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Abstract

Tritium retention behavior in the first wall and divertor exhibits considerable complexity under multi-particle
irradiation environments. Notably, neutron irradiation-induced damage substantially enhances tritium retention, presenting a
significant challenge for accurately predicting the tritium inventory under simultaneous irradiation by multiple particle species.
In this work, a model of coupling dynamic defect evolution with multiple hydrogen isotopes (HI) kinetics has been developed,
to investigate fuel retention in tungsten (W) under simultaneous irradiation with high-energy W ions and HI (H and D). The
simulations estimated the retention densities and distribution profiles of H and D in damaged W, revealing the underlying
mechanisms of their interactions with induced traps. A strong competition between H and D for trapping sites was observed,
indicating that D is preferentially trapped at vacancy-type defects than that of H, and their retention populations under
simultaneous H and D irradiation with damage level (dpa) was evaluated. The synergistic effect of vacancy-type trap annealing
and isotope exchange in reducing D retention. Furthermore, the effect of material temperatures and H/D flux ratios on D
retention were discussed. The simulation results demonstrate that H/D exchange contributes to the reduction of D retention at
low temperatures. As the temperature increases, defect annealing and thermal detrapping play increasingly important roles,
which is beneficial to lower D inventory. It was found that increasing the H/D flux ratio decreases the trapped D concentration
due to competitive exchange(H—D). The trapped D in W after simultaneous H and D irradiation was further reduced as
continuous H implantation. In summary, this model integrates defect dynamics with isotopic exchange, offering predictive
insights for controlling HI inventory in plasma-facing materials (PFMs) of fusion reactors.

1. INTRODUCTION

The management of tritium (T) inventory in plasma-facing materials (PFMs) for future fusion reactors is a critical
concern due to radiological safety risks associated with tritium retention [1]. Consequently, stringent control of T
accumulation in PFMs is imperative. Tungsten (W) has emerged as the primary candidate for PFMs owing to its
favourable properties, including low intrinsic T retention. However, during tokamak operation, PFMs are
subjected to simultaneous bombardment by hydrogen isotope (HI) ions (D, T) and high-energy neutrons, leading
to the formation of lattice defects that exacerbate T retention. Notably, 14 MeV neutron irradiation generates
dense populations of defects with high trapping energies (e.g., vacancy clusters, voids), which dominate T
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inventory build-up in DT fusion scenarios [2]. Extensive research has focused on predicting HI retention in
neutron-damaged PFMs. A significant limitation persists: direct experimental studies of neutron-induced damage
remain scarce, necessitating the use of ion irradiation as a proxy[3][4]. Recent experimental and computational
advances have elucidated key mechanisms, demonstrating that trapping and de-trapping kinetics at radiation
induced defects govern fuel retention[5][6]. Nevertheless, prevailing studies exhibit two critical shortcomings. On
one hand, most retention data derive from single-species HI irradiation, neglecting synergistic effects of mixed
H/D/T fluxes characteristic of reactor plasmas. The isotopic effects on HI retention under multi-species HI
irradiation is interesting, e.g., isotope exchange effect. On the other hand, defect evolution dynamics (e.g.,
recombination, clustering) under prolonged irradiation are rarely incorporated in multiple-species irradiation,
despite their profound influence on trap site populations. The evolution of defects in PFMs is a stochastic, non-
linear process governed by competing mechanisms such as defect annealing and HI trapping-detrapping kinetics.
Experimental study of this dynamic evolution remains prohibitively challenging, consequently, advanced
multiscale numerical modelling becomes indispensable to unravel defect-HI synergies and predict T inventory in
PFMs under reactor-relevant conditions.

Research on HI retention has predominantly examined sequential irradiation schemes involving H, D, and T,
yielding preliminary understanding of their distinct retention behavior and mutual interactions[7—10].
Experimental studies showed that H implantation in self-damaged tungsten effectively reduces D retention.
Computationally, recent modelling efforts have estimated D-T retention in co-deposited layers[11], while Sun et
al. investigated HI retention and exchange under sequential H-D irradiation[12], confirming the isotope exchange
for removal D. Nevertheless, existing studies consistently overlook the dynamic evolution of irradiation-induced
defects and lack mechanistic analysis under simultaneous multi-particle irradiation. To systematically simulate
multiple HI behavior in W, we simulated the D retention in W under the irradiation with W ions, H and D plasmas,
with particular emphasis on the coupling between defect evolution and isotope exchange mechanisms.

In our previous work [13], we developed a Hydrogen Isotope Inventory Process Code (HIIPC) to assess fuel
retention in self-ion damaged W under sequential D and H irradiation, and found that the trapped D is reduced
during H irradiation due to the occurrence of the isotope exchange (H —D). However, our preliminary results
demonstrated that the reduce D retention by isotopic exchange is limited due to static defect assumption and
oversimplified exchange. To address these gaps, our recent work [14] established a dynamic defect VITDE model
that quantifies vacancy/interstitial-type defect evolution populations under simultaneous W-ion bombardment and
thermal annealing, providing time-resolved trap site densities for HI retention.

In the present work, building upon our previous works [13][14][15], a coupled VITDE-HIIPC model that
incorporates multi-species HI bombardment and defect dynamics is developed and is used to simulate H and D
retention in radiation-damaged W under simultaneous H/D irradiation. The primary objective is to elucidate the
synergistic interplay between defect annealing kinetics and isotopic exchange mechanisms in governing HI
retention, and estimate the H and D concentration and distributions inside W.

2. SIMULATION MODEL

The VITDE-HIIPC model describes the co-evolution of three key field quantities under multi-species
particle bombardment: the concentrations of irradiation-induced interstitial-type defect clusters (I),
vacancy-type defect clusters (V,), and hydrogen isotopes (H and D). Within a continuum framework, their
temporal and spatial development is governed by the following set of coupled differential equations:
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In this model, the production rates of interstitial-type (I,) and vacancy-type (Vy) defect clusters, as well as the
implantation profiles of H/D, are determined using theoretical formulations and TRIM simulations. The resulting
defects interact with implanted H/D through a series of key processes—including diffusion, reaction, clustering,
dissociation, trapping, and de-trapping—whose rates are governed by physical parameters such as diffusion
coefficients, capture radii, defect-defect binding energies, and H/D trapping/de-trapping energies. Key irradiation

conditions, including H/D particle fluxes, damage rates induced by W ions, and material temperature, are
explicitly incorporated into the model.

TABLE 1.  The de-trapping parameters of all the trap sites for HI used in simulation
Trap types Symbols Values
GB E¢p-p(eV) 0.85
Dis Efis-p(eV) 1.0
Egt ,(eV 42,1.56,1.60,1.65,1.
Va(n=1~N=10) Vn-n(eV) 1.42,1.56,1.60,1.65,1.69,

1.71,1.75,1.79,1.82,1.85

3. SIMULATION RESULTS

The creation and evolution of defects under hydrogen isotope (HI) irradiation play a critical role in fuel retention.
We simulated the retention of H and D in W under simultaneous H/D irradiation coupled with W-ion damage.
The D particle flux I, = 1.1 X 10'® m2s™! and H particle flux is equal to Alp, here A is denoted as H and D
flux ratio (A=2 is fixed unless otherwise stated). Fig. 1 presents the trapped H and D concentration profiles in the
damaged region at 300 K. The W-ion damage rate of 2 X 10~*dpa/s is used, and irradiation time is set to 1h. For
reference, the D concentration profile under mono-species D irradiation is also calculated and plotted. The higher
retained H concentration compared to D is ascribed to its larger trapping rate in vacancy-type defects.
Furthermore, under simultaneous irradiation, D exhibits a greater retention depth than in the mono-species case,
indicating that the H-D competition for traps enhances the diffusion and transport of both isotopes into the bulk.
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Fig. 1. Distributions of retained H and D concentrations in W under simultaneous 20MeV W ions and 200eV HI particles at
300K. The damage rate of 2x 10~ *dpa/s is used and irradiation time Ih.

We further investigated the influence of varying damage levels (dpa) on the retention and transport of H and
D under simultaneous H/D irradiation and W-ion damage. Fig.2 shows the evolution of trapped H (C‘Zl , Fig.

2(a)) and trapped D (CIZ1 , Fig. 2(b)), and the concentration of created vacancy-type traps a function of dpa
after 1 hour of simultaneous irradiation at 300K. As the dpa increases from 0.07 to 1.0, the maximum values
of CIZl , C]?n and Cﬁ;e“ted all rise, while their penetration depths decrease. A higher damage rate accelerates
the filling of the generated V., thereby slowing the diffusion of hydrogen isotopes. Moreover, as shown in
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Fig. 2(c), the concentration of created V, traps increases significantly within the H and D retention region
(<1.1 pm), compared to regions not occupied by H or D. Additionally, simulations at an elevated temperature

of 600 K illustrate the evolution of Cy!, C7 and C

created
v

with dpa, as shown in Fig. 3. The results indicate

that all three concentrations within the damaged region (~2.3 um) saturate at damage levels below 0.54 dpa.
A comparison of Figs. 3(a-c) reveals that the trapped deuterium ((.}21 ) accounts for the majority of the total
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Fig. 2. Variations of H, D and induced traps concentrations as dpa raises in W after
low energy HI particles at 300K. The irradiation time is fixed as 1h.
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Fig. 3. Variations of H, D and induced traps concentrations with dpa in W after simultaneous high energy W ions and low

energy HI particles at 600K.
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In fusion reactors, the first wall and divertor are subjected to direct bombardment by D and T particles, whose
flux ratio may vary. This present study aims to elucidate the distribution of H and D and their influence on defect
production under H/D co-irradiation with varying flux ratios. Fig. 4 presents the evolution of C]z , CIZ and
C&:e“ted as a function of the H/D flux ratio during simultaneous irradiation at 300 K, under a W-ion damage rate
of 2x107* dpa/s for 1 hour. As the H/D flux ratio increases, the maximum concentration of C‘Z rises (Fig. 4(a)),
while that of C@l declines (Fig. 4(b)). This trend is attributed to the increased solute H concentration at higher H
fluxes, which enhances the filling rate of available trapping sites. As a result, H exhibits a stronger trapping affinity
than D, leading to preferential occupation of defect sites by H and a consequent suppression of D trapping.
Furthermore, with increasing H/D flux ratio, the retention depths of both C]Zl and C]’,Jn increase. The dominant
trapping of solute H reduces the effective trapping of solute D, thereby promoting its deeper diffusion into the
material. In additional, the observed reduction in trapped D concentration under elevated H flux further indicates
significant H-D isotope exchange at 300 K. Fig. 4(c) shows the variation of Cﬁ:e“ted with the H/D flux ratio.
While the depth of the created vacancy-type traps profile increases, its maximum concentration remains largely
unchanged.
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Fig. 4. Variations of H, D and induced traps concentrations with H and D flux ratio in W after simultaneous high
energy Wions and low energy HI particles at 300K.
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Fig.5. Variations of H, D and induced traps concentrations with H and D flux ratios in W after simultaneous
high energy W ions and low energy HI particles at 600K.

A strong interdependence is observed between the H/D flux ratio, material temperature, and their combined effect
on hydrogen isotope retention and defect formation. The simulated values of Cj, € and Cﬁ;e“ted at 600 K
are shown in Fig. 5 as a function of the H/D flux ratio. The trends for C]Zl and C‘ZL at this temperature differ from
those in Fig. 4(a, b), revealing a mechanistic shift. The data in Fig. 5 indicate that Cﬁ’i first rises then falls, while
Cy, increases monotonically until both saturate. The total concentration of created vacancy clusters C‘Zeated in
the damaged region also reaches saturation with an increasing H/D flux ratio.
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Fig.6. Variations of H, D and induced traps concentrations with H and D flux ratio in W after simultaneous
high energy W ions and low energy HI particles at 300K.

To elucidate the isotope exchange of trapped D within an evolving defect system, the simultaneous damaged W
containing trapped H and D was subjected to subsequent hydrogen (H) irradiation. Fig. 6 depicts the evolution of
the areal densities of trapped H and D at different damage levels (dpa) during continuous H irradiation at 300 K,
following the cessation of the D flux. As shown in Fig. 6(a), the trapped D concentration decreases with increasing
H fluence, which is accompanied by a concurrent rise in trapped H. This reduction in D is attributed to the isotopic
replacement of trapped D by incoming H atoms.

4. CONCLUSIONS AND DISCUSSIONS

In the present work, fuel retention behavior under simultaneous irradiation with tungsten ions and
hydrogen/deuterium (H/D) is investigated. The retention mechanisms of H/D and their interactions with
irradiation-induced defects are analyzed by taking into account defect annealing and hydrogen isotope exchange.
Simulations reveal the density and spatial distribution of retained hydrogen and deuterium. The results
demonstrate that under H/D co-irradiation, the isotope retention depth increases significantly compared to single-
species deuterium irradiation. The retention density of both hydrogen and deuterium rises with increasing
radiation damage, as higher damage rates promote defect generation and enhance trapping, thereby suppressing
H/D diffusion and reducing the retention depth. The trapped H/D density shows a strong dependence on material
temperature and the H/D flux ratio. At lower temperatures, hydrogen retention exceeds that of deuterium, whereas
this trend reverses at elevated temperatures. Increasing the H/D flux ratio at low temperatures effectively reduces
trapped deuterium, and further deuterium removal can be achieved through hydrogen isotope exchange during
continued hydrogen irradiation. These simulation results provide an insight for predicting and mitigating fuel
retention under deuterium-tritium irradiation in future fusion reactors.
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