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Abstract

A damage-induced hydrogen trap creation model is proposed, and parameters for tungsten are
identified using experimental data. The methodology for obtaining these parameters using
thermo-desorption analysis spectra data is outlined. Self-damaged and optionally annealed
tungsten samples have undergone TDS analysis, which has been analysed to identify the
properties of extrinsic traps induced by the damage and to determine how they evolve with
damage and annealing temperature. A parametric study investigated the impact of the damage
rate and temperature on tritium inventories in tungsten. Tritium transport simulations have been
performed with FESTIM considering a 1D model of a 2 mm sample of tungsten with damage
rates and temperatures varying from 0-10? dpa/fpy and 600-1300 K, respectively. The results
show that after 24 h simultaneous exposure to neutron damage at 10?> dpa/FPY and tritium
implantation at 700 K, tritium inventories can increase by up to four orders of magnitude when
damaged at a rate of 10> dpa/FPY compared to undamaged, defect-free tungsten, increasing
further to five orders of magnitude after one full power year. The time taken to reach retention
saturation shows the need for kinetic models of trapping properties on time scales relevant to
reactor operation. The trap-creation model parameterisation procedure can be used to investigate
neutron damage effects on other fusion-relevant materials such as EUROFER, Inconel and more.
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1. Introduction

Tungsten has been proposed as a suitable plasma-facing
material due to its favourable thermal properties, resistance to
irradiation and erosion effects [1]. Fusion power plants (FPP)
are likely to utilise tungsten in components such as the diver-
tor or the first wall in reactors such as ARC [2] and DEMO
[3]. Accurate simulation of the hydrogen isotope transport is
imperative to ensure safe operation and optimal performance
of the FPP’s using tritium. Furthermore, accurate simulations
of subcomponents can better inform system-level fuel cycle
models, potentially leading to better economic performances
of an FPP [4, 5]. Tritium production in nuclear fusion devices
presents a concern for designers due to its permeability
through materials, and its radioactive nature requires accurate
monitoring.

Tritium permeates through materials by diffusion.
However, it can get trapped within microstructural defects
such as vacancies, dislocations, interstitials, and voids. The
properties of the traps are influenced by the density and dis-
tribution of the microstructural defects in the material and can
significantly increase inventories within structural materials
[6-8]. However, neutrons produced in the fusion plasma will
damage plasma-facing components and reactor structural
materials over the time of operation [9], altering the landscape
of such microstructural defects. The irradiation environment
and tritium production in a FPP will be characterised by the 14
MeV neutron radiation field, produced by the fusion reactions
in the plasma [10]. It is expected that neutrons will damage
components in DEMO and ARC at rates of 5 dpa/FPY and
20 dpa/FPY, respectively [2, 3]. Where dpa is the displace-
ment per atom, and FPY represents the exposure during a
Full Power Year operation. A thorough understanding and
quantification of degradation in plasma-facing materials due
to neutron damage will be needed for future fusion devices’
safe and reliable operation. Many current experimental stud-
ies on damaged plasma-facing materials use ion irradiation to
emulate aspects of neutron damage, as they can impart large
damage doses comparatively quicker without specific safety
concerns such as transmutation [12, 13]. One consequence
of irradiation damage is the induction of additional micro-
structural defects [14]. Thus, as the microstructural defect
landscape evolves with irradiation damage, so must the trap
properties used to model them. The model was parameterised
using data from heavy-ion irradiation instead of neutron irra-
diation data because there is no data on materials irradiated
to levels expected in fusion reactors using neutrons. Although
experimental studies indicate that hydrogen transport may
differ under these conditions [15, 16], the model is assumed
to represent the effects on hydrogen transport adequately.
Additionally, increased tritium inventories will lead to higher
levels of helium production as a result of decay [17].

Research shows that when materials experience neutron-
like damage, they develop more defects. These extrinsic
defects can trap hydrogen, potentially increasing inventories
in the material [18, 19]. Although one might anticipate an

increase in the density of hydrogen trapping sites with more
neutron damage leading to more induced defects, research
indicates that hydrogen retention reaches saturation after a
certain level of damage [18, 20-23]. Subsequent damage
dose does not affect hydrogen retention levels [24]. Typically,
one can estimate hydrogen migration depth into a plasma-
facing surface from the trapping properties of the material
[8]. However, trap creation can mitigate migration, leading
to higher concentrations of hydrogen close to the plasma-
facing surface. This competition of regimes has been explored
previously [25]. Furthermore, the presence of hydrogen iso-
topes within a material experiencing neutron-like damage has
been shown to increase the rate of defect creation and mitig-
ate the annealing of the traps created [26]. However, this phe-
nomenon has not been considered in the present study.

A model is proposed to predict the temporal evolution of
the damage-induced trap densities. A methodology is outlined
to identify the model’s parameters from thermo-desorption
experiment data and deuterium depth profiling. The open-
source hydrogen transport code FESTIM (v1.1.1) [27] was
employed and extended to simulate tritium transport in tung-
sten with damage-induced traps.

All the results presented in this paper can be reproduced
with the scripts available at [28].

2. Model parametrisation

2.1 Tritium transport governing equations

Tritium transport can be modelled using macroscopic rate
equations first introduced by McNabb and Foster [29]:

ocm . 8Ct,i
86’ i
8; =i Cm - (N — i) — Vdr,i - Cri- (2)

Equations (1) and (2) describe the thermo-kinetic model used
for tritium transport. The concentration of tritium ¢ is com-
prised of the mobile concentration ¢, and the total trapped
concentration ) ¢;. The first term on the right-hand side of
equation (1), V - (DV¢y,), is a Fickian diffusion term charac-
terised by the diffusion coefficient, D = Dy - exp(—Eaisr/ (kg -
T) in units [m?-s~'] and kg =8.617 x 107> eV-K~! is the
Boltzmann constant. S is the volumetric source term of mobile
hydrogen in [m~3-s~!], used to model plasma implanta-
tion. The exchange between the mobile (¢, in (m~3)) and
trapped (c; in (m~3)) particle concentrations is described

by Eag‘t’i. The trap density, n;, is in units (m™). Vi =140"
exp(—E;/(kg-T) and vg; = V4o - exp(—Eai/ (kg -T)) are
the trapping and de-trapping rates in [m?-s~!] and (s™')
respectively. E; ; is equal to diffusion activation energy, Egiss.
Eq; is the de-trapping energy, equivalent to the sum of the
binding energy and the diffusion activation energy.

The trap density, n;, typically does not evolve in time or vary

spatially for a given material. However, this work explores the
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Figure 1. Process diagram for evaluating variables in equation (3). Work completed by Pecovnik et al [11] is highlighted in the dashed box.

impact of this parameter varying due to irradiation damage and
annealing effects.

2.2. Damaged induced trap model definition

8)1,'
ot

n;

:@-K[l— ]—A.n,. 3)

Nmax,d
Equation (3) describes the temporal evolution of trap density
n;. The creation term, ® - K[1 — n“:‘ - ], describes the number
of traps formed by damage to a givén saturation point fpmax, ¢
® is the damage rate in [dpa-s~'], and can vary spatially.
K is the trap creation factor in [traps-m~—>-dpa~!]. Similar
models have already been used to simulate trap creation dur-
ing self-damaging in W [21, 25]. However, these models do
not account for possible annealing of the traps. A is the trap
annealing factor in (s~") and is described as an Arrhenius law
where A =Ag -exp(—E4/(kg - T)). This was chosen as sim-
ilar models have been implemented to model the annealing
of defects induced by plastic deformation [30]. A methodo-
logy is outlined for fitting the parameters of such a model
from experimental results with damaged tungsten samples (see
figure 1). TDS results can be used to identify the hydrogen
trapping parameters of a material. Furthermore, how such res-
ults change with levels of damage and annealing temperature
can illuminate how the trap properties depend on such factors.

Two experimental data sets were used to evaluate the
unknown parameters in equation (3). Data from the work of
Pecovnik et al [11] has been used to evaluate the annealing
parameters (Ag and E,). To evaluate the damaging parameters

(K and npax,a), unpublished data from T. Schwarz—Selinger
was used that was generated following the procedure outlined
in [31].

2.3. Model assumptions

To account for the instantaneous hydrogen detrapping when a
trap is annealed, a sink term A; - ¢ ; is added to equation (2).

an'

En “

=Vt Cm- (ni - Ct,i) — Vdt * Ct,i —A;- Ct,i-

It is assumed that only empty traps are created and trapped
hydrogen, ¢ ;, released from annealed traps, is not re-trapped,
contributing to the mobile concentration, cy,. This is due to a
current technical limitation of the FESTIM code, which would
require an additional governing equation to explicitly model
the empty trapping sites. However, this feature will be integ-
rated into a future version of the code. It is also assumed that
filled and empty traps anneal at the same rate, A. The derivation
of this sink term is outlined in the appendix. Furthermore, it is
assumed that the damage rate does not influence the model’s
kinetics and that traps induced by damage cannot diffuse.

2.4. Annealing parameter estimation

In a case in which samples are irradiated, then annealed, one
can simplify equation (3) to model the latter stage, as no dam-
aging takes place thus the damage rate ® is equal to zero and
equation (3) can be reduced to:
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Figure 2. Trap densities evolution with annealing temperature fitted
using equation (6). Experimental data points [11].

Table 1. Annealing parameter values for each defect type.

Defect type Ao (571 E4 (eV)
I 6.18x 1073 0.24
Il 6.18 x 1073 0.30
11 0 —
8}’1,‘
=—A-n;. 5
T i (5)

Solving this equation analytically, the trap density is
expressed as:

n; = n; g -exp (—A- At) (6)

where n; o is the initial trap concentration (no annealing) and
At is the annealing time. From this, one can fit the results from
Pecovnik ef al [11] with equation (6), using At = 2h, allow-
ing for the identification of the two unknown parameters (Ag
and E,) from equation (3). These values can then identify the
remaining unknown trap creation parameters. This is detailed
in section 2.4. The first factor evaluated from equation (3) was
the trap annealing factor A. Three types of defects were iden-
tified in the work of PeCovnik ef al [11], and the trap dens-
ities evaluated for each defect type were used. Each trap’s
density variation with annealing temperature is fitted using
equation (6) (see figure 2). Each trap type was fitted to obtain
values of Ag and E4, the values of which are outlined in table 1.
Defect type III has been incorporated into the model based on
the assumption that it is resistant to annealing. This assump-
tion is supported by findings in the experimental literature
[32], which suggest that certain defects either cannot undergo
annealing or require significantly higher temperatures.

It is important to note that the data for fitting the model
was derived from tungsten samples pre-loaded with deuterium
before irradiation. The impact of the presence of deuterium
in a sample on defects in tungsten during irradiation is an
ongoing area of research [20, 25, 33]. While other studies

have explored the influence of annealing temperature on tung-
sten samples damaged without the presence of deuterium [23,
26], it has been undertaken with low energy atom exposure at
high temperature (500 K) preventing defect I from being filled
with D. Thus, annealing data for this defect is not available
from these studies. In addition, it could be argued that includ-
ing deuterium during the damaging process better represents
components in an operational reactor. Consequently, the pre-
loaded damaged samples are employed to analyse annealing
parameters.

The values obtained from this parameter estimation proced-
ure are then utilised in the subsequent section to assess trap
creation parameters.

2.5. Trap creation parameter estimation

To evaluate the trap creation parameters, K and i, ¢, a Sim-
ilar approach was used as in section 2.4. T. Schwarz-Selinger
conducted an experimental campaign in which samples of
self-damaged tungsten underwent ion beam analysis and TDS
to evaluate how damage affects deuterium retention. In the
study, recrystallised polycrystalline tungsten (PCW) samples
(2000K Plansee 99.97 at.%, 10-50 um grain size) were
exposed to 20MeV WO ions at 800K for varying expos-
ure times. Following this, the samples were exposed to a
15eV/D with a flux of 6 x 10" D-m~2-s~! for a total fluence
of 10%° D-m~2 at a temperature of 370 K. The samples were
analysed using TDS with a heating ramp of 0.05 K-s~!. For the
damaging parameters, TDS data from seven damaged tungsten
samples (0.001-2.5 dpa) were analysed to provide damage-
induced trap properties. The TDS data for each sample was
fitted to provide the detrapping energies and densities for
traps induced by damage. The fitting was undertaken with
the constraint that each TDS spectrum must have the same
number of traps with the same de-trapping energies. From
this, one evaluates how the trap density varies with dam-
age for each induced trap. The results of the TDS data fit-
tings can identify the remaining unknown parameters (K and
Nmax,®) from equation (3). From this, the model is character-
ised for each damaged-induced trap and can be modelled using
FESTIM to investigate the influence of damaged-induced traps
on tritium transport in tungsten. Section 2.5 outlines the exper-
imental data and parameter fitting details. A diagram is shown
in figure 1, which visually outlines the parameter evaluation
process. Modelling the experimental set-up using SRIM iden-
tified the damage profile produced by the ions and peak
levels of damage at 0.001, 0.005, 0.023, 0.1, 0.23, 0.5 and
2.5 dpa, excluding one that was not damaged [34]. The dam-
age occurred within the sample’s first 2-3 pm; thus, damage-
induced trap creation would only happen in the same area.
To account for this, the induced traps were modelled using a
Fermi—Dirac density distribution (see figure 3). The deuterium
depth profiles measured with *He nuclear reaction analysis can
be well described with these Fermi—Dirac distributions.

£ = 1 )
)

| +exp <xA—XXO
0
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Figure 3. Trapping site density Fermi—Dirac distribution described
by equation (7).

where xp = 2.3 ym and Axp = 0.1 pum.

The TDS procedure of the 8 x 10~% m-thick tungsten
sample was simulated in 1D using FESTIM. The pre-
exponential factor of the diffusion coefficient of deuterium
in tungsten was Dy = 1.6 x 107" m?.s~! and its activation
energy Ep =0.28eV [35]. The procedure consists of three
phases: implantation, resting, and desorption. For all phases,
a homogeneous Dirichlet boundary condition (i.e. ¢, = 0) is
applied to both boundaries of the 1D model, equivalent to
instantaneous recombination. For the implantation phase, the
source term in equation (1) is S=1T"-f(x), where I' is the
implanted ion flux in [m?-s~'] and f(x) is a Gaussian dis-
tribution with R, as its mean value and o its width, the val-
ues of which have been determined using SRIM [34] and are
outlined in table 2. This phase lasts #n, and has a uniform
temperature of Timp. The second phase is the resting period
in which no implantation is occurring and has a uniform tem-
perature of T for 5. The final phase models the desorption
due to a linear uniform temperature increase with a given ramp
B. Table 2 gives the TDS simulations’ parameters. The TDS
fitting procedure is the same as used by Delaporte-Mathurin
et al [36].

Initially, the data from the un-damaged sample was ana-
lysed. This was to identify any intrinsic traps, which can then
be used for modelling the damaged samples. A single trap fits
the TDS with an associated de-trapping energy of 1.04 eV (see
table 3). The TDS spectra from the damaged samples were
then fitted considering the intrinsic trap previously identified
in the whole sample and any further extrinsic traps with the
distribution described by equation (7).

Five extrinsic traps were used to fit the TDS data with
detrapping energies of 1.15, 1.35, 1.65, 1.85 and 2.05 eV, and
are hereafter referred as D1, D2, D3, D4 and D5, respectively
(see table 4 and figure 5).

The literature on atomistic scale modelling can illumin-
ate the specific types of defects that may be responsible
for traps D1-5. According to simulations of collision cas-
cades in tungsten, self-interstitial atom (SIA) clusters are the

X101
Simulation

100

0.8 1

0.6 1

Desorption flux (D m~2 s~1)

undamaged 1072

0.2 4

T T T
300 400 500 600 700 800 900 1000
Temperature (K)

(a) Results of TDS analysis from tungsten samples damaged to vari-
ous levels (0.001 - 2.5dpa at 800 K and decorated with D at 370 K

%1010

81 e Exp
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(b) TDS data for tungsten sample damaged to 0.1 dpa, fitted using one
intrinsic trap and four extrinsic traps

Figure 4. TDS data with fittings (a) and highlighted fitting of the
0.1 dpa case (b).

Table 2. TDS simulation parameters.

Property Value Unit

Timp 370 K

TTCSI 295 K

r 1x10% mZ.s7!
Ry 0.7 nm

gma 0.5 nm

timp 72 h

tl'ESt 12 h

B 0.05 K-s~!

primary defect resulting from irradiation, along with the cre-
ation of monovacancies, dislocation loops and voids [13].
However, density functional theory (DFT) calculations show
the detrapping energy of deuterium with SIA clusters is typ-
ically below Eg = 0.95 eV [37]. Consequently, since the deu-
terium was implanted at 370 K, these defects do not effectively
retain the deuterium, as evidenced by the thermal desorption
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Table 3. Fitted intrinsic trap properties. x10% »
Property Value Unit 6 -
E, 0.28 eV X
Y0 7.77 x 1077 m’s™! 4
Eqt 1.04 eV
Varo 1.0x 10" s7!
ni 2.4 x 107 m~? 2
1 —— Trap D1
Table 4. Results of the model parametrisation for the 0* T T T T T T
damage-induced traps. 1025
Trap Edt K Amax,® A() EA
(V) [trapsm >.dpa~'] (m) (s (eV) 61
D1 115 9.0 x 10% 6.9x 10” 6.18x 107> 0.24
D2 135 4.2 x 10% 7.0x 10 6.18 x 107 0.24 4
D3  1.65 2.5 % 10% 6.0x 10® 6.18 x 107> 0.30
D4 185 5.0 x 10%° 4.7%x10” 6.18x 1077  0.30 5 ]
D5 205 1.0 x 10% 20x 10 0 —
Trap D2
0 T T T T T T
spectroscopy (TDS) data. Detrapping energies of deuterium %102
from monovacancies typically range between 1.0 and 1.4 eV
[38, 39], consistent with traps D1 and D2 (characterised by 6
desorption around 500-600 K in figure 2). Monovacancies @
were also identified as defect type I in the work of [11]. £
Similarly detrapping energies of deuterium from vacancy £ ]
clusters (up to size 20) fall between 1.6 and 1.9 eV [40], align- é
ing with the traps D3 and D4 (characterised by desorption g 24
around 750-850 K in figure 2). Vacancy clusters are the defect .
type Il identified in the work of [11]. Furthermore, DFT calcu- Trap D3
lations suggest that the barrier from the surface to bulk, which 0 ' ' ' ' ' '
can emulate large vacancy clusters, is also around 2.0eV [39, x10%
41, 42], coherent with trap D5. Large vacancy clusters were
identified as defect type III in the work of [11]. The traps iden- 67
tified are also in agreement with previous rate equation simu-
lations done on similar systems [11, 13, 19, 43-45]. 41
Using atomistic modelling studies as a reference, we can
make informed guesses about the features of a trap. However,
the energy required to release a trapped particle does not 27
always reflect the trap’s size. Large vacancies in a lattice can Trap D4
accommodate multiple hydrogen atoms. According to atom- 0 , i . i i i
istic modelling, when multiple atoms are trapped within the <10%
same defect, the dynamics of their release can cause variations,
leading to distinct peaks in TDS results linked to different 6 -
traps [40].
Beyond 1300 K, recrystallisation effects are more prom-
inent in tungsten, which will alter the microstructural defect 47
landscape [46, 47]. Furthermore, the increased mobility of
vacancy clusters at such high temperatures can produce lar- 9 3¢
ger ones [48, 49]. Thus, to ensure the model conforms bey-
ond 1300 K, more experimental data is required. Another issue — Trap D5
with the presented methodology is the same as other inverse 0 ' ' T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

problem-solving methods. As shown previously [50], one can
fit the same TDS data using multiple sets of parameters,
meaning various solutions to the same optimisation prob-
lem exist. Additionally, the data has been collected from

Damage (dpa)

Figure 5. Trap concentrations with increasing damage dose from

the fitted TDS, then fitted using the current model.
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self-damaging experiments (W6 ions), not 14 MeV neutron
damage. Neutron damage will create a more uniform dam-
age profile across the sample than self-damage. Furthermore,
the defects of self-damaging ions are likely different from
those characterised by fast neutrons. Hence, TDS analysis
would potentially render different results, changing the para-
meters for this model. TDS spectra obtained on W dam-
aged with fission-generated neutrons show similar high-
temperature peaks as the ones shown here for self-damaged
W. TMAP analyses of these neutron-damaged W show sim-
ilar detrapping energies [45]. Thus, the nature of the identi-
fied defect in self-damaged W is relevant to neutron-damaged
W; only the distribution (meaning the trap concentration) may
differ.

Nevertheless, the evaluated trap properties are taken for-
ward to model the influence of damage-induced traps on tri-
tium retention levels in tungsten within tokamak-like environ-
mental conditions.

3. Impact on trap concentration and tritium
inventories

To investigate the potential significance of the damage-
induced trap densities evaluated in section 2.5, equation (3)
was solved numerically to evaluate how the total trap density
varies with damage rate. A scenario is considered in which
2mm of tungsten is damaged homogeneously (emulating a
likely neutron damage profile in the first wall of a fusion
reactor) [51]. It should be noted that the model was paramet-
erised using heavy-ion irradiation data, which affects only the
first few micrometres of a sample; it is assumed that similar
damage characteristics apply throughout the sample when it
is subjected to neutron damage. Primarily, two cases are con-
sidered with constant temperatures of 295 K and 800 K, vary-
ing the damage rate, ®, from 10~ to 10> dpa/FPY and ran
over a FPY (see figure 6).

3.1. Trap concentration evolution

Including the annealing term A in equation (3) affects the
dynamics of trap creation. Although, as the rate of damage
increases, the ratio of @ - K to A increases significantly, trap
creation becomes independent of annealing (see figure 6).
Additionally, when the ratio of ® - K to nyax,o exceeds A, the

n i )
%P Given that K is

large, the characteristic time becomes shorter, which explains
why the curves overlap at high damage rates.

Notably, in the case of DEMO, where the highest level of
damage is anticipated to be 5 dpa/FPY [3], and in ARC with
a damage level of 20 dpa/FPY [2], the temperature contin-
ues to exert an influence. However, it is crucial to highlight
that temperature applies its most substantial and noteworthy
effect at the lower levels of damage. For damage rates anti-
cipated in DEMO and ARC, the disparity in trap density is
approximately a factor of four, contingent upon temperature

characteristic time is approximately

variations. In particular, at the lowest levels of damage, spe-
cifically at 10~3 dpa/FPY, the contrast becomes markedly pro-
nounced, escalating to a substantial factor of 50. This exponen-
tial increase in the difference underscores the heightened sens-
itivity of trap density to temperature at lower damage levels,
revealing a nuanced relationship that merits careful consider-
ation in analysing materials under irradiation.

3.2. Tritium retention

The hydrogen transport code FESTIM (v1.1.1) was employed
to evaluate the influence of damage-induced traps on tungsten
tritium retention levels. Simulations of a 2mm W slab at a
constant temperature of 700 K show the impact of damage-
induced traps on tritium retention over time and migration
after 24 h (see figure 7). The 1D model consists of a plasma-
implantation and reflective boundary conditions on the left and
right sides of the domain, respectively. Implantation of tri-
tium from the plasma was modelled (see equation (8)) where
@imp is the implanted flux in [m? - s~'] and R, is the implant-
ation depth expressed in [m]. This boundary condition allows
for modelling an implanted source in high flux and high-
temperature conditions without needing a nanometre-scale
mesh as done in [52],

_ QOimpRp

Cm D ®)

The implantation flux used was 10?° m~2.s~! with an assumed

implantation depth of 9mm. The diffusion coefficient of
hydrogen [35] has been scaled by a factor 1/1/3 to emulate
tritium [53]. The complete scripts for the FESTIM model are
available on the accompanying GitHub repository [28].

The results of the transient simulations are shown in
figure 7). The upper figure illustrates how the tritium inventor-
ies vary for different levels of damage in the tungsten model.
The undamaged case is shown to reach a point of saturation
after 10° s. Notably, after 24 h, tungsten damaged at a rate
of 10 dpa/FPY has an inventory four orders of magnitude
higher compared to the undamaged case, and after a full power
year, this escalation intensifies further to five orders of mag-
nitude after 1 FPY. In cases with a lower damage rate, tritium
can migrate from the plasma source on the left side through
the entire domain. Despite significantly higher inventories in
cases with substantial damage rates, tritium migration is mit-
igated; this inventory is confined within the initial 0.1 mm of
tungsten in scenarios with the most significant damage rate
at 10 dpa/FPY (see figure 7). Furthermore, it can be seen
that even in the lowest damage rate, the tritium inventory
is yet to reach a point of saturation after 1 FPY. Moreover,
the level of tritium retention in the lowest rate of damage
(1073 dpa/FPY) is shown to follow the same behaviour as the
undamaged case, up till beyond 103 s, at which point the tri-
tium has migrated through the whole sample. Still, the traps
continue to be formed; thus, the retention across the whole
sample increases. This shows the competition between two
regimes at play: trap creation and trittum migration. The tri-
tium migration regime (at a high dpa rate) occurs when the
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trap concentration saturates quickly, and the tritium invent-
ory is limited by tritium migration from the surface to the
bulk (left to right on figure 7). The trap creation regime (low
dpa rate) occurs when the tritium quickly migrates through
the W slab, and the tritium inventory is limited by the trap
creation build-up (the tritium concentration goes from bot-
tom to top in figure 7). Tritium migration has been studied
extensively, and work in the literature shows how the migra-
tion depth can be predicted depending on the trap properties
considered [54]. However, this model does not account for a
temporally evolving trap density term. The relation between
trap creation and tritium migration has been explored in sim-
ilar work in the literature, in which the same behaviour is
observed [11].

Expanding the scope of the analysis to include variations in
both sample temperature and damage rate reveals the impact of
damage-induced traps on tritium retention levels after one FPY

depends on both factors (see upper figure 8). In the undamaged
case, a near-standard Arrhenius law is observed with the tri-
tium retention after one FPY with temperature variation. Two
distinct behaviours are observed in tritium retention levels.
Below 900K, the retention levels are shown to be temper-
ature independent, as the tritium implanted gets trapped in
the damage-induced defects. However, the tritium has enough
energy to escape the traps beyond this temperature. With
higher temperatures, more tritium can be de-trapped, redu-
cing the inventory and levels approach the standard undam-
aged case. The damage rate exacerbates the retention level,
although following the same two behaviours in each case.
Although the highest magnitude of tritium retention occurs
at the lowest temperatures, the highest value relative to the
undamaged case occurs around 850 K. Around this value, the
temperature is high enough to detrap any tritium within the
intrinsic trap of the sample but not high enough to remove any
tritium from the damage-induced traps (see lower figure 8).
This result could be of particular concern for fusion devices, as
this temperature range is within the operational limitations of
tungsten.

4. Conclusion

This work presents a new mathematical model for describ-
ing hydrogen traps induced by displacement damage in tung-
sten, including trap creation and annealing. The methodo-
logy to parameterise the model is detailed, allowing its dir-
ect application to other materials of interest. TDS data from
damaged samples annealed at various temperatures have been
analysed and fitted to obtain the annealing parameters for
the presented model. TDS data from deuterium-loaded tung-
sten samples displacement damaged to different doses at
800K has also been fitted, from which five extrinsic traps
were identified. The associated trap density evolution with
damage level was used to obtain trap creation paramet-
ers for the presented model. With the model parameterised,
FESTIM was employed to investigate the potential signific-
ance of such damaged-induced traps on tritium transport in
tungsten.

Transient inventory results have shown that, after 24 h of
exposure to damage at a rate of 10?> dpa/FPY and tritium
implantation at 700 K, inventories may increase by four orders
of magnitude. Furthermore, the difference in the trap cre-
ation rate compared to the trapping rate results in localised
inventory build-ups closest to the tritium source. After one
FPY, results show that tritium inventories may increase by
more than five orders of magnitude when considering damage-
induced trapping effects. The highest relative inventories com-
pared to an undamaged case occur around 850-900 K with
inventories five orders of magnitude higher than an undam-
aged case at damage rates of 10> dpa/FPY. Tritium inventor-
ies are shown not to reach a point of saturation after a FPY
transient, highlighting the importance of kinetic models to
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describe the influence of neutron damage on tritium invent-
ories. This refined understanding of the intricate dynamics in
tritium retention and migration, influenced by varying dam-
age rates and temperatures, contributes significantly to com-
prehending tungsten’s behaviour in fusion reactor scenarios.

The model presented has been parameterised using data
from ion-damaged samples, which have been shown to emu-
late aspects of neutron damage [12]. However, data from
samples irradiated with neutrons with fusion-relevant ener-
gies and fluxes will be needed to improve the model’s
reliability. Facilities such as IFMIF-DONES [55], which
will be a powerful neutron irradiation facility planned as
part of the EUROfusion roadmap, will allow for the study
and qualification of materials to be exposed to the DEMO
plasma. Furthermore, the model can be developed further to
account for hydrogen stabilisation effects on trap creation and
annealing.

The presented results show that neutron damage-induced
traps can significantly affect tritium transport in tungsten.
Regarding safety, a higher quantity of the radioactive tri-
tium may be trapped in components using a tungsten first
wall. Economically, a higher trapped inventory means less
of the tritium produced by the breeding blanket can be
recovered, meaning a higher startup inventory and larger
trittum breeding ratio will be required for the same tri-
tium doubling time [4]. Furthermore, larger tritium invent-
ories will produce more helium through decay, resulting in
more bubble formation, contributing to embrittlement effects,
and reducing the lifespan of the plasma-facing compon-
ents. Thus, the influence of damage-induced trapping in tri-
tium transport modelling should be considered, and the same
work should be applied to other structural materials such as
EUROfer.
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Appendix

When a trap is annihilated, atoms trapped in it are instantan-
eously released as mobile ones. For a population of traps with
a density n;, the concentration rate of trapped atoms released
by annihilation can be expressed as é{f’}e“e 0, inn;, where 6, ;
represents the trap occupancy (equal to ¢, ;/n;) and 7; = —An;
the annihilation rate.

This release has to be accounted for in the chemical balance
equations of both ¢,, and ¢, ;:

Iem

~release

=V (DVep) +5- Y 24 3

ot Cri
Ocii __ 65(,:‘ -release
ot — ot ‘i
C))
acy;
5 = Vi Cm - (M —Cyi) — Vag - €,
e = 0, iy = —Acy;
that can be rewritten as
Ocm __ 8Ct,i
%n =V (DVep) +85— 3 %
(10)
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