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ARTICLE INFO ABSTRACT

The paper presents complementary approaches based on experimental and numerical works to address the
behavior of tokamak-relevant tungsten particles loaded with tritium. Sampling of particles inside the WEST
WEST tokamak have been realized thanks to an in situ particle collection system called Duster Box. This method al-

Keywords:
Tokamak

Du,s,t lowed to identify various types of tungsten particles among them spherical shaped micro-particles between 5 um

?’mu't“ and 30 pm in diameter. Based on these results a surrogate tungsten powder has been provided by means of
ungsten . s . . . ops . .

Adh(ision spheroidization process and sieving method. Moreover, the powder tritium retention capacity was measured and

specific activities of 90 MBq.g ™! and 280 MBq.g ' were obtained for particles with 17 um and 11.5 um median
diameters, respectively. Considering such tritium activities trapped in the particles, Monte-Carlo simulation were
performed to estimate the electrostatic self-charging rates and the corresponding electrical charge carried by the
radioactive tungsten dust. The results of these experiments provide robust data for the assessment of the dis-

persion of toxic/radioactive material in the environment that could follow a loss of containment.

1. Introduction

Due to the nature of its operation, a fusion facility generates dust by
plasma-surface interaction that causes significant erosion of the vacuum
vessel (VV) and the plasma-facing components (PFCs). Operators of the
next generation of tokamaks will so have to manage hundreds of kilo-
grams of dusts in the VV [1]. Characterization of the behavior of these
dusts and especially the amount that can be re-suspended or are already
airborne during normal operations is of major interest for the design
and the definition of the operational procedure of the facility. Dust
particles with a large range of sizes (from nm to cm), shapes and che-
mical compositions will be present in the VV due to the very specific
conditions of their generation [2]. Therefore, it is necessary to know a
priori the adhesive properties of these particles on the PFCs, in parti-
cular to evaluate their possible re-suspension and its consequences for
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the operating conditions of the plasma and on maintenance operations
and their logistics.

When a plasma inside the tokamak is produced from isotopes of
hydrogen (D and T), it must be considered that the materials present in
the vacuum chamber (essentially alloys of tungsten, beryllium and steel
but also metal oxides, carbides and hydride metals) will trap and retain
large quantities of tritium according to their nature [3,4]. During
plasma wall interaction, these plasma-facing material can be sputtered.
The eroded material can be then transported and form co-deposited
layers incorporating part of the radionuclides coming from the fuel of
the discharges. Moreover, these layers are highly unstable due to high
internal stresses. They can break easily during plasma operation leading
to the creation of dust of (usually) large size [5]. In current machines,
not all the co-deposited material is converted to dust and a conversion
factor has been introduced [6]. However, the conversion factor from
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eroded material to dust could be as low as 10 to 20% [6]. These ob-
servations will be the same with PFCs of low Z material and same re-
sults of layer delamination should be considered in case of beryllium
deposited layers originating from PFC interaction with plasma.

With W PFCs and due to a lower sputtering yield, the dust pro-
duction is supposed to be reduced. However, it has to be emphasized
here that this phenomenon can be largely underestimated due to sev-
eral processes. Among them is the boosted erosion of W due to its en-
hanced sputtering yield when the material temperature reaches 1400 K.
This temperature value is closed to the PFC temperature expected in a
large fusion reactor and a W sputtering yield of 1.5 x 10~ * atom/ion
has been measured for such temperature in a 5 eV dense plasma [7].
Moreover, erosion processes may also lead to the production of particles
due to accretion of eroded material in the low temperature plasma edge
of a large tokamak such as ITER [8]. For W PFCs, preliminary labora-
tory results have evidenced the production of small and highly porous
dust of several hundred nanometers [9]. This production process occurs
when a tungsten target is sputtered by pure argon plasma during
hundreds of second. In addition, production of dust is likely to occur for
high energetic events such as impact of high energetic particles during
disruption, arcing, Vertical Displacement Event (VDE), Edge Localized
Modes (ELMs) and Runaway Electron phenomenon. Up to now, the dust
production evaluation during all these events has not been studied
carefully. This comes from several points. First of all, it is difficult to
distinguish, in the collected dust, those coming from erosion and layer
delamination to those coming from other processes. Therefore one re-
lies on laboratory experiment as plasma gun interaction [10] or arc
induced erosion [11] to predict erosion under ELMs, disruption or
arcing processes. Finally, the production of dust during maintenance
activities should not to be neglected. Indeed, dust will be produced
during maintenance operations or during divertor cassette replacement
when cutting and machining is used. In this case, dust will be of large
size (several tens of micrometers) but have to be integrated in the
global dust inventory.

For fine dust particles (below 100 um), the adhesion forces of in-
termolecular attraction (van der Waals) generally exceed the other
forces (e.g. gravity) by several orders of magnitude. While the main
force of adhesion is the van der Waals force, other forces such as
electrostatic forces triggered by the self-charging due to radioactivity of
the particles, can arise [12]. Indeed, the self-charging of activated dusts
and their re-suspension in electrostatic fields has already been proved
while remaining strictly qualitative [13].

In order to gain knowledge on the dust resulting from the plasma-
wall interaction, we collected particles in an existing tokamak.
Therefore, Section 2 of the manuscript will present the sampling device
used in the WEST tokamak [14] with tungsten PFCs. Examples of dust
found in the VV after the second plasma campaign will be introduced.
Based on these samples, the Section 3 of the paper will focus on the
definition of a surrogate tungsten powder in order to perform tritium
charging experiments under laboratory conditions. The experimental
protocol to introduce tritium in the powder and the amount that can be
trapped will be also addressed. Finally, Section 4 will introduce Monte-
Carlo (MC) simulations performed to estimate the electrostatic self-
charging rates of the tungsten spherical particles. Based on the simu-
lation results, an analytical comparison between the electrostatic image
force triggered by the B-decay of trapped tritium atoms in the dust
particles with the van der Waals adhesion force is presented.

2. WEST sampling campaign

Many techniques are available for the sampling of dust deposited on
the tokamak PFCs. Vacuuming is the most common technique and it has
been used in pioneering work in the JET [15], DIII-D [16] and Textor-
94 [17] tokamaks. Vacuuming is almost systematically performed after
plasma campaigns nowadays and has been commonly used in the MAST
[18] and ASDEX Upgrade [19] tokamaks. It is now permanently
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implemented in JET using a robotic arm equipped with a suction system
(see Refs. [20-22]). This collection method has the advantage of being
simple to implement and allows samples to be taken from large areas.
On the other hand, it is difficult to correlate the characteristics of the
collected particles with their positions in the machine. Another com-
monly used method, which has the advantage of being localized, is to
dab the surfaces or visible dust deposits with a carbon tape mounted on
electron microscopy supports. This method has been implemented in
most tokamaks [23] but has several drawbacks: a force is applied to the
surfaces which can tear off the co-deposited layers and break up the
collected dust grains; the visible part of the collected dust is the un-
derside and their morphology can be difficult to analyse since they are
trapped in glue. To avoid using mechanical action, electrostatic de-
tachment methods have also been proposed but remain difficult to
implement in a tokamak environment [24,25]. A last method recently
implemented in ASDEX Upgrade [26] and in JET [27] is to place in the
vacuum chamber silicon plates to collect particles by sedimentation/
impaction or diffusion during the plasma shots. This method has the
advantage of being localized and without any action that could dete-
riorate the particles that settle on the silicon wafers. However, it is
necessary to permanently integrate these plates in various places of the
vacuum chamber which can be restrictive for other devices and
equipment already numerous in actively cooled fusion machines like
WEST.

In recent work, our team has used a small sampling device named
Duster Box to collect dust by a controlled air flow in Tore Supra (with
carbon PFCs) [28] and ASDEX Upgrade (tungsten PFCs) [29] tokamaks.
The advantage of this collection technique is to investigate various lo-
cations of the PFCs surfaces, including collection on divertor targets,
and to provide data corresponding to particles potentially mobilizable
by airflow. Unlike suction nozzles used with the vacuuming technique,
the Duster Box channel has been designed to act as an aerodynamic
probe with well-defined and repeatable airflows. Indeed, when va-
cuuming, airflow velocities applied to detach particles are unknown
since the distance from the surface, geometry of the nozzle and pressure
drop in the aeraulic circuit are most of the time not qualified or without
any information on their repeatability. Thus, the overall sampling ef-
ficiencies of such devices are not known with respect to airflow velo-
cities and particle sizes. To increase the collection efficiency of such
apparatus, it is common to add a brush to the suction nozzle in order to
detach as much dust as possible. By doing so, one loses all informations
on the aerodynamic forces needed to detach real tokamak particle de-
posits and representativeness for mobilizable particle by airflow. One
should notice that these informations are mandatory for safety studies
concerning the loss of vacuum accident (LOVA) where highly transient
flows are expected to resuspend most of the dust present in the vacuum
vessel. Previous experimental [30] and numerical work [31,32] about
LOVA event have already demonstrated that friction velocities of few
m.s™! are sufficient to aerosolize in the vacuum vessel tungsten parti-
cles in the micrometer range. By using a qualified aerodynamic probe
such as the Duster Box device, one can identify, a posteriori, specific
types of dust that are likely to detach in case of air ingress in the ma-
chine. The operating airflow of the Duster Box was set to 120 l.min !
during the sampling campaign in WEST. For such a flow, the friction
velocity inside the sampling channel in contact with the PFCs compo-
nents is 2.5 m.s~! which is close to the friction velocities values ex-
pected at the bottom of a large tokamak a few seconds after a LOVA
[32]. The following section describes the device and its use for dust
sampling in the WEST tokamak.

2.1. Dust sampling strategy

Nine dust samplings were realized in total on several locations of
the lower divertor and the baffle of WEST after the second plasma
campaign (C2 campaign). During this period, 716 plasmas were pro-
duced for a total duration of 1553 s (approximately 26 min of
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Fig. 1. a Close-up view of a sampling with the Duster Box on an inertially cooled PFU of the WEST lower divertor. b Aeraulic diagram of the Duster Box device.

cumulative plasmas). The number of disruptions in the vacuum
chamber was 282 for this campaign.

A part of the lower divertor is composed of tungsten plasma-facing
units (PFUs), 440 mm long, made of 35 tungsten ITER-like monoblocks
(exposed surface is 12 X 26 mm) with a gap of approximately 0.5 mm
between each of them. The other part is composed of graphitic PFUs
coated with tungsten (inertially cooled PFUs) while the baffle is com-
posed of copper fingers coated with tungsten. During the C2 campaign,
camera videos have shown the effects of a runaway electron (RE)
production during disruptions. A large number of droplets of molten
metal was emitted from a “vertical” antenna protector limiter (LPA)
under RE bombardment. Therefore, several dust samplings were per-
formed on the baffle located below and near the LPA made of graphitic
tiles covered by molybdenum interlayers and tungsten external coat-
ings. Other dust samplings were performed on inertially cooled and
ITER-like PFUs. Fig. 1a shows a photography of a sampling with the
Duster Box on an inertially cooled PFU of the lower divertor.

2.2. Description of the sampling device

The device is a very small rectangular duct in which a calibrated
airflow is drawn. The current version of the device produced friction
velocities ranging between 0.1 m.s™! to 3 m.s~ ! inside the sampling
channel. The principle is to inject clean dry compressed air (from 0.5 to
2 bars) into the channel through a slit of a few millimeters. The channel
size has a sampling area of 20 x 40 mm? and a height of 4 mm. The
compressed air is injected through a slit of 1 X 15 mm? forming an
angle of 30° with the surface as depicted in Fig. 1b. This geometry has
shown best results in terms of particle detachment [33]. The inlet
pressurized clean air is controlled with the help of a solenoid valve and
a pressure regulator. The flow can be continuous or pulsed with con-
trolled opening time thanks to an Arduino card that drives the solenoid
valve. Detached particles are collected on two 47 mm diameter filters
installed downstream of the channel.

The filters used are Fluoropore™ PTFE (Polytetrafluoroethylene)
membranes with 3 um pore size from the brand Millipore (ref.
FSLWO04700). These filters are known to have a reasonable pressure
drop even at high airflow rates [34,35] and excellent average front-
surface collection efficiency (CE > 99.5%). Due to their physical
structure made of three distinct layers, the gas is forced to follow an
irregular path through the complex pore structure [36]. The most pe-
netrating particle size for this type of filter is between 20 nm and
100 nm where the collection efficiency drops to 92% for the nominal
face-velocity of 0.4 m.s™'. The collection efficiency of these PTFE
membranes come back to 99.9% when the particle size is 300 nm and
above [37]. Having maximum flow rate of 120 l.min~"! in the Duster
Box, which corresponds to a face velocity of 1.15 m.s~* for one filter
(47 mm in diameter), we have implemented two filter holders in par-
allel to reduce the face velocity to 0.58 m.s ™! on each filter. These filter
holders are visible in Fig. 1a at the outlet of the Duster Box device.

2.3. Origins and characterization of the collected dust

The filters used in the Duster Box for the sampling where analyzed
by means of scanning electron microscope (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS) with a JEOL JSM-6010. Whatever the probed
location, spherical particles of tungsten, stainless steel, molybdenum
and silver as well as dust of irregular shape coming from the coating
delamination were observed. In total, 58 particles were observed with
SEM and 24 of them show a spherical geometry. The typical size of
spherical particles resulting of the emission of molten material droplets
is in the range 5-30 pm. The presence of spherical dust of tungsten and
molybdenum was attributed to off-normal events mainly due to the
impact of REs near the LPA. The presence of stainless-steel spherical
dust was attributed to local melting on the first wall probably during
arcing while silver-based dust could come from the protections of the
ICRH (Ions Cyclotron Resonance Heating) antennas. SEM micrographs
of Fig. 2a and d show typical tungsten spherical dust with diameters
between 10 and 15 pm. Fig. 2b shows a molybdenum spherical particle
10 pm in diameter with a granular appearance at the surface. In WEST,
molybdenum is used as an interlayer below the tungsten coatings to
insure good joining with the carbon tiles [38]. Fig. 2c presents a
tungsten bubble of approximately 22 pum likely coming from the tung-
sten boiling. Such bubbles have also been observed in JET but with
smaller sizes [22]. The lower part of Fig. 2e shows a spherical tungsten
microparticle of ~70 pm in diameter. Let us notice that large spherical
particles produced from tungsten melting had already been observed in
the TEXTOR-94 tokamak [17]. The author suggested that the perfectly
spherical shape of these particles signified a solidification far from the
walls after the melting of the metal by an electric arc or a disruption. It
should be recalled that the formation of electric arcs has been con-
sidered for several years as a major source of impurities when the walls
of the vacuum vessel are metallic [39]. This process of spherical
tungsten particles formation by electric arcs has also been illustrated in
ASDEX Upgrade [26]. The particle size distribution established by the
authors at the end of the plasma campaign of 2009 revealed a mean size
of ~1 um and a maximum of ~30 pm [19]. Spherical tungsten particles
were also observed in JET. In this case, there was no statistical study on
the particle’s sizes but published SEM images have shown a size range
of 2-20 pum [27]. In Fig. 2e, left to the tungsten sphere, a piece of
tungsten with a thickness of ~10 pm consistent with the tungsten
coating on inertial PFCs is visible. The upper part of Fig. 2e shows a
stainless-steel chunk (120 um in length) that has been torn off the first
wall. The compositions of this dust and the one of the sphere are given
at the bottom of Fig. 2e.

This section has demonstrated that spherical tungsten particles of
several micrometers in diameter are present in the WEST tokamak.
These particles can be dense (full) or hollow like bubbles (shell with
empty core). The next section focuses on powders that will be used in
the laboratory to simulate the spherical tungsten particles found in
WEST and other fusion machines such as ASDEX Upgrade [19] and JET
[22]. Indeed, the amount of particles collected during the sampling
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Fig. 2. a to d SEM micrographs of particles collected with the Duster Box inside the WEST tokamak (scale bars are 5 um). e SEM and EDS analysis of stainless steel

and tungsten particles deposited on a sampling filter.

campaign was very low thus preventing the use of these particles for
other experiments than scanning electron microscopy (SEM) analysis.

3. Tritium charging
3.1. Definition of a tungsten powder surrogate

Two tungsten powders have been supplied for our experiments. The
first one is marketed by the company Tekna Advanced Materials Inc. This
W25 tungsten powder has undergone a spheroidization process [40]
which allows to obtain large amount of spherical particles in the range
1-50 pum. These particles were then sieved at our laboratory using mesh
sizes of 20 pm, 15 pm, and 5 um. Before sieving, they were dispersed in
a beaker containing ethanol and sonicated for 2 min before being
poured onto the first sieve. The sieving column is then stirred for
30 min. The different sieves are recovered and dried (40 °C) for several
hours. The dried particles are then recovered in pill containers using
brushes. This procedure eliminates the largest ones (diameters greater
than 20 pm) and aggregates and provides a powder with a reduced
particle size distribution whose mass median diameter is 17 pm with a
geometric standard deviation of 1.52. The second tungsten powder was
purchased from Alfa Aesar and sent to Tekna Advanced Materials Inc. for
spheroidization. This second powder, denoted AF5 in the following, has
experienced the same sieving protocol as W25 tungsten powder. Its
mass median diameter is 11.5 um with a geometric standard deviation
of 1.63. Fig. 3a and b show the normalized volume particle size dis-
tributions of the W25 and AF5 powders before and after the sieving
procedure. These particle size distributions (PSD) were obtained and
analyzed with a PSD-3603 AEROSIZER® from TSI. The insert in Fig. 3a
shows a SEM micrograph of a W25 sieved sample composed of spherical
particles with diameters between 10 pm and 20 pm. The particle size
distributions of Fig. 3 show a clear effect of the sieving procedure by
reducing the geometric median diameter and the width of the dis-
tribution. The AF5 particle size distribution shows a greater dispersion
in particle sizes but with smaller diameters.

An XPS (X-ray Photoelectron Spectroscopy) analysis has been

carried out on the stock W25 powder with a ThermoFisher ESCALAB
250xi equipped with a monochromatized Al-K, X-ray source
(hv = 1486.6 eV). A 20 eV pass energy has been chosen for high re-
solution acquisition together with the commercial Avantage® software
for the fitting procedure as previously described in [41]. The W-4f core-
levels spectrum obtained is presented in Fig. 3c. This spectrum was
recomposed using 4 doublets (spin coupling 4fs,, — 4f;,5) [41].

For all contributions, we found that the 4f5,, — 4f,,» doublet se-
paration is fixed at 2.2 eV with area ratios also fixed at 3:4. These
contributions are attributed to metallic tungsten W (orange in Fig. 3¢)
with binding energies of 31.0 eV and 33.2 eV for W-4f;,, and W-4f5 »
core levels, respectively. Presence of W-4f in WO, (x < 2) was re-
vealed by the two peaks at 31.7 eV and 33.9 eV (green in Fig. 3¢) and a
quite low contribution of WO, (dark blue) was found with 4f,,, and 4fs,
> located at 32.4 eV and 35.5 eV. Finally, a large contribution of WO3
(light blue in Fig. 3¢) was found at 35.6 eV and 37.8 eV for the W-4f; 5
and W-4fs5,, core levels [42].

True density of each batch was determined with a Helium
Pycnometer ACCUPYC1330 and a cell of 10 cm® in volume. Prior to
measurement, outgassing of the samples was performed at 130 °C for
several hours in air in order to remove any adsorbed water layer.
Density obtained after 50 measurements are pwss = 18820

+ 20 kg.m % and paps = 18725 + 50 kg.m ™3 for W25 and AF5
powders, respectively. To estimate the thickness of the tungsten oxide
layer we have considered a simple core/shell structured particle with a
core density equal to the tungsten bulk (pcore = 19300 kg.m™>) and a
shell density equal to the tungsten trioxide density, i.e.,
Pshell = 7160 kg.m 3. For the particles of 17 um in diameter of the W25
powder, this corresponds to a shell thickness of ~110 * 5 nm which
represents ~4% of WOj3 in volume for such spherical particle. For the
11.5 pm particles of the AF5 powder, one finds a shell thickness of
~90 = 5 nm. Since metallic tungsten is observed in the information
depth of XPS (Fig. 3c¢), these values given above are an upper limit for
the WO3 shell thickness. Furthermore, impurities present during the He
pycnometry measurements may have artificially increased the sampled
volume thus reducing the density of the powder. Such calculation
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Fig. 3. a Particle size distributions of the Tekna W25 powder before and after sieving. Insert: SEM micrographs of spherical tungsten particles constituting the W25
sieved powder. b Particle size distributions of the AF5 tungsten powder before and after sieving. ¢ XPS spectrum of tungsten 4f-level showing a large amount of

tungsten oxide on the surface of the particles.

should be considered as an estimation regarding the hypothesis made
with the core/shell model and the sensitivity of the density measure-
ment method. To complete the characterization of the physical prop-
erties of the sieved W25 and AF5 powders, the specific surface areas
(SSA) were measured with BET (Brunauer, Emmet and Teller) method.
Measurements were performed by nitrogen adsorption using a BET
COULTER SA3100 instrument. Prior to the measurement, sample out-
gassing was performed at 120 °C during 90 min under helium gas flow
to remove any adsorbed layer at the surface of the particles. Results
obtained with this technique gave SSA of 0.024 + 0.01 m>g™~ " for the
W25 powder and 0.067 = 0.01 m2%g~?! for the AF5 powder. These
values are close to the simple geometric calculation of the SSA for

spherical particles indicating that porosity at the surface of the particles
is almost absent.

3.2. Loading procedure

Once the tungsten powder was sieved and characterized in terms of
particle size distribution and surface composition, it was submitted to a
gas loading procedure using tritium. Tritium (T,) was purchased from
TRITEC (purity 99%). The exposure of a material to a hydrogen at-
mosphere at high temperature induces an equilibrium between the gas
and the solid phases. This leads to a thermally activated diffusion of the
hydrogen in the bulk of the material (in the lack of other reactions,
hydride formation for instance). The method previously developed at
the CEA/Joliot tritium lab (see [41;43]) is used in this study. It is a two
steps process. First, to avoid cross reaction and barrier effect of the
native oxide film, W particles are exposed to a reducing atmosphere of
H,. The W powder is annealed at 743 K for 2 h in a dry hydrogen
atmosphere (1.4 X 10° Pa). During the treatment, the desorbed water is
collected in a cold trap. Secondly, the small glass vial containing the de-
oxidized W powder is then loaded with tritium at a pressure of p
(T5) = 0.45 x 10° Pa and sealed in the glove box at room temperature
(RT). It is then heated at 743 K for 2 h, the pressure in the vial being
1.1 x 10° Pa of tritium gas. Then, the vial is thermally quenched to the

liquid nitrogen temperature to freeze all the detrapping and diffusion
processes.

3.3. Tritium absorption/desorption in spherical tungsten particles

Tritium absorption/desorption was measured for a batch of 55 mg
of W25 powder and a batch of 42 mg of AF5 powder. Desorption

kinetics at room temperature is determined by exposing a 10 mg sample
of the powders to air flow (500 ml/min) for several days until reaching
a plateau in the cumulated amount of desorbed tritium. The sampled
powder is placed in an airtight container with an inlet of clean air from
the lab and an outlet to the sampler equipment. The gas released from
the powder is swept by the air flow and tritium is trapped in the feeding
bottles of a tritium bubbler (MARC 7000 from SDEC France 2010) by
means of the bubbling principle. From time to time, the tritiated water
contained in the bottles is sampled and measured by liquid scintillation
counting (LSC) with a Tri-Carb 2910TR analyzer. These LSC measure-
ments are repeated three times. When the desorbed tritium activity
reaches a plateau (see Fig. 4a and Fig. 4b), the trapped tritium activity
in the powders is separately determined by LSC after dissolving small
amounts (=10 mg) of tritiated powder in hydrogen peroxide H,O,

solution (wt. 15% in H,0) with NaOH at 1.5 mol.l™}. The dissolution

process is controlled during 4 days with stirring periods. Trapped tri-

tium activity measurements are repeated on three different samples
from the original batch of powder to check measurement repeatability.
The average and standard deviation of these experiments are reported
in Fig. 4a and Fig. 4b for the W25 and AF5 powders, respectively.

For both powders, the main gas-release occurs within 2 days mainly
in HTO form. After 13 days of desorption, the whole amount of tritium
released by the W25 powder (Fig. 4a) is 423 MBq.g ! and the activity
of tritium trapped in the tungsten particles is 88.8 MBq.g~*. For the
second case, after 8 days of desorption, the whole amount of tritium
released by the AF5 powder (Fig. 4b) is 187 MBq.g ™! and the activity of
tritium trapped in the tungsten particles is 284 MBq.g ™.

Previously, this tritiation procedure has been applied to various
types of tungsten particles and to a tungsten massive specimen [41].
The physical characteristics of the different powders are summarized in
Table 1. Tungsten nanoparticles produced by planetary ball milling,
laser ablation [43] and magnetron sputtering combined with gas ag-
gregation [44] have been tested. The tritium activity trapped in the sub-

micrometer powders and tungsten nanoparticles (NPs) is always above
1 GBq.g ™! and a strong dependence with the size of the particles and
the specific surface area is visible. Larger metallurgy commercial
powders with particle size in the micrometer range have been loaded
with tritium the same way and exhibited trapped activity in the range
1-10 GBq.g .

For the micrometer spherical tungsten particles used in this study,
the specific surface area is very low (< 0.1 m%g~!) and the corre-
sponding tritium trapped activity in the powder is close to the bulk
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Fig. 4. a Total tritium desorption and corresponding amount of trapped tritium for the W25 powder. b Total tritium desorption and corresponding amount of trapped
tritium for the AF5 powder. ¢ Tritium trapped activity in various tungsten powders versus their specific surface area.

trapped activity. From Table 1, it can be noticed that SSA and tritium
trapped activities are closely related which emphasizes the hypothesis
of a high concentration of hydrogen traps (such as vacancies, disloca-
tions, impurities...) at the surface of the particles [45]. The relation
between SSA and trapped activity is plotted in a log-log graph in
Fig. 4c. For micrometer tungsten particles, specific surface areas are
always below 1 m?.g~! and the tritium trapped activity range between
0.09 GBq.g™ ! for the spherical particles to 3.4 GBq.g~! for the me-
tallurgy commercial powders. When tungsten particles have sizes in the
sub-micrometer range, SSA is greatly increased and tritium trapped
activities reach tens of GBq.g~'. From the experimental data points
presented in Fig. 4c, the following linear correlation between the SSA
(m%g~1) and the average tritium trapped activity Ay is found: A
(GBq.g_l) = 3.58 * SSA%®®. In the next section, the effect of such
tritium activity on the electrostatic self-charging of single tungsten
particles is addressed.

4. Electrostatic charging by tritium decay
4.1. Assessment of self-charging rate by Monte-Carlo method

The self-charging rate n (number of positive elementary charges per
unit of time) according to a particle diameter is the product of the es-
cape probability of an electron from a 3-decay and the particle specific
activity (Bgq/particle). It is commonly accepted that for an aerosol
particle with an embedded strong B emitter, like *3’Cs or *3'I, the es-
cape probability is close to 1 and the self-charging rate is thus equal to
the specific activity. In the case of tritium, the maximal energy of the [3-
decay is 18.6 keV [46] which corresponds to a maximum path in W of
43 nm [4], thus much smaller than the diameter of the particles. In
order to account for the self-charging rate of such particles, it is ne-
cessary to estimate the escape probability for one electron with a
known energy to get out of the particle. This is investigated using the
Geant4 simulation toolkit [47-49] for tungsten particles. The dust
particles studied are single spheres with diameters ranging from 0.1 pm
to 100 um. The simulations are realized for pure tungsten particles in
vacuum environment following a Monte-Carlo calculation method de-
veloped previously [50]. To make a preliminary assessment on the ef-
fect of tritium distribution in a particle, two limit cases are considered:
1) tritium is homogeneously distributed in the whole particle; 2) tritium
is homogeneously distributed in a 100 nm thick surface layer of the
particle. Indeed, case 2 is supported by the fact that presence of oxygen
impurities have recently been found in dust collected in the JET

tokamak [3,51]. Moreover, a thin oxide layer would confine the
trapped tritium in the first hundred nanometres [41] and change the
electric properties of the particle from conductive to dielectric [52].

The escape probability of electrons is defined for each particle
diameter by the ratio of the electrons that exit the particle by the total
number of generated electrons. The tritium p-energy spectrum is used
for the energy distribution of electrons and simulation run with about
20,000 tests of one million electrons each. Tritium mass activities of
90 MBq.g ! and 280 MBq.g ! are selected as reported in Section 3. The
escape probability of electrons for the two geometries studied is pre-
sented in Fig. 5a. In case 1, where the electron sources are homo-
geneously distributed throughout the whole sphere, the electron escape
probabilities are 1.1% and 0.7% for the 11.5 pm and 17 pm, respec-
tively. Indeed, for this geometry case, the number of escaping electrons
becomes negligible compared to the total number of simulated elec-
trons emission. Thus, the larger is the particle, the lesser the escaping
electrons probability. In the case 2, where the electron sources are only
distributed in a 100 nm thickness surface layer, the escape probability is
found to be close to 20% for the both particle sizes. This means that, the
closer is the distribution source to the surface, the more is the escaping
probability.

The self-charging rates for the two tritium distribution models and
the two specific activities are reported in Fig. 5b for particle diameters
between 0.1 um and 100 pm. The models converge towards the same
values for small particle diameters (D, < 400 nm); this behaviour is
due to the similar escape probability of electrons. However, for the
largest particle diameters (D, > 1 um), the self-charging rates increase
and diverge between the two tritium distribution models by more than
two orders of magnitude. The grey areas in Fig. 5a and b represent the
geometric median diameters of the two tungsten powders (i.e. 11.5 um
for AF5 and 17 um for W25) used in the experimental study of Section
3. Escape probability of electrons and self-charging rates for these two
powders are summarized in Table 2.

If particles are in vacuum and insulated from the surface where they
are deposited (which is a reasonable assumption in presence of a WO,
dielectric layer) MC results can be used to perform analytical calcula-
tions of the electrostatic image force acting on the particles. Such cal-
culations are presented in the next section.

4.2. Electrostatic force

By considering the specific activities obtained, i.e. 90 and
280 MBq.g !, one can estimate the time required for the electric charge
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carried by the particles (due to self-charging) to become sufficient to
develop an electrostatic image force of the same order of magnitude as
§ 2 the van der Waals adhesion force. As a reminder, the van der Waals
E £ adhesion force has been measured experimentally by atomic force mi-
g’ % croscopy technique in previous work [53,54] and is of the order of 10
‘g % nN to 20 nN for a micrometer spherical W particle deposited on a W
° 3 z surface with root-mean-square roughness of 700 nm corresponding to
- é g 2 5 o average roughness of tokamak tungsten [53]. Due to the presence of the
=28, 82 tungsten oxide layer, particles are considered as dielectrics thus without
g charge leakage to the substrate. As the calculation is intended to re-
E] present a real particle of tungsten with an oxide layer, the dielectric
% constant is expected to be somewhere between the dielectric constant of
g . 5 WO; and that of metallic W. In addition, it should be noticed here that
€ 5 °F 2.8 calculation is valid under the assumption that electric charge build-up
g g I E) 5 ? I is only due to the B-emission and no neutralization process occurs. Few
= & & 383 data can be found in the literature for WO3 dielectric constant. At
ambient air with a temperature of 26 °C, dielectric constant of WO3
evaporated-films lies between 10 and 30 depending on the thickness of
= 2 the film [55]. Dielectric constant of such semiconductor is known to be
g | temperature, film thickness and frequency dependent, and as such
E g‘ would be difficult to define exactly.
E § In the absence of external electrostatic field and neglecting the ef-
= §~ E 2.« fect of particle polarization, a dielectric charged particle deposited on a
- = -i; o % Sa conductive substrate will experience an electrostatic image force to-
S|S83f 233 wards the substrate expressed by [56]:
@O .
= Fim = a(ks, 1, kz)i2 with g '= (u)q
-E 16meo Ry X + 1 D)
g2
e Z where q is the charge carried by the particle, q’ is the magnitude of the
i ‘=5 image charge induced in the substrate, ks, k; and k5, are the relative
g ‘3 S dielectric constant of the surface, the environment fluid and the par-
B E z ticle, respectively, a is a parameter function of dielectric constants,
25 g é :,i: €0 = 8.85 x 10~ '?F.m ™! the vacuum permittivity and R, the particle
B g E % Z radius.
T ga 54 g S For the present case, ks > k; since we consider the substrate as pure
T|IERRE <34 metallic tungsten and k; =1 for air. From eq.1 one can see that the term
(ﬁ) — 1 and Eq. (1) becomes:
E Fim = a(k,, 1, KZ)WOR; @
(=%
o 2 g The calculation of a is quite complex but one can find numerically
% c ?;.’ g calculated values in the literature (see Ref. [56] for example). If we
s z % g % consider a very thin layer (< 100 nm), dielectric constant of WO3 is
] it % = i i & close to 10 [55] and a = 4.8 in this case. With a tritium specific activity
T3 8EsSYSS of 90 MBq.g~ ', a 17 um tungsten particle placed in a vacuum en-
“ vironment will acquire 3024 positive charges per hour (in the case
g where tritium is in the 100 nm surface layer) which corresponds to an
H % o electrostatic image force of 35 pN, i.e., nearly three hundred times
= ‘:f & below the van der Waals adhesion force for such particles. In order for
%’,0 E E the electrostatic image force to reach the same value as the adhesion
g _‘-i c = force, i.e. 10 nN, it is necessary to wait 17 h for the particle to acquire
g § 2= iﬁl i - enough charges. The same calculation (time needed to reach electro-
2 o) g z % g'gﬁ ?: 1 static image force of 10 nN) can be performed for the other config-
|| A Sas-oe urations considered in this paper, i.e. particle diameter of 11.5 um and
5 - 17 um and two tritium distributions inside the particles. Results of these
g T calculations are given in Table 2.
'c'g B oz For the particle sizes and specific activities used in this study, one
' v B E 2 find that only few hours are needed to reach an electrostatic image with
:FE‘ § g f % same magnitude of adhesion force in the case where tritium is trapped
E ‘5 2 & < %Tﬁ in a thin surface layer. Conversely, when the radionuclide is distributed
; % £ 5 B 4:3) ;."3 homogeneously in the particle, few days (8-20 days) are required for
< g g E % g dé é g <) the self-charging process to induce an electrostatic image force
‘-E‘ § Sle && &8z equivalent to the van der Waals force.
w
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Fig. 5. a Escape probability of electrons in terms of particle diameter for the two geometries considered. b Self-charging rate for the two electron sources distribution

and the two tritium specific activities in terms of particle diameter.

Table 2

- Monte Carlo simulations results obtained with the 11.5 um and 17 pum tungsten particles for the two cases considered, i.e., tritium distributions in the particles are

homogeneous or in a 100 nm outer shell.

3H homogeneously distributed

3H in 100 nm outer shell

Particle diameter (um) 11.5 17 11.5 17
°H mass activities (MBq.g ™ ") 280 90 280 90
Escape probability of electrons (%) 1.1 0.7 18.8 18.7
Self-charging rate 1 (s~ %) 0.05 0.03 0.78 0.84
Time (in hours) needed to reach electrostatic image force of 10 nN 193 475 12 17

5. Conclusion

The paper presented complementary approaches based on experi-
mental and numerical works to address the behavior of tokamak-re-
levant tungsten particles loaded with tritium. First of all, sampling of
particles inside the WEST tokamak was realized thanks to an in situ
particle collection system called Duster Box. This innovative method
allowed to identify various types of tungsten particles among them
spherical shaped micro-particles between 5 um and 30 um in diameter.
Based on these results a surrogate tungsten powder with similar mor-
phology has been obtained by spheroidization process. The tritium re-
tention capacity of this tungsten powder was measured and specific
activities of 90 MBq.g ™! and 280 MBq.g ™! were obtained for spherical
particles with 17 um and 11.5 pm median diameters, respectively. Such
tritium specific activities are one to two orders of magnitude below
specific activities obtained for sub-micrometer tungsten particles ob-
tained with other techniques but are of the same order of magnitude as
specific activities of 6-750 MBq.g ! recently found in dust recovered
from JET-ILW [57]. In addition, the strong influence of specific surface
area of the particles is discussed and tritium trapped activity above
1 GBq.g™ ! is systematically found for tungsten powders with specific
surface area above 1 m2g~!. Considering such tritium activities
trapped in the particles, MC simulations have been performed to esti-
mate the electrostatic self-charging rates and the corresponding

electrical charge carried by the radioactive tungsten dust. Based on the
tritium inventory found in the 17 um and 11.5 um particles, simulation
results gave self-charging rates of 2988 and 3024 elementary charges
per hour, respectively. With such self-charging rates, analytical calcu-
lation show that electrostatic image forces on the particles could exceed
the magnitude of van der Waals adhesion forces after few days under
vacuum.
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