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In fusion reactors, controlling plasma-material interactions, including fuel retention
and recycling, is essential not only to ensure regulatory compliance and economic viability of
the tritium fuel cycle, but also to maximize plasma and material performance. Retention of
hydrogenic species in metals such as tungsten (W) is largely driven by trapping in defects
generated by high and low energy ion irradiation. Here we explore both effects through a
range of multi-scale simulations.

Energetic alpha particles are expected to exit the core plasma and impinge
intermittently on material walls in magnetically confined fusion devices. Despite modest fast
ion fluxes, compared to boundary plasma fluxes (e.g., O(10'¢) vs O(10**) m™s!, respectively,
predicted for ITER), particles with energy in the MeV range can produce a significant
concentration of defects deep (um) in the wall material, thus affecting the efficiency of fuel
recovery mechanisms. Low energy (< 100 eV) ions that continually impinge from the
boundary plasma at high flux, cause near-surface (<100 nm) damage and surface
modification, and affect the reservoir available for (in-operando) recycling. Here we examine
the synergistic competition between these high (~ MeV) and low (~ 100 eV) energy fluxes,
and their effect on the fuel accumulation and recycling in W plasma-facing components. To
this end, using the atomistically informed, spatially dependent, drift-reaction-diffusion cluster
dynamics code Xolotl, we model the defect formation, migration, reactions, and hydrogen
(H) and helium (He) accumulation in these defects, in response to different combinations of
low and high energy fluxes.

We also explore fuel retention and recycling under dynamic PMI conditions, such as
during the edge localized modes (ELMs), anticipated to occur in ITER. We apply an existing
multi-scale model that couples time-dependent descriptions for the boundary plasma
(SOLPS), ion-surface interaction (F-TRIDYN), and subsurface material and gas dynamics
(Xolotl), to simulating H retention and recycling in the ITER divertor. We conclude that H
accumulation in the material and its depth-distribution are primarily driven by pre-existing
damage in the material, such as that caused by prior He operations. Increases in temperature
(caused by heat fluxes) increase H diffusion and thus its accumulation in the material, which
explains the second-order variations in H content and depth-distribution. Simulations without
ELMs confirm that the presence of these transients (or lack of thereof) is primarily noticeable
in plasma parameters. However, ELMs can also increase heat load deposition, which drives H
deeper into the material and increases H accumulation. Finally, simulations with an initially
pristine W substrate highlight the effect of pre-damage on the material evolution and H
accumulation. Without pre-damage, the H content is x3-4 lower; however, the H diffuses ~
40% deeper due to a lack of trapping sites, even though the incoming heat and particle fluxes
differ by < 10%. Long-term and total recycling are affected by both the presence of ELMs
and pre-damage: with sufficient deposited heat and energy, ELMs induce large fluctuations
intra-ELM, while pre-damage causes noise in the recycling in the inter-ELM phase.
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