST [30].
Comparisons with NPs produced in laboratory plasmas were reported
and suggested a growth in the SOL region from specific successive col-
lisions between eroded species [27,29,31,32]. With metallic PFCs,
nucleation appearing by condensation of metallic vapor during cooling
(nucleation in oversaturated vapor) was also proposed [33].

7. Conclusion and perspectives

The origin of shapes, sizes, compositions and produced quantities of
dust depend of the conditions and duration of plasmas carried out during
several months of campaign. For Phase 2 of operation of WEST, the
lower divertor was entirely equipped of actively cooled ITER grade
plasma facing units made of W beveled monoblocks. Dust particles were
collected after the first plasma campaign of Phase 2 mainly dedicated to
long repetitive pulses, in a regime of attached plasmas. In such condi-
tions, large quantities of dust were produced. In addition to dust due to
molten materials, dust particles due to the flaking of thick deposits and
importantly, of thin layers of pure W not observed before were found.
The latter were formed on the shadowed parts of the newly installed W
beveled monoblocks. Being weakly adherent, these thin layers could be
peeled-off during plasma operation and the resulting dust particles were
likely involved in the production of UFOs. To complete quantitatively
these results, the mass of the produced dust will be measured during the
next plasma campaigns. This will provide a production dust rate and
density in the conditions of an ITER-grade divertor.
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Fig. 6. A): BSE image of a dust consisting of multilayers with nanoparticles on the surface (30° tilting angle). b) Cross-section magnification showing nanoparticles
below the upper thin layer; white dots inserted in dark parts are assumed to be smaller nanoparticles. EDS spectrum 1: composition mainly of nanoparticles on the
surface. EDS spectrum 2: composition of the upper layer and likely of nanoparticles below, assuming the 5 kV microscope electron beam passed through this layer.
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