Journal of Nuclear Materials 401 (2010) 130-137

journal homepage: www.elsevier.com/locate/jnucmat

Contents lists available at ScienceDirect

Journal of Nuclear Materials

Journal of
Nuclear Materials

Analyses of dust samples collected in the MAST tokamak

C. Arnas **, C. Pardanaud?, C. Martin?, P. Roubin?, G. De Temmerman ™!, G. Counsell >?

2 Laboratoire de Physique des Interactions Ioniques et Moléculaires, UMR 6633 CNRS-Université de Provence, 13397 Marseille, France
b EURATOM/CCFE Fusion Association, Culham Science Centre, 0X14 3DB Abingdon, Oxfordshire, United Kingdom

ARTICLE INFO ABSTRACT

Article history:
Received 11 February 2010
Accepted 9 April 2010

Dust samples collected in the MAST tokamak have been characterized. Mass measurements have been
correlated to regions of collection. Electron microscopy has revealed the presence of large quantities of
carbon nanoparticles produced in gas phase as well as the presence of rolled-up carbon thin layers what-

ever the collection region. Shape, structure and chemical composition have been established by means of
complementary diagnostics such as electron microscopy, electron diffraction, energy dispersed X-ray
spectroscopy, micro-Raman spectroscopy and infrared absorption spectroscopy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Erosion of plasma-facing materials by plasma-surface interac-
tion is one of the primary processes that can lead to the production
of fine particulate material or dust, in fusion devices [1-5]. A large
amount of dust is expected to be produced in ITER and the conse-
quent impact on safety and operational performance is the subject
of ongoing study [6-8]. For example: dust on ITER surfaces at high
temperature interacting with water steam released during a loss of
coolant event could result in a potentially explosive hydrogen-
oxygen mix, in the vacuum vessel; transport of dust outside the
vacuum vessel could lead to contamination since the dust in ITER
is likely to be toxic (i.e. containing Be) and radioactive (i.e. contain-
ing tritium and activated elements, mainly from W transmuta-
tion); the dust could affect the fuel inventory inside the ITER
vacuum vessel, due to its large surface area and chemical reactivity
which both lead to a propensity to retain deuterium/tritium; and
lastly, because of the weak adherence of dust to surfaces, dust par-
ticles could be ejected into the ITER plasma, increasing the plasma
contamination and potentially leading to plasma detachment and
disruptions events [5,9,10].

Collection and analyses of dust in present day tokamaks can in
principle help to improve understanding of dust formation and
dust transport mechanisms, thereby improving the basis for
extrapolating the likely dust quantities and location in ITER. Each
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device of course presents a unique design which has a profound
impact on produced dust quantities and their distribution in exist-
ing devices and complicates extrapolation to ITER. On the other
hand, when the plasma-facing components (PFCs) are carbon-
based (as will be the case for some of the key ITER components
during its early operational phase), similar dust morphology is
observed, suggesting similar generation mechanisms [2,11].

In this paper we present analyses of dust samples collected
from below the mid-plane of the MAST tokamak. Mass measure-
ments have allowed us to identify regions of large dust deposition
such as the plasma-shadowed areas [12,13]. Qualitative investiga-
tions have provided information on the shape, structure and
composition. As usual in tokamaks with PFCs in graphite and stain-
less-steel vessel, we have observed by means of electron micros-
copy, the presence of micrometer irregular grains due to deposit
flaking, micrometer smoothed grains which have undergone strong
plasma erosion and particulates. In this latter case, we include both
large quantities of carbon nanoparticles, gathered in agglomerates
of several micrometers or in irregular layers which appear in all the
samples and metallic particulates of size varying from the nanome-
ter to the micrometer range. It is usually said that the former are
synthesised in the plasma from the chemical and physical erosion
of the PFCs and the later from arcing on vessel [2,5]. We have also
found the presence of rolled-up thin carbon layers of several
micrometer lengths which in our knowledge, were never observed
in other tokamaks.

We have completed these investigations by Raman micro-spec-
troscopy, routinely used to characterize the different structure of
C-based materials and have crossed the results with those found
by high resolution transmission electron microscopy (HRTEM) and
by electron diffraction. Infrared (IR) absorption spectroscopy has
shown that carbon in the dust can be chemically bonded to other ele-
ments such as deuterium, hydrogen and for a small part, to oxygen.
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The whole results are discussed. The measured quantities are
correlated to the collection regions and we conclude on the carbon
dust structure. Similarities and differences between the carbon
nanoparticles synthesized in large quantities in the MAST tokamak
and in laboratory plasmas are presented.

2. Dust collection

Dust was collected during a maintenance phase after the M6
operational campaign (2006-2007) of 4000 shots of ~0.3 s duration
in average. After venting of the vacuum vessel and an initial safety
control, dust collection was the first activity conducted inside the
device, to minimise contamination or dust disturbance. The main
method for sampling was the filtered vacuum technique used in
other tokamaks [1-5]. For this, a stainless-steel filter housing
was connected to a small oil-free vacuum pump. Two kinds of fil-
ters of 4.7 cm in diameter were used. Cellulose acetate filters
which have the property to trap fine dust were chosen for dust
mass measurement. They were weighted before and after collec-
tion. Cyclopore membranes characterized by controlled pore sizes
(0.4 um) were used for qualitative analyses by electron micros-
copy, IR absorption spectroscopy and Raman micro-spectroscopy.

Eight regions of collection by vacuuming have been selected be-
low the mid-plane of the device (Fig. 1). These locations are divided
in three groups: (i) erosion-dominated regions swept by plasma
scrape-off layer (SOL) strike points, like the foot of the central col-
umn (inner divertor) and the outer divertor, made of 48 imbri-
cated, radial tiles; (ii) the dome surface, which lies in the
divertor private-flux region; and (iii) plasma-shadowed regions
like the inner and outer toroidal grooves of the outer divertor tiles,
the lateral ports and the upper surface of the poloidal magnetic
coils which in MAST are the closest elements to the confined plas-
ma on the outboard side [14].

a: central column

b: dome

c and d: inner and outer toroidal
grooves of the outer divertor tiles
e: magnetic coil

f: lateral port

Fig. 1. Scheme of the MAST tokamak.

The radial gap between the outer divertor tiles varies from
1.39 cm near the dome to 3.37 cm near the wall and significant
quantity of dust is usually observed on the MAST vessel floor below
these tiles. However, tile removal during this maintenance phase
was not possible and dust from this area was not sampled.

The central column is made of polycrystalline graphite (EK986),
the head and foot of the central column as well as the dome and
the divertor tiles are made of polycrystalline graphite (EK98)
while the vessel and the magnetic coil holders are in 304LN
stainless-steel.

3. Mass measurement of mobilized dust

The largest quantity of dust was found in the outer toroidal
groove of the divertor tiles (about 29.6 mg). For this estimation,
dust was collected along the outer grove of three tiles and the cor-
responding mass was multiplied by 16. The same technique was
applied for all the mass measurements.

By order of decreasing mass, we have found ~4.8 mg in the in-
ner toroidal groove, about 4.2 mg in the lateral ports, ~4.1 mg on
the dome surface and ~3.9 mg on the tile surface.

The total measured mass is ~46.6 mg but the total mass of dust
produced during M6 campaign is certainly larger since no collec-
tion was performed on the vessel floor and on the upper half part
of the device. However, the measurements performed in each of
the three groups of MAST regions are consistent with dust trans-
port studies in tokamaks. In particular, it is known that dust is
transported towards the plasma-shadowed areas such as the gaps
and grooves of divertor [12,13]. The largest quantity found in the
outer toroidal grove is also consistent with the fact that the strike
point in MAST sweeps the tile surface from the inner to the outer
part without reaching the outer toroidal groove.

4. Dust morphology and composition

Scanning electron microscopy (SEM) analyses were performed
directly on all the cyclopore filters with a PHILIPS XL30 SFEG
microscope, using an electron beam of 10 kV. The microscope is
coupled to an X-ray detector providing the composition by energy
dispersed X-ray spectroscopy (EDX).

In the size range larger than 1 pm, SEM images show that dust
particles are characterized by a wide range of size and shape as de-
picted in Fig. 2. As a general rule, whatever the investigated area,
the dust contained four particle groups namely, carbonaceous
grains of irregular shape, carbonaceous nanoparticles, metallic
nano and microparticles and needles made of rolled-up thin carbon
layers.

Fig. 2. SEM image showing dust of heterogeneous shape and size collected in the
outer toroidal groove of the tiles (low magnification). Rolled-up thin carbon layers
are shown into the three black squares.
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At higher magnification, the SEM image in Fig. 3a shows surface
details. There are two micrometer deposits of irregular shape, edge
and roughness on the right and left side. At the image top, there is a
spherical metallic microparticle of ~1.7 um. EDX spectroscopy
shows that these particulates usually contain C, Fe, Ni, Cr, O in dif-
ferent proportions. Some times, other elements such as Mo, Si and
Ca are present. In the same image, carbon nanoparticles are gath-
ered and form irregular layers below the black lines (Fig. 3a). Higher
magnification of this image shows that these nanoparticles are so
compressed under the black left line that it is difficult to individu-
alize them whereas they are clearly identified in the black square
whose magnification is given in Fig. 3b. They have size in the range
of 15-30 nm.

Some carbonaceous grains exhibit smooth surfaces and edges as
in Fig. 4 where a micrometer porosity is still visible. The whole as-
pect indicates a strong erosion. This grain is mixed with rolled-up
thin carbon layers, observed in the majority of the dust samples.
Examples are also shown in Fig. 2, in the three black squares. They
can have several micrometer lengths and a width of ~1 pm or less.

Fig. 5a shows differences of texture between the grain of Fig. 4
and a dense agglomerate of nanoparticles (image bottom) whose
magnification is given in Fig. 5b. Also here, one can see individual
carbonaceous nanoparticles, providing a grain of large surface
roughness in contrast with the grain of smoothed surface.

5. Dust morphology and structure analyses by TEM, HRTEM
and electron diffraction

More details on dust morphology are provided by TEM. For this,
we have transferred dust from all the acetate filters to thin polycar-
bonate films deposited on copper grids and investigated these
samples with a JEOL JEM 2010F microscope operating with an elec-
tron beam of 200 kV. The highest magnification of this microscope
allows having information on the atomic structure (HRTEM). The
same beam was also used to perform electron diffraction.

HRTEM images have revealed that for a given sample, the carbo-
naceous flakes (thickness smaller than ~200 nm suitable for this
diagnostic) present an heterogeneous organization at the atomic
scale. The image can be that of amorphous carbon, i.e. without
any order or that of disordered graphitic carbon, i.e. with fringes
due to the stacking of graphene layers. For example, Fig. 6a and b
shows images of flakes coming from the outer toroidal groove of
tiles, characteristic of amorphous carbon whereas Fig. 6¢ and d
shows that flakes can contain crumpled and folded graphite layers,
oriented in different directions. In this later case, the flake was col-
lected on the surface of the outer divertor tiles.

Fig. 7a provides another example of graphite made of graphitic
crumpled layers and shells. The corresponding electron diffraction
shows a Debye-Sherrer pattern containing Bragg 00l and hkO
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Fig. 4. SEM image of a smoothed surface grain and carbon rolled-up thin layers
collected on the tile surface.

reflection (Fig. 7b). The 002 ring gives information on the stacking
of graphitic layers parallel to the observation axis and the 100 and
110 rings, on that of oblique layers.

Fig. 7c gives an example of mixed material where metallic
nanoparticles of 2-35 nm size produced from molten metal during
arc discharges, are embedded in carbon deposits. The associated
electron diffraction pattern (Fig. 7d) shows diffraction spots, attrib-
uted to electron diffraction on these metallic impurities. The dif-
fraction rings corresponding to graphitic layers oriented in
different directions are also present but are less intense than in
Fig. 7b. Some of these metallic nanoparticles are polyhedral. They
consist in a metallic core encapsulated in graphitic layers, parallel
to the polyhedral sides. In Fig. 7e, the graphitic outer shell has
~6 nm width. All these features are characteristic of a catalytic
growth process in gas phase where graphitisation occurs on melted
metallic matter [15].

Carbonaceous spheroid nanoparticles are observed in all the
dust samples. They also exhibit various structure. They can be
amorphous as in Fig. 8a where the biggest have ~20 nm in size.
In Fig. 8b, the sizes are similar but the particulates look like onion
particles. They are made of concentric graphitic layers around
amorphous cores.

6. Dust structure analyses by Raman spectroscopy

Raman micro-spectroscopy is routinely used to characterize dif-
ferent forms of C-based materials: diamond, graphite, disordered
graphitic materials, amorphous carbons (a-C, a-C:H), etc. Inter-
preting the 1000-1800 cm™! spectral region gives information on
structural (degree of order) and chemical (hybridization of the car-
bon atoms) properties [16] and it was already used for characteriz-
ing carbon deposits in tokamaks [17,18].
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Fig. 3. (a) Dust collected on the dome surface and (b) magnification showing individual carbonaceous nanoparticles of 15-30 nm in size, gathered in an irregular layer.
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Fig. 6. TEM images of two flakes coming from the outer toroidal groove of tiles in: (a) and from the surface of the outer divertor tiles in (c). HRTEM shows amorphous carbon

in (b) and graphitic layers in (d).

Fig. 7. (a) Disordered graphitic layers containing hollow shells, (b) corresponding diffraction pattern, (c) mixed material where metallic nanoparticles are embedded in
carbon deposits, (d) corresponding diffraction pattern, (e) metallic nanoparticle encapsulated in graphitic layers.

Raman spectra were obtained using a Horiba-Jobin-Yvon HR
LabRAM apparatus (laser wavelength: /; = 514.5 nm, 100X objec-
tive, resolution ~1 cm™'). Spectra were taken on grains as-col-
lected, i.e. agglomerated on the cyclopore filters, and the thickest
regions were probed to have enough matter. Several Raman spectra
were recorded from all the regions where samples were collected.
The laser power was chosen at P~ 2 or ~0.2 mW pm~2 to have a
good signal/noise ratio or to prevent damage. To check repeatabil-
ity, spectra were recorded several times at the same spot and, in

some cases, even at low power, a decrease of the background down
to a constant value was observed. This indicates that molecular spe-
cies, either in the sample composition or due to pollution, are burnt
under laser irradiation. A linear background was then removed.
Fig. 9 displays the different kinds of spectra recorded for the
dust samples, whatever the collection region, together with the
spectrum of the virgin material EK98. Spectrum (a) is very close
to this latter spectrum, most probably due to EK98 directly ablated
from the wall. Spectra (b-d) are composed of two main bands at
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Fig. 8. (a) Nanoparticles of 20 nm mean size of amorphous carbon and (b) nanoparticles of similar size made of graphitic concentric layers, surrounding the amorphous

carbon core.
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Fig. 9. Raman spectra from the different collection locations in MAST together with
that of virgin EK98 (4, = 514.5 nm).

1570-1600 cm~! (called the G band) and at~ 1350 cm™! (called
the D band). A third band sometimes appears as a shoulder of
the former at 1620 cm ! (called the D’ band). These bands are as-
signed to stretching modes of sp? hybridized carbon atoms and are
a signature of aromaticity, the aromatic domain size being limited
by disorder [16,19].

When the D and G bands are well-separated, they correspond to
graphitic carbon, even though disordered such as in the spectra
(a-b) of Fig. 9, whereas when the two bands are broad and over-
lapped, they correspond to amorphous carbon such as in the spec-
tra (d) [20]. Spectrum (c) is intermediate [21] and may correspond
to heat treated amorphous carbon [20].

In the case of graphitic carbons, the D and G band relative inten-
sity ratio noted R, varies, R ~ 1 being frequently observed every-
where in the machine. The Tuinstra relation, commonly used to
estimate the length of the aromatic domains: L, (nm) ~ 4.4/R, leads
here to L, between 4 and 25 nm, the largest values being obtained
for the best ordered material, such as EK98, and the smallest values
being even larger than those of amorphous carbon (<2 nm). The
great variety of Raman spectra indicates that dust structure is very
heterogeneous. Nevertheless, dust collected on the divertor dome
surface corresponds to the less ordered Raman signatures: no
type-(a) spectra was recorded and type-(d) spectra were found
only in this region. However, we cannot exclude the presence of
other structures since the number of recorded spectra was not so

large and since HRTEM also showed various structure in this
region.

7. Infrared spectroscopy

Infrared absorption spectroscopy can be used to obtain relevant
information on the chemical bonds and structure of carbonaceous
material. The samples collected on the different locations of the
device were all analysed by the Attenuated Total Reflectance unit
(ATR) of a Bruker Vertex 70 FTIR infrared spectrometer, equipped
with a germanium crystal (1.5 mm?) and a DTGS detector. The
spectra were recorded with 1000 scans and a resolution of
2cm™! from 3600 to 1000cm™!. For all samples, dust was
extracted from the cyclopore membranes and set on the Ge crystal.
Only the sample collected on the outer toroidal groove of tiles
provided results with an adequate signal/noise ratio likely because
enough material was found in this sample. A typical spectrum is
displayed in Fig. 10.

The 3500-2400 cm~! region (Fig. 10) is characterized by three
bands. One of these bands is composed of two intense peaks at
2850 and 2920 cm™! assigned respectively to the —CH, stretching
symmetric and asymmetric modes of aliphatic compounds. An-
other intense band at 3293 cm ™' is assigned to the =CH stretching
mode of monosubsituted acetylenic compounds. The small broad
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Fig. 10. Infrared absorbance spectrum of dust collected in the outer toroidal groove
of the tiles. The inlet figure shows the CD stretching mode region, dust signal being
compared to EK98 signal (lower curve).
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band at 3100 cm ™! is assigned to the =CH stretching mode of poly-
cyclic aromatic hydrocarbons and/or to the =CH, stretching mode
of ethylenic compounds.

In 2400-1000 cm™! region, a broad band at 1550 cm™' and a
narrow one at 1646 cm™! are assigned respectively to the C=C
stretching mode of polycyclic aromatic hydrocarbons and of ethyl-
enic compounds. Small bands due to the —CH3 and —CH; deforma-
tion modes are observed at 1470 and 1360 cm™! respectively. Note
that the low absorption signal at 1700 cm ™! is assigned to the C=0
stretching mode, indicating that oxidation under air exposure is
limited.

Samples collected in the outer toroidal groove of tiles then con-
tain aromatic, ethylenic, and aliphatic signatures and are therefore
probably highly heterogeneous.

The inlet of Fig. 10 emphasises the =CD, stretching mode of eth-
ylene compounds at 2214 cm~! and the small band at 2085 cm ™!
which is assigned to the —CD, mode of poly(methylene) and/or to
the C=C stretching mode of alkyne compounds.

8. Discussion

Different complementary diagnostics have been used to charac-
terize all the dust samples coming from the lower half part of
MAST device. The collection regions have been divided into three
groups: (i) erosion-dominated regions swept by strike points, (ii)
divertor dome surface and (iii) plasma-shadowed regions.

Mass measurements have shown that the dust was preferen-
tially collected in the plasma-shadowed regions, such as the lat-
eral port and the tile grooves of the outer divertor. This result
is consistent with specific studies which have shown that dust
accumulation and fuel retention tend to occur in the gaps of cas-
tellated structures often found in tokamak plasma-facing compo-
nents, including JET [12,22], TEXTOR [23] and TS [24]. In the
previous design of MAST, measurements of deuterium density
were performed by NRA on thin layers deposited on the shad-
owed area of ribs used as lower divertor [25]. The infrared
absorption spectroscopy used in the studies reported here has
allowed a qualitative investigation of the deuterium retention.
In particular, we have found in the dust of the outer groove of
the tiles the presence of deuterium through CD bond, indicating
that deuterium is incorporated through chemical bonding during
plasma operation.

By means of electron microscopy, we have found the same
dust morphology in all the above-cited three regions. Grains of
irregular shapes and edges coming from the flaking of deposited
layers are easily identifiable by SEM, as for the other tokamaks
[1-5]. By contrast, we have also observed grains of smoothed
surfaces and edges which have undergone strong erosion, likely
under ion bombardment.

HRTEM has revealed that the carbon structure of flakes is heter-
ogeneous, varying from amorphous carbon to graphitic carbon.
This latter structure corresponds to disordered graphitic carbon
and is characterized here by the observation of graphene layer
stacking of various thicknesses and lengths, oriented in various
directions, sometimes forming shells. This structure was also quan-
tified by micro-Raman spectroscopy which allows estimating the
length of the aromatic domains, here from 4 to 25 nm. We have re-
corded spectra characteristic of disordered graphitic carbon in each
dust sample except in that of the dome surface where we have ob-
served the most disordered structure (amorphous carbon) even
though we cannot exclude the presence of other structures seen
by HRTEM. Everywhere else, we have also obtained spectra compa-
rable to the reference spectrum of the EK98 graphite of MAST PFCs.
This latter result suggests that grains may be released from the
PFCs during transient events and without significant interaction

with the plasma, whose effect would be to induce disorder and
to destroy the graphitic structure.

IR absorption spectra have confirmed that dust collected in the
outer toroidal groove of tiles has a carbon heterogeneous structure.
Besides the graphitic carbon identified through the =CH and C=C
stretching modes assigned to aromatic domains, we have also
found the presence of polymer like carbon through =CH ethylenic
groups and CH aliphatic groups which participate to the amor-
phous carbon structure. Other dust samples have provided essen-
tially flat spectra, likely because there was not enough material
for the analyses.

The flakes can contain metallic impurities most often under the
shape of spherical nanoparticles, produced in gas phase. Metallic
nanoparticles encapsulated into graphite layers are also generated
through catalytic effect. When the sizes are in the micrometer
range, microparticles are rather dispersed onto the dust samples,
among other kind of dust. It is usually said that these metallic nano
and microparticles are produced from arcing discharges [26] which
take place on the device vessel as well as here, on the magnetic coil
holders where their traces are observed. Indeed, laboratory arc dis-
charges are routinely used to generate metallic powders following
the way: (i) evaporation of a metallic cathode by hot arc plasma
jets and (ii) cooling/condensation of the released vapour in thermal
gradient which are produced between the electrode source and the
water-cooled walls of the chamber [27] or in an inert gas flow [28].

In the MAST tokamak, we have also observed the presence of
rolled-up carbon layers, not identified in other tokamaks. HRTEM
has shown that they are graphitic and can be very thin (less than
100 nm). Their flaking and rolling-up could be due to a thermal
expansion coefficient different from that of the substrate [29].

Whatever the collection region, the analyses have shown the
presence of large quantities of carbonaceous nanoparticles pro-
duced in gas phase. SEM images show that they are gathered to
form irregular agglomerates and layers of several micrometers.
The biggest size measured by SEM was about 40 nm and the lowest
by HRTEM was about 3 nm. Nanoparticles of these typical sizes
cannot be detected by optical microscopy or even by SEM, operat-
ing in the micrometer range magnification which were typically
used to establish size distribution in previous dust analysis cam-
paigns [1,3]. Recently, size distribution and average dust density
measurements were established as a function of location in the
scrape-off layer region in DIII-D tokamak by scattering of a Nd:
Yag laser [30]. But in a first calculation using Rayleigh approxima-
tion, the minimum size was estimated to be 55nm and then
160 nm, using Mie-scattering model and taking into account dust
ablation by the laser [31]. Optical imaging with cameras during
tokamak operation revealed only the presence of individual big
dust particles [32,33]. However, in previous dust analyses, TEM re-
vealed the presence of nanoparticles of ~15 nm diameter in Tore
Supra [4] and more recent analyses by HRTEM showed, still in this
tokamak the presence of onion-like nanoparticles of size as low as
5 nm [17,34]. Therefore, the use of electron microscopy over differ-
ent scale lengths is confirmed as an essential diagnostic to detect
nanoparticles produced in gas phase, that cannot be observed by
in situ diagnostics.

It is now admitted that nanoparticles can grow in divertor and
SOL plasmas from hydrocarbon molecules released during the PFCs
chemical erosion and from sputtered carbon atoms during the PFCs
physical erosion [2,35]. Roughly speaking, there are two stages
leading to particulate synthesis in cold plasmas. The first one con-
cerns the growth of neutral and ionic molecular precursors
through chemical reactions which are still not well identified.
The second one concerns the growth of solid particles in the plas-
ma when nucleation has occurred.

Carbon nanoparticles have already been produced from labora-
tory discharges in low pressure hydrocarbon gases such those
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released by the graphite PFCs: in methane [36,37], ethylene [36],
acetylene [36,38], in methane/ethylene mixture [39] and also at
higher pressure, for instance in Ar/CH4/H, mixture [40]. These
experiments have pointed out that the chemical reactions which
lead to nucleation depend strongly on discharges and plasma con-
ditions. Modeling even shows that discharges in the same hydro-
carbon gas lead to different complex chemical pathways and
therefore to different molecular precursors if discharge parameters
are different [41,42]. In tokamaks, difficulties are amplified by the
fact that chemical and physical erosion of graphite PFCs may occur
at the same time, adding carbon clusters to the gas mixture near
the wall which also lead to nucleation by condensation [43] and/
or by cluster reactions, involving clusters with magic numbers
[44].

It is worth noting that in laboratory plasmas of low pressure,
whatever the nature of the molecular precursors and the operation
mode, the dust deposits on substrates are similar to those of Figs.
3b and 5b. They are made of dense nanoparticle agglomerates,
where nanoparticles in the same size range are visible i.e. they
are not embedded in deposited layers. This is one of the features
of dusty plasmas where clouds of nanoparticles at high concentra-
tion are generated and where, after nucleation, the molecular pre-
cursors participate to the dust growth through their sticking on
dust surface instead of creating new nuclei [45], this fact explain-
ing the uniform sizes. Moreover, nanoparticles of onion-like tex-
ture as in Fig. 8b are observed in a wide range of carbonaceous
nanoparticle production: from sputtering discharges, arc dis-
charges to hydrocarbon discharges. This fact clearly shows that
the final carbon texture cannot give information on the molecular
precursors but indicates at least that nanoparticles were synthe-
sized and transported in a hot medium [46] or were heated by high
particle fluxes [47,48] since the graphitic ordering of the concentric
texture is enhanced by rising temperature [49].

9. Conclusions

We have reported mass measurement and qualitative analyses
of dust samples, vacuumed in the MAST tokamak, in three main
regions located below the mid-plane of the device such as
eroded-dominated regions swept by strike points, the divertor
dome surface and plasma-shadowed regions. Mass measurements
have provided a scale of dust deposition and show that they are
mainly deposited in shadowed areas (grooves and lateral ports).
By means of infrared absorption spectroscopy, deuterium was
found on dust of the outer grove of the divertor tiles indicating that
fuel co-deposition is of chemical nature and occurs during plasma
operation. Elsewhere, essentially flat spectra were obtained likely
because there was not enough matter for analyses. The SEM images
have not revealed differences in the dust shape and nature as a
function of the region. We have observed everywhere micrometer
grains coming from the flaking of deposited layers. Among them,
we have found flakes characterized by smoothed surfaces and
edges, likely produced by strong plasma erosion. We have found
large quantities of carbon nanoparticles produced in gas phase,
gathered to form micrometer agglomerates and layers. Metallic
nanoparticles were also observed, either embedded in carbona-
ceous deposit layers when they have nanometer sizes or dispersed
into the dust samples when they have size in the micrometer
range. We have found everywhere, rolled-up graphitic thin layers
not observed in other tokamaks. HRTEM, electron diffraction, mi-
cro-Raman spectroscopy and IR absorption spectroscopy have
shown that the structure of the carbon dust is highly heteroge-
neous. It varies from amorphous to graphitic carbon, the former
structure being observed only on the dome surface by micro-
Raman spectroscopy. In addition, grains similar to EK98 graphite

of MAST PFCs have been found almost everywhere, probably
directly extracted from the PFCs.
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