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Abstract. A kinetic surface model is presented and used to explain the loading
and desorption kinetics of tritium retained in micrometre-sized tungsten (W) dust
particles. The model describes the sticking of hydrogen isotopes from the gas
phase to W surfaces and the desorption from W surfaces. The initial sticking
coefficient is set to one and independent of the temperature. The activation
energy for desorption depends on the hydrogen coverage of the surface and
is parametrised with density functional theory (DFT) calculations for W(100),
W(110) and W(111) surfaces. The DFT-parametrised model is successfully
compared to experimental results showing that the amount of measured tritium as
well as the desorption kinetic can be modelled with only tritium adsorbed on the
surface of W dust particles. Then, the model is used to explore possible scenarios
to remove the tritium from the W surfaces by exposing the tritiated surfaces to
either deuterium and hydrogen. The simulations suggest that it can be possible
to remove all the tritium trapped on the W surfaces even at room temperature as
soon as the hydrogen or deuterium pressure is higher than the tritium pressure.
This gives opportunity to build tritium removal scenarios for ITER.
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1. Introduction

The plasma wall interactions in tokamaks will lead to
formation of different sizes and shapes of dust particles.
In ITER, both Tungsten (W) and Beryllium (Be) dust
are expected [1] in the 100 kg range. In DEMO, where
W is the main plasma facing material, W dust are
expected in the 1000 kg/year range [2].

These dust particles may be problematic for the
safe operation of a tokamak as they can be a high
reservoir of tritium, even though the mass of dust is
below the 1000 kg safety limit [3]. Indeed, it has
been shown that W dust can be loaded with up to
10 GBq/g of tritium for nanometre-sized dust [4, 5, 6]
and micrometre-sized dust could be loaded with up to
300 MBq/¢g [7]. In addition, depending on the size and
tritium distribution in the dust, as tritium decays, the
dust particles may be electrically charged [3, 7] even
if they are not exposed to the plasma (for instance
below the divertor where most of the produced dust are
expected to be [1]). It would influence their transport
in the plasma and possibly creating an additional
source of W impurities if they are mobilised by their
electric charge when the magnets are turned on. Thus,
the study of tritium loading in dust is one of the critical
issue for tokamak operations as a significant quantity of
dust is expected during ITER operation as calculated
by Shimada et al [1].

In previous studies [7], micrometre-sized dust
has been loaded with tritium following the procedure
developed in [4]. After reduction of the oxide layer
under 10° Pa hydrogen at 743 K, the dust is sealed
in a vial under a tritium pressure at 300 K. The
vial is then heated up to 743 K so the tritium
pressure is 1.1x10° Pa for several hours and quenched
to liquid nitrogen before being heated up to room
temperature. Then, the vial is unsealed and the
tritium desorbing from the dust is detected. The
final amount of tritium remaining in the dust after
hundreds of hours of room temperature desorption is
detected after the full dissolution of the dust. Peillon et
al [7] observe that the tritium content in micrometres-
sized dust at the end of the procedure is in the
range of 100 MBq/g while about the same amount is
desorbed in hundreds of hours at room temperature.
In order to explain these experimental observations,
we present a surface kinetic model presented in [8, 9].
This kinetic surface model has already been presented
as a boundary condition for model of diffusion and

trapping of hydrogen in bulk W [10, 11]. In this
work, the model is extended to be able to handle
several hydrogen isotopes and it is parametrised with
coverage dependent desorption energies coming from
Density Functional Theory (DFT) calculations [12,
13]. After a successful simulation of the experimental
results, different scenarios are considered involving
isotopic exchange. They can be used to design further
experimental scenarios to validate the model and
suggest ways to remove the tritium from W dust.

2. Description of the model

Here, we simulate tritium loading and desorption from
W dust particles reported in [7] in which several dust
batches are considered. We focus the simulations
on the dust batch for which the tritium loading
experiment has been repeated and confirmed. This
batch (labelled AF5 in [7]) is characterised by the
number distribution f(r) given in figure 1, such that
f(r)dr gives the number fraction of particles with a
radius between r and r + dr. Appendix A explains
how to calculate the tritium massic activity using this
particle-size distribution.

2.1. Tritium trapping on the surface and in the bulk

For any particle sizes, we consider two extreme cases:
(i) all the tritium is homogeneously distributed in the
bulk with a concentration cr (m~3) and (ii) all the
tritium is trapped on the surface of the dust particle
with a concentration cp s (m~2)

Using appendix A, in the case (i), the massic
activity is:
Ay = %CT (1)
where the W density is dw = 19.3 x 10 gm™3
and w = 360 x 10'24r/n, is employed to convert a
quantity of tritium atoms into a tritium activity, with
Nj = 6.022 x 10?3 mol~! the Avogadro number and
At = 3 g/mol the atomic mass of tritium. The massic
activity does not depend on the size of the particles
and depends only on how much tritium can be loaded
in bulk W at the loading conditions, i.e. the tritium
solubility in W.

In the case (ii), the massic activity is:

Ay = werp sSSA (2)
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+°° f(r)S(r)dr

dw > FOVyar
area (m2?g~!) [14] which gives the amount of surface
in contact with the gas per mass (or volume) of dust.
The massic activity is proportional to the amount of
tritium that is possible to load on a W surface and to
the size of the specific surface area, i.e. the size of the
particles (assuming they are spherical).

Peillon et al [7] compiled the data of tritium
trapped in dust from different studies, including
their own, from sub-micrometre-sized dust [4, 6]
to micrometre-sized dust. A clear increase of the
activity of tritium with the specific surface area
is reported supporting case (ii) and a retention of
tritium dominated by surface effects. Thus, we only
consider the surface effects in this work. The possible
contribution of the tritium in the bulk is discussed later
on and in appendix B.

where SSA = is the specific surface

2.2. Model of adsorption and desorption of hydrogen
on W surfaces

We consider that the surface of the W dust can be
exposed to Hy, Dy and Ty at a given temperature T,
(K) and at a given partial pressure px, xe(u,n, 1} (Pa).
The partial pressure px, turns into a flux of molecules
I'x, (in m™2s7!) on the surface:

Px,
Iy, = —2— 3
X \/QWkaBTg ( )
with mx (kg) the mass of the molecules considered and
kg the Boltzmann constant.
On the W surface, the concentration of adsorption
sites is nguer (M™2):

Ngurt = nsp\}<f (4)

where pw is the tungsten atomic density: there are
2 W atoms per cube of side a = 316 pm in bcc W
S0 pw = 2/a® = 6.33 x 10%® m~3. Thus, ns eanbe
is understood as the number of adsorption site per W
atom on an average W surface.

The concentration of adsorbed hydrogen isotopes
of type X is csurf,x (m™2). The surface coverage of the
species X if defined as:

HX _ Csurf, X ) (5)
Nsurf

Similarly, the normalised molecule flux of species X,

vx, (s71), impinging the surface is:
I'x,
VX, = 6
: Nsurf ( )

Considering that the surface is exposed to Hs, Dy and
Ty, and that the hydrogen isotopes can be outgassed
via a second order process, the evolution of the system

is described by the following set of equations derived
from [8] and [9]:

dfu

. = 291, 51, (Ty) (1 — bro1) _ZVE;FH( )0
~ Vger D (T)0ubp — vt " (T)0nbr (7)

T 21,50, (Ty) (1~ 00)” — WRIP(T)OR
~ Vs D (T)0u8p — vt (T)0pbr (8)

T = 2y, (Tg><1 — ) = 2051108

— vt (T 00T — vl T(T)0p 07 (9)

where ;o = 0y + 0p + 0T, the total hydrogen isotope
coverage of the surface, sx,(T,) (dimensionless) the
initial sticking probability of the X5 molecule possibly
dependent on the temperature of the gas T, and

v Y (T) the desorption rate constant (s—!) for the
elementary second order desorption reaction X +Y —
XY that depends on the temperature of the W surface
T.
The sticking of X5 on the surface is characterised by
the equation X5(g) + 2Stee — 2Xgurf, Where Sgee is
a free adsorption site on the surface. Assuming this
is an elementary process, the speed of this reaction is
proportional to the square of the concentration of Sgee,
ie. (1—6)2.

The desorption rate constant is expressed as:

EXHY (6,
V(ﬁjY(T) = 5 exp ( en (0% t)) (10)

kT

where v ™Y is the pre-exponential factor (s7!)

and EXTY (eV) is the activation barrier for the
desorption of the XY molecule, that can depend on
the total coverage of the surface as shown by density
functional theory (DFT) calculations [15, 12, 13, 16]
and experimental results [17, 18]. The mass difference
of the hydrogen isotopes is taken into account in the
pre-exponential factor as:
-

12 (Ax + Ay)
where Ax is the atomic mass of the hydrogen isotope
X and vy = 1013 571

This model is solved using the SciPy’s [19, 20]
optimize.fsolve function. All plots in this work were
generated with Matplotlib [21].

(11)

3. Simulation of tritium loading and
desorption experiment

In this section, we will consider that there is only one
hydrogen isotope (tritium) reacting with the surface:
only equation 9 is solved to calculate 0.

We simulate the adsorption of tritium on the
surface of a dust batch characterised by the bimodal
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Figure 1: Normalized number distribution f(r) for the
AF5 batch.

number distribution given in figure 1. The first mode
contains the majority of particles with radius around
100 nm. The second mode indicates the presence
of a rather important population of micrometre-sized
particles in this powder. It follows that the mass
distribution exhibits a mediam radius of 5.75 pym [7]
which is the range of sizes that contributes the most to
the massic activity.

In these experiments, prior to the tritium loading,
the native oxide layer on the W particles is reduced at
743 K under a hydrogen atmosphere. One can consider
that during the tritium loading, the tritium gas is in
contact with a metallic surface. The initial sticking
coefficient of H has been measured for perfect W(100).
It varies between 0.5-0.7 [22] and is independent of
temperature [23]. In addition, DFT calculations show
that the activation energy for the dissociation of Hy on
W(100), W(110) and W(111) is close to zero [12, 13,
13]. Thus, in these simulations, the sticking coefficient
is also assumed to be independent of the temperature
and set to unity.

3.1. Coverage dependent desorption energy

DFT calculations of H on W surface [15, 12, 13, 16] and
experimental results [17, 18] suggest that the activation
energy Fges to desorb from the surface depends on the
coverage. Such a model has already been considered in
the MISTRAL model for tritium transport in breeding
blankets lithium-based ceramics [24].

In previous simulation studies, we took this into
account by considering a continuous function Eges (6)
with the following form [11]:

1

Fies (0) = B+ AE—-—————
s (6) = Bo + A 0y

(12)
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Figure 2: Evolution of desorption energies Egos with
the relative coverage 0 for W(100) (a), W(110) (b) and
W(111) (c¢). The open symbols represent the DFT data
from [12]¢ (a), (b) and from [13]® (c). The dashed line
are the fit given by SciPy optimize.curve_fit function.
For the DFT data from [12], the desorption energies
are calculated with two methods: Nudge Elastic Band
(NEB) or energy difference between adsorption state
and gas state (emb). For the DFT data from [13], only
the energy difference between adsorption state and gas
state are reported.
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Table 1: Lists of parameters that are used to fit the
DFT data and give the continuous function Fqges(6) for
W(100), W(110) and W(111).

W(100)  W(110) W(111)
Ey (eV)  0.142 0.019 0.178
AE (eV)  1.204 1.453 1.389
a 1.000 1.000 0.407
b 0.050 0.111  0.199

To initialise our model, we used the desorption energies
calculated by DFT for W(100) and W(110) [15, 12] and
for W(111) [13].

According to Piazza et al [15], the H saturation
happens for 2 H/W on W(100) and 1 H/W on W(110)
when exposed to gas. Thus, the parameter ng is 1.26 for
W(100) and 0.89 for W(110). The calculated activation
energy barriers are taken from [12] and shown in
figure 2(a) and (b).

For W(111), Bergstrom et al [13] calculated that
up to 4.5 H/W, it is more favorable to adsorb 1
additional H: it is set as the saturation limit for this
surface and ns = 1.64 for W(111). Bergstrom et
al reported the consecutive adsorption energy as a
function of coverage, i.e. for a number N of adsorbed
hydrogen Hg, the energy gain of the reaction NHg +
1oHy — (N + 1)H,. The desorption energy is the
energy loss of the reaction (N +2)Hy — Ho + NHg. As
there is no activation energy for the dissociation of Hy
on W(111) [13] and considering that N is large enough
SO N+2~ N+ 1= N, Ege is approximated to twice
the energy calculated by Bergstrom (=consecutive
adsorption energy).  This is the value shown in
figure 2(c).

From these discrete DFT data, a non-linear least
square regression fit is applied using SciPy’s [19,
20] optimize.curve_fit module and the expression 12.
Figure 2 shows the evolution of E4.s with the relative
coverage ¢ for W(100) (a), W(110) (b) and W(111) (c)
as well as the continuous function that will be used
in the kinetic simulations. For each surface, the list
L of the 4 parameters needed for the expression 12, is
reported in table 1.

The DFT calculations show similar trends for the
different surfaces. The desorption energy from the
bare surface is about 1.4-1.5 eV. For W(110) and
W(100) the desorption energy for saturated surface
is =~0.7-0.8 eV. On the contrary, the desorption
energy at saturation is ~ 0.3 eV on W(111). The
saturation of such a surface would be almost impossible
except at very low temperature: Tamm and Schmidt
report a coverage above 4 H/W on W(111) at 78

K [17]. In addition, Tamm and Schmidt report
very low temperature peaks after flash desorption
experiment on W(111) which are abstent for W(110)
and W(100) [17].

3.2. Scenario of the simulations

The details about the experimental procedure to load
W dust with tritium gas is described in [4, 5, 6, 7]
and we summarized it here to define our simulation
scenario. After the reduction of the oxide layer, the
dust are put in a sealed vial under an Ty atmosphere
so that at 743 K, the tritium pressure is 1.1x10°
Pa. After being exposed to this atmosphere for 2
hours, the sealed vial is put in liquid nitrogen to
freeze the processes. Then the vial is heated up to
room temperature, the vial is unsealed and the tritium
desorption measurements start under a carrier gas.
This allows us to define a scenario for our simulations
of tritium loading/desorption in 5 steps:

(i) Exposure to Ty with pp, = 1.1 x 10° Pa and
T =743 K.

(ii) Thermal quench from 743 K to 77 K in 10 seconds
and pr, goes down to 1x10* Pa.

(iii) Increase from 77 K to 300 K in 100 seconds and
pr, goes up to 4x10* Pa.

(iv) At 300 K, the vial is unsealed and the carrier gas
starts flowing on the dust: the partial pressure of
Ty drops to 0 Pa in 10 s and stay equal to zero for
another 90 seconds.

(v) At 300 K, the partial pressure of Ty is maintained
to 0 by the carrier gas, allowing the tritium to
freely desorbs from the dust.

Since the surfaces are only exposed to tritium, only
equation 9 is solved for each steps.

3.8. Simulation results

For all surfaces, the tritium coverage 6 is calculated
with the desorption energies given in figure 2. The
evolution of both tritium coverage 1 and desorption
energy Fg4es during the 5 steps of the simulation
scenario are reported in figure 3.

For W(110) and W(100) surfaces, the evolution
of tritium coverage from step (i) to step (v) is fairly
similar thanks to the similar evolution of desorption
energy with coverage (see figure 2). In particular,
the steady-state is reached within 10~" s during step
(i). Indeed, at a pressure of 1.1x10° Pa, the flux of
molecules on the surface is ~ 10?® m~2s~! leading to
a fast sticking of tritium atoms. The tritium coverage
at steady-state is =~ 0.9 leading to F4es =~ 1.0 eV. With
such a high coverage, there is not enough adsorption
sites available for the sitcking flux o (1 — 6)? to
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Figure 3: Evolution of the tritium coverage 7 (a) and the desorption energy Fges (b) during the 5 steps of the

scenario for the 4 considered evolution of Eges(6).

compensate the desorption flux o #2: it prevents the
desorption energy to decrease further.

For W(111) in the first step, the steady-state
is also quickly reached but the equilibrium tritium
coverage is lower (= 0.5). Hence, the value of (1 — 6)?
allows sticking at lower value of Eqes than for W(100)
and W(111). For the remaining steps, the tritium
coverage experience much more variations than for
W(100) and W(110). Indeed, the desorption energy
for W(111) varies on a bigger amplitude with smoother
variations (see the parameter b on table 1).

During the step (v), which will be compared to
the experimental desorption data, the tritium coverage
on all surfaces decreases. The loss of coverage Af
leads to an increase of the desorption energy AFEqes.
The initial coverage 6; at the beginning of this step,
the relative coverage loss %, the initial desorption
energy Fgesi and the increase of the desorption energy
AFEqes are reported in table 2. For all surfaces, the
desorption energy at the beginning of step (v) is = 1.0
eV and the gain in desorption energy A Fq.s is the same
~ 0.21 —0.22 eV. However, the relative coverage loss is
5% for W(100), 10% for W(110) and 37% for W(111):
the smother the transition of Eqes is, the bigger the
coverage loss can be.

8.4. Comparison with experimental results

For each surface W(ijk), the evolution of the tritium
coverage during step (v) can be converted in a tritium
activity aw;;r) with the size distribution of the dust
(figure 1). The fraction of the dust covered by W(ijk)

Table 2: Initial coverage #;, the relative coverage
loss %, initial desorption FEges; and modification
of desorption energy AFq.s during step (v) for the
different surfaces considered here.

9i Aa/ei Edes,i AEdes
W(100) 0.960 0.054 1.034eV 0.224 eV
W(110) 0.913 0.107 1.016 eV  0.224 eV
W(111)  0.359 0.37  0.956 eV 0.213 eV

assume that the contribution of the tritium activity
of one surface is independent of the others. Thus,
the total tritium activity is calculated as the linear
combination of activity for each surface weighted by
its fraction:

Atot = Z SW (ijk) AW (ijk)-
W(ijk)

(13)

We assume that the dust surface contains only
the three surfaces W(110), W(100) and W(111). In
theory, there can be much more surface orientations
but we have coverage dependent desorption energy only
for those ones. Plus, these 3 surfaces seems to be
a good pictures of the different possible behaviour of
H desorption from clean W surfaces: FEges goes from
1.4 eV (for bare surface) to low desorption energy (at
saturation) with either a sharp transition (W(100) and
W(110)) or a smooth transition (W(111)).
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Considering these 3 surfaces, one needs three
fractions SW(IIO)& SW(IOO) and SW(lll)- Since, there
is Zw(ijk) swi(ijk) = 1, fixing two of these fractions is
enough. The parameter space can be reduced to two:

- sw(111), the fraction of W(111) surface,
- Sw(110), the fraction of W(110) surface.
Introducing Tw(110) = $W(110) /1 — sw(111) as the fraction

of W(110) surface in the remaining surfaces, one
calculate the fraction of W(100) as:

(14)

Considering a set of parameter P = (sw(111), Zw(110))>
one obtains a simulated tritium activity asim(t, P)
with equation 13. To quantify the agreement between
the activity measured experimentally aexp(t;) and this
simulated activity, we use the following cost function:

i

swo0) = (1 = zw(10)) (1 = sw(in))-

(15)

with §; the uncertainty on the experimental measure-
ment which is estimated to be 10%. Figure 4(a)
shows the evolution of the cost function in the plane
(Tw(110), swi11))- It is focused on 0.75 < sw(i11) <
1.00 which is the region where is its minimum. For a
given value of ww(110), there is a single minimum of
fec,2 forming a valley of minimums in the whole plane.
Figure 4(b) shows the comparison between the exper-
imental data and the best simulated tritium activity
for three values of zw(110y (0.0, 0.5 and 1.0). It also
presents the simulated tritium activity in the corner of
the parameter space, i.e. with only one surface orien-
tation. The linear combination given by equation 13
spans between these simulated activities.

According to figure 4, in order to get a good
comparison between simulations and experiments, one
needs a major contribution of W(111) (> 0.8). Indeed,
in experiments, the tritium loss is between 26 % and
50 % (considering the experimental error bars while it
is 37% for W(111) (table 2). However, if one consider
only W(111), the simulated at the beginning of step
(v) is too low (0.406 GBq/g) compared to the exper-
imental one (0.469 GBq/g). Thus, a fraction of other
surfaces is needed to act as an offset to the total tri-
tium activity. It should be noted that this offset could
as well come from a constant bulk contribution and
the trapping parameters could be estimated using the
model given in appendix B.

4. Exposure to a mixed isotope gas

In the previous section, we have shown that it is
possible to simulate trapping and release of tritium
from W dust considering only the surface of the
dust particles. Here, we investigate a possible way
to retrieve the tritium trapped on the surface using

10!

SW(111)

<o
o

Activity (GBq/g)
¢ i <
ot
I
1]
1
1
1

0924 ® EXP

swi11) =0.903 w(110)=0.0

0.14 === swq1) =0.864 2y (110)=0.5 (b)
=== swany =0.782 2w(10)=1.0

10! 100 10! 102
time (h)

Figure 4: For batch AF5, (a) Cost function f.o(P)
in the plane (zw(i10),5w(i11)) (the color bar is
in logarithmic scale). (b) comparison between
the experimental tritium activity and the simulated
tritium activity for three different set of parameters,
represented by white circle in (a) which gives an good
fit of the experimental data. In addition, the simulated
tritium activities in the corner of the parameter space
(labeled only W(lzy)) are shown. There is a one-hour
uncertainty on the first measurement point represented
in a shadowed area.

isotope exchange by exposing the dust to Hy or Ds.
Isotopic exchange on the surface has already been
explored experimentally for surfaces of polycristaline
W exposed to D atom [8, 25] and for W(100) surface
exposed to very low gas pressure [26]. Here, we
consider different sets of conditions from (1x10* Pa,
300 K) to (1 Pa, 373 K). It could help design procedure
for tritium removal from dust particles either once they
are removed from the vessel or directly during the
exploitation of a tokamak.
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4.1. High pressure isotopic exchange

First, we consider the possibility to extract the tritium
from the W surfaces at 300 K by exposing them to
H, with a pressure of 1x10* Pa. The initial tritium
coverage is set to the initial tritium coverage in table 2
(corresponding to the beginning of step (v)). The
pressure of Hy is directly set to be 1x10* Pa so we
get a step response of the tritiated surface. In theory,
desorption of To and HT should increase the partial
pressure of these respective gases, creating another
source of molecules. However, in the case of a small
amount of dust in a large volume of gas, we did not
simulate the re-sticking of T through dissociation of
HT and Ts.

Equation 7 and 9 are solved in the simulations
for the 3 considered surfaces and figure 5 shows the
evolution of tritium and hydrogen coverage (a), the
evolution of the outgassing fluxes from the surface as
Hs, T9 and HT (b) and the evolution of the desorption
energy (c). The outgassing fluxes of the molecule XY
in m2s7! is ¢§C§S] = nsurfyti:Y(T)HXHY For all
surfaces, the tritium is completely recovered at 300 K
under 1x10* Pa of Hy after less than 20 seconds. It
occurs after about 10 seconds of exposure on W(100), 2
secondes on W(110) and 1075 seconds on W(111). The
kinetics of tritium recovery depends strongly on the
desorption energy during the process which depends
on the total coverage 0ot = 0y + 01 at equilibrium.

For W(100) and W(110), 6o reaches unity
quickly and the desorption energy is ~0.7-0.8 eV
(figure 5(c)). With such coverage and desorption
energy, the outgassing flux of tritium as Ty or
HT remains high ~10!%-10 m=2s71 (figure 5(b))
which represents the content of 0.1-1 ML (monolayer)
desorbing per seconds (figure 5 (b)).

For W(111), the recovery is much faster because
the desorption energies reaches much lower value.
When the pressure of hydrogen is triggered, Fqes
decreases to 0.35 eV (figure 5 (c)). It represents a
outgassing flux of tritium in To and HT of 3x =~ 10%°
m~2s~!, depleting all the tritium present on the surface
in 1079 s.

4.2. Toward tokamak conditions

4.2.1.  Tritium loading During operations of toka-
maks like Tore Supra, ASEDX-Upgrade or JET, the
background pressure is in the range of 107® - 1076
Pa [27, 28, 29, 30]. At the end of the plasma, as
the hydrogen isotopes recombines (and possibly des-
orbs from the wall), the pressure of hydrogen isotopes
molecules increases and can reach few Pa. Considering
that ITER will operate, in its nuclear phase, with an
equal mixture of deuterium and tritium, we consider
that the pressure of tritium, pr,, and deuterium, pp,,

are equal. Thus, we define here a simple model scenario
to simulate tritium capture during the recombination
of the plasma:

(i) for 45 seconds, pp, = pr, = 107° Pa,

(ii) in 5 seconds, both pressures increase linearly up
to 1 Pa,

(iii) in 5 seconds, both pressures decreases linearly
back to 1076 Pa,

(iv) pp, = pr, = 1076 Pa for 45 more seconds.

We choose the lower limit for the partial pressure of
Ty and Do as it is the case for which the flux of
molecules to the surface will be the lowest. It gives
a lower limit for the amount of tritium trapped on the
surface. We consider dust particles below the divertor.
Thus, they are not heated by the plasma and their
temperature remains equal to 373 K for the duration
of the simulation. Initially, the dust are considered free
of any adsorbed hydrogen isotopes (bare surface).

Equation 8 and 9 are solved with the pressure
evolution shown on figure 6(a) and figure 6 (b)-
(d) show the evolution of the tritium coverage O,
deuterium coverage 6p and total coverage 6;,x = 01 +
Op. For all surfaces, the tritium coverage is slightly
below the deuterium coverage because of the isotope
mass effect (equation 3 and 11).

The simulations show that even a small tritium
pressure of 107% Pa is enough to load significantly the
surface of the dust particles with tritium. The increase
of the pressure increases both tritium and deuterium
coverage up to the saturation of the surface. Once
the pressures decrease back to 107¢ Pa, both coverage
decreases toward the hydrogen isotope coverage at
equilibrium for a pressure of 107% Pa at 373 K.
As Predicted by thermodynamoc model parametrized
with DFT data [16, 31], this equilibrium coverage is
close to 1 for W(100) and W(110) in the temperature
and pressure conditions used here. Considering the
parametrisation of the section 3, the tritium activity
would reach 300 MBq/g at the pressure peak and
200 MBq/g at the end of the scenario. Thus, even
at a Ty partial pressure as low as the lower limit
of the background pressures expected in a tokamak,
the tritium can be easily captured up to saturation of
the surface. In simulations with a higher background
pressure of 10~% Pa (for bigger machine like ITER), the
tritium coverage follows the same trends as presented
in figure 6. The only difference is an increase of
the final tritium coverage of 20% for W(111), 4% for
W(110) and 2% for W(100) when compared to the
simulation with a background pressure of 1076 Pa.

4.2.2. Tritium recovery Now that the surface of the
dust are loaded with a mixture of D and T, we



Modelling tritium adsorption and desorption from tungsten dust particles with a surface kinetic model 9

1.0 4 W(100) 1.04 W(110) 1.04 W(111)
= 0.5 1 0.5 1 0.5
0.0 + r r T 0.0 + — T T 0.0 T
1072 107! 10° 10! 1073 1072 107! 10° 10710 1079 1078 1077 1076
x 10" x 10" x10%
41 6
~104 O —
-f — T, "
Sos{ ——_ HT 21
= 21
S
UU_ T T T 0_ T T T U T T TTTIT T T TTTITm T T TTTITm T T
1072 107! 10° 10! 1073 1072 107! 10° 10710 1079 10-8 1077 1076
15 L5 15
= 1.0 L0 1.0 1
& 0.5 0.5 0.5
(c)
0.0 T T T 0.0 +— — r T 0.0 +——rrrr—
1072 107! 10° 10! 1073 1072 107! 10° 10710 1079 1078 1077 1076
time (s) time (s) time (s)

Figure 5: Tritium and hydrogen coverage (a), T, Hy and HT desorbing flux (b) and desorption energy (c) for
W(100), W(110) and W(111) during an exposure at 1x10% Pa of Hy at 300 K with an initial tritium coverage

in table 2 (beginning of step (v)).

investigate a way to recover this tritium using isotopic
exchange following the scenario:

(i) increase of pp, to 1 Pa in 5 seconds and pr,
remains equal to 1076 Pa,

(ii) stabilisation of deuterium pressure to 1 Pa for 10
seconds,

(iii) decrease of pp, either back to 1076 Pa or to 10~°
Pa in 5 seconds

(iv) constant deuterium and tritium pressure up to
1000 s.

The temperature remains constant equal to 373 K
and the initial coverage of the simulations are the one
obtained at the end of the previous scenario (figure 6).

Equation 8 and 9 are solved with the pressure
evolution shown on figure 7(a) and figure 7 (b)-(d)
report the evolution of #1 and fp for the different
surfaces. For all surfaces, as soon as pp, becomes
higher than pr,, the tritium coverage decreases quickly.
To quantify the speed to exchange the tritium by
deuterium, we report in table 3 the time tg59 and
pressure pp, 959, When 0p > 0.950. in the first stage
to the scenario. The isotopic exchange is completed at
95% in less that 5 seconds in all cases (table 3): all
the tritium is recovered before reaching the deuterium
pressure plateau at 1 Pa. It is especially fast for the
W(111) because its low desorption energies. Changing
the increase of deuterium pressure from 1 Pa to 0.1
Pa only change the kinetics of the isotopic exchange

Table 3: Value of time (t955%) and deuterium pressure
(PD,,95%) at which the deuterium coverage is 95% of
the total coverage during the pressure ramp up. The
T, pressure is kept constant equal to 1076 Pa and the
temperature is 373 K.

t95%  PD,,95%
W(100) 3.79s 0.76 Pa
W(110) 1.44s 0.29 Pa
W(111) 0.12s 0.02 Pa

without changing its efficiency after 20 seconds.
When the deuterium pressure decreases and
reaches 1076 Pa, f1 increases in order to reach the
equilibrium that existed before the isotopic exchange
step. On W(100) and W(110), the kinetic is slow and
after 980 seconds, deuterium stays the main adsorbed
isotopes. However, on W(111), the equilibrium is
reach in about 200 seconds and 1 ~ 6p. When the
deuterium pressure at the end of the scenario is one
order of magnitude above the tritium pressure, (dashed
line in figure 7) the deuterium stays the main adsorbed
isotopes with 61 ~ 0.10p. Thus, to make the isotopic
exchange on the surface efficient, one need to keep a
tritium pressure lower than the deuterium pressure.
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Figure 6: (a) evolution of the Dy and Ts pressure

during a possible increase of the partial pressure in
the tokamak vessel due to plasma recombination: the
background pressure of Ty and Dy is 107¢ Pa and it
increases to 1 Pa. (b), (¢) and (d) give the evolution of
the tritium coverage 61, deuterium coverage fp and
total coverage 0o during the scenario for W(100),
W(110) and W(111). The temperature in these
simulations is 373 K.

5. Discussion

5.1. impact of the bulk of the dust particles

In section 3, the contribution of the tritium activity
on W(110) and W(100) is used as an offset to
match the total tritium activity measured in the
experiment. This offset could as well come from a
bulk contribution. The bulk of each dust particles is
populated with defects that can trap tritium atoms.
These traps are characterised by the couple (Egt ;,n;)
which are the detrapping energy FEg,; (e¢V) and the
trap concentration n; (atomic fraction). The bulk
contribution can be calculated using appendix B. Using
the traps determined for annealed poly crystalline
W [32], ie. with detrapping energy below 1.00
eV, one obtain a bulk contribution equal to 0.027
MBq/g. However, the studied dust particles are not

1007
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Figure 7: (a) evolution of the Dy and Ts pressure
during an in-vessel isotopic exchange scenario. (b), (c),
(d) give the evolution of the tritium coverage 61 and
deuterium coverage 0p during the scenario for W(100),
W(110) and W(111). For the last part of the scenario,
the solid line represent the case when pp, decreases to
105 Pa and the dashed line when it decreases to 10~°
Pa. The temperature in these simulations is 373 K.

annealed poly crystalline W and some traps with high
detrapping energy created during the dust production
may be present in the bulk of the dust particles. Using
the model in appendix B, it is calculated that the
concentration of tritium in the bulk should be around
10~* atomic fraction (~ 6 x 10** m~3) to reach a
massic activity of 100 MBq/g (as in the experiment)
in the bulk. Such a large quantity of tritium, with
a low solubility of interstitial hydrogen, requires a
high concentration of very deep defects (>1.5 eV of
detrapping energy, i.e. vacancy-type defects [33, 34])
coming from the dust production. Note that the
bulk contribution, in the assumption of a homogeneous
distribution of tritium, does not depend on the surface
specific area (section 2.1). Thus, to retrieve the
dependence of tritium inventory with the surface
specific area, higher concentrations of traps have to be
assumed for smaller dust. A better assessment of the
microstructure of the dust particles prior to the tritium
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loading or dedicated tritium loading experiments may
be needed to estimate the bulk contribution.

According to the Frauenfelder solubility of H in
W, tritium exposure at 300 K would prevent tritium
to enter the bulk of the dust particles. According to the
simulation presented here, 300 K exposure would lead
to tritium sticking on the W surface. Thus, a tritium
exposure at 300 K would only trigger the surface effects
which could help to determine the contribution of the
bulk contribution in the tritium loading experiment at
higher temperature.

Isotopic exchange experiment at 300 K would also
be a possible way to estimate the contribution of the
bulk in the total activity. Indeed, room temperature
isotopic exchange in the bulk of W is possible [35, 36]
but only if the hydrogen isotopes are directly implanted
in the bulk. Temperature above 473 K are required
to do isotopic exchange in the bulk W with gas
exposure [37, 38] as the solubility of H in bulk W is very
low. Thus, isotopic exchange at 300 K after loading at
743 K could be a way to estimated the contribution of
the bulk in the total tritium activity.

5.2. Coverage dependent desorption energies

Based on DFT calculations, we wused coverage
dependent desorption energies: in section 4, the tritium
is easily recovered at low temperature because the
desorption energy is lowered by the high coverage.
Another way to describe this difference of desorption
energies is to consider different adsorption sites with
different desorption energies (from 1.4 eV to 0.8 eV
for W(110) for instance). With such model, if there is
no transfer between adsorption sites, it would not be
possible to remove tritium trapped in the 1.4 eV sites
at room temperature. However, such a picture deos not
seems appropriate based on the isotopic exchange of H
by D on W(100) performed by Tamm and Schmidt [26].
At 300 K, they observed a conversion of H by D, even
on the desorption peak attributed to a site with a
desorption energy of 1.4 eV.

5.3. Surface distribution

In section 3, the model suggests that the surface of
the dust particles needs to be dominated by W(111) to
reproduce the experimental data. The reason for that
is not clear as W(110) surface is the most stable surface
according to DFT calculations [39, 40]. A possible
explanation could come from a competition between
thermodynamics that favour the W(110) surface and
the kinetic of defects on the surfaces that would favour
the surface on which they moves the least. This
process is used to explain the difference between square
and spherical bee iron nanoclusters depending on the
condition (temperature and iron deposition) [41]: at

low temperature and high iron deposition, (100) is
favoured because of the high migration barrier of
adatoms on (100) compared to (110). Similar to
iron, the point defects on W surfaces, especially the
adatoms, are more mobile on W(110) (=1.0 eV)
than on W(100) and W(111) (~2.5 ¢V) [34]. Thus,
depending on the temperature of formation of these
dust particles, W(111) could be favoured over W(110).
One has to note that we treat W micrometer size dust
in this paper while the mechanism described in [41]
is used on 10 nm iron clusters. This could vanish
with the size and more studies are required which is
not in the scope of this work. The other reason why
W (111) seems dominant could also simply be that the
various surface orientations of the dust have coverage
dependent desorption energies similar to W(111).

5.4. Model for the sticking of hydrogen isotope
molecules

In this model, the sticking rate of molecules from the
gas phase to the surface is chosen to be proportional
to (1 — 0)? based on the reaction involved in the
sticking event. However, one could choose to change
this model to have a linear dependence on (1 — ) (see
Alnot [23]) or even no dependence at all. Changing
toward such models speeds up the overall evolution
of the hydrogen isotope coverage and the steady-state
coverage. However, it does not have any impact on
the tritium desorption calculated in figure 3 for the
step (v). Indeed, during the quenching phase, the
coverage reaches saturation and during step (iv) and
(v) in figure 3, the tritium coverage is only driven by
the desorption rate. It has to be pointed out that if
the sticking rate is independent on the coverage, the
coverage of W(100) and W(110) reaches more than 1
(or 1 if artificially blocked in the calculation) during the
quench, even though the desorption energy (figure 2)
is low for saturated surfaces.

In these simulations, we chose a sticking coefficient
of Hy independent of temperature and equal to 1
which seems to be an accurate value for clean metallic
surfaces [22, 23, 12, 13]. However, if the surface is
oxidised, the sticking coefficient may be reduced to
a much lower value [9]. Indeed, pre-adsorption of O
seems to affect the adsorption and desorption of H from
W surface [42].

Concerning the simulation of the experimental
results presented in section 3, the impact of the
initial sticking coeflicient, st,, is assessed by varying
it between 1 and 2x107!! and doing the same
optimisation as in section 3. The optimised tritium
desorption curves are shown for the different values
of s, on figure 8(a). The value of the cost function
fe,2 for these optimised cases is given on figure 8(b)
as a function of st,. The tritium desorption curve
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Figure 8: (a) Comparison between the experimental
tritium activity and the simulated tritium activity for
various values of the initial sticking coefficient. The
simulated activities are the ones that give the minimum
values of the cost function fco(P). These minimum
values of the cost function are given in (b) as a function
of the value of the sticking coefficient.

is independent of the sticking coefficient up to very
low values down to 107° and it starts deviating
significantly only for extremely low sticking coefficient
(10719-10~1). Such evolution is due to the quenching
(phase (ii) and (iii) in figure 3) which freezes the
desorption allowing accumulation of tritium on the
surface. The deviation occurs when these two steps
do not allow the tritium coverage to reach the initial
coverage of step (v) obtained for sp, = 1. Thus, one
should not use such an experiment (with high pressure)
to assess the tritium sticking coefficient. It also means
our assumption of a strong sticking coefficient does not
impact the experimental validation of the model.

Considering the isotopic exchange, changing the

initial sticking coefficient (for instance to 107°) would
only modify the kinetics of tritium recovery (by a factor
of 100,000). With a very efficient sticking, the kinetic
of tritium loading is 107 seconds at 743 K and 10°
Pa (figure 3 (a)). Thus a slower kinetic by a factor of
100,000 would not be problematic for a 2-hours-long
tritium loading. However, the tritium recovery at 300
K or 373 K may be affected by such a change of kinetics
if the dust particles are exposed to tritium for about
an hour only.
Finally, the presence of adsorb oxygen atoms or oxides
could modify the desorption energy. According to
Whitten and Gomer, the pre-adsorbed oxygen tends
to lower the desorption energy [42] which would fasten
the desorption from the dust. But to follow the method
presented on section 2.2, DFT data of H adsorption
and desorption from oxidized W surfaces are required
to consider such effects on the tritium sticking and
desorption.

5.5. Effect of realistic pressure decrease

In section 4.2, we choose to simulate an increase
and a decrease of the pressure of Dy and Ts in 5
seconds which represents a very rapid ramp down
of the pressure. In a real tokamak, the pressure
ramp down is limited by the pumping speed of the
pumping system and the outgassing from the wall. The
pressure decrease is expected to happen in the hundred
seconds time scale for tokamaks with metallic walls like
JET [43] or WEST [44].

Introducing a 100 seconds pressure ramp down
instead of a 5 seconds one in the simulations does not
change the outcome of the simulations: the tritium
coverage increases during the pressure increase and
quickly equilibrate after the pressure ramp down.
However, the fact that the tritium pressure stays high
increases the duration for which the tritium coverage
is maximum. This has a negative effect on the control
of the tritium inventory present in the tokamak vessel.

The impact of the slower ramp down goes in the
opposite direction for the isotopic exchange situation
which actually benefits from a lower pumping speed.
Indeed, as shown in figure 7, the isotopic exchange
stays efficient if the pressure of Do stays higher than
the pressure of Ts. Thus, a slower ramp down keeps
the deuterium pressure higher than the tritium one
for a longer time enhancing the impact of the isotopic
exchange.

6. Conclusions

In this work, we used a kinetic surface model to simu-
late tritium loading and desorption from micrometers-
sized W dust. The desorption energies depends on



the hydrogen coverage of the W surface and are
parametrised using density functional theory (DFT)
data for W(110), W(100) [12] and W(111) [13]. This
parametrisation allowed us to reproduce experimental
desorption curve of tritium loading on 10um-sized dust
particles that are relevant to the type of dust observed
in WEST [7]. The experimental tritium desorption at
300 K could be reproduced by considering a linear com-
bination of the tritium coverage on W(100), W(110)
and W(111) with a predominance of W(111).

We also investigated the impact of the model on
tritium uptake and removal from W surfaces in various
scenarios. Exposure of dust particles to a mixture of
deuterium and tritium gas can lead to dust with a mas-
sic activity of about 100 MBq/g for 10um-sized dust.
This tritium can be removed with isotopic exchange by
exposing the dust either to Hy or Dy at low tempera-
ture (below 373 K) as soon as the tritium pressure is
below the other isotopes. In particular, the kinetics of
the isotopic exchange is much faster (below 20 seconds)
than the natural room temperature desortpion (several
hundreds of hours).

13
Appendices

A. Tritium activity of a batch of dust

We consider that each particle constituting a batch of
powder can be approximated as a sphere of radius r.
The volume and surface of one particle are:

S(r) = 4nr? (16)
Vir)= gmﬂg. (17)

A batch of powder does not contain only one size of
particles but rather a distribution characterised by a
probability density function f(r) (m~1). We call f(r)
the number distribution as f(r)dr gives the number
fraction of particles having a radius between r and
r+dr.

We consider that each particle of radius r is loaded
with an equal quantity of tritium atom Nr(r). Since
one gram of tritium is equivalent to 360 TBq, it
corresponds to a tritium activity ar(r) (Bq) of:

ar(r) = wNr(r) (18)

where w = 360 x 10'2Ar/n, is employed to convert
a quantity of tritium atoms into a tritium activity,
with Np = 6.022 x 1023 mol~! the Avogadro number
and Ar = 3 g/mol the atomic mass of tritium. The
contribution of each dust of radius r to the total
activity aior (in Bq) is thus ar(r) f(r)dr and the total
activity that can be measured is:

+oo
Qtot = / ar(r)f(r)dr
0

The measured activity is usually normalised by the
mass of the dust sample in order to have comparable
quantities. The contribution of particles with a radius
between r and r + dr to the mass of the dust sample is
dwV (r)f(r)dr with dw = 19.3 x 105 gm~3. One gets
the massic activity a,, (Bq/g) as:

o T N f(r)dr

S F )V (r)dr

(19)

= (20)

B. Calculating the tritium massic activity in
the bulk from trap parameters

B.1. Concentration of interstitial tritium

Considering a piece of W exposed to a pressure pr,
(in atm) of tritium at the temperature 7', using
the solubility measured by Frauenfelder [45], the
concentration of interstitial (also called mobile) tritium
Cm at the thermodynamic equilibrium is:

1.04 eV
knT )VpTZ'

Cm = pw2.9 x 107 % exp (— (21)



where pw = 6.3 x 10?® m~3 the W atomic density
and pr, in Pa. For T = 743 K and pr, = 1.1 x 10°
Pa, we get ¢, = 8.3 x 10710 at.fr. which represents
about 5 kBq/g. Calculation of tritium transport in
W spherical particles with a radius of 7 pym shows
that the tritium permeated from the surface to the
centre of the sphere much faster (10 seconds) than the
time scale of the experiment under the experimental
exposure conditions (743 K, 1.1x10% Pa) . Thus, we
assume the thermodynamic equilibrium is reached.

B.2. Effect of traps

Let’s consider there are k traps with detrapping en-
ergies Fi<;<; and trap concentration ni<;<x. Based
on the model described in [10, 11], the rate of detrap-
ping is v;(T) = vpexp (—Fi/ksT) (With vy = 10 s~1
the pre-exponential factor of detrapping reaction) and
the rate of the trapping is vy, (T) = P(T)/\?nqs with
D(T) =19x1077/\/3exp (=02 eV /kpT) (m2s~1) the dif-
fusion coefficient of tritium in W [33], A = 110 pm
the jumping distance for diffusion and ntig = 6 the
number of tetrahedral interstitial site for H in W bcc
lattice.

At the equilibrium between trapping and detrap-
ping rate, for a given concentration of interstitial tri-
tium, the quantity of tritium trapped in trap site 4
is [10, 11]:

n;

Ctﬁi - I/i(T) (22)
I+ Um (T)cm

and the total tritium concentration is ¢t = ¢y +

Zlgigk Ctyi

B.3. Massic activity due to bulk tritium

B.3.1. case 1: intrinsic traps only In [32], simulations
suggests there are 2 intrinsic traps in W: (0.87 eV, 1073
at.fr.) and (1.00 eV, 4x 10~% at.fr.). Considering these
intrinsic traps only, based on the equilibrium model
described above, the corresponding tritium activity
calculated with equation 1 is 0.027 MBq/g.

B.3.2. case 2: massic activity of 100 MBq/g with one
trap If one measures a massic activity of about 100
MBq/g, the above equilibrium model suggests that it
could correspond to a homogeneously distributed trap
with a concentration of 1073 at.fr. and a detrapping
energy of 1.47 eV, or any couple (E, n) guaranteeing
that cp = 1.54 x 10~% at.fr.. To increase the massic
activity given by the equilibrium model, one need
either to increase the detrapping energy to increase the
fraction of filled trap (up to saturation) or increase the
trap concentration.
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