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Molecular dynamics simulations are used to investigate the behaviour of D atoms at two interfaces between Beryllium (Be) and Beryllium oxide (BeO). After relaxation of the simulation cell, there are (i) localised defects at the interface and (ii) a hexagonal misfit dislocation network creating a succession of compressed and expanded area from each side of the interface. The simulations between 750 K and 1500 K for tens to hundreds of nanoseconds show that both interfaces act as trapping sites for D atoms. The simulations also show that D atoms tend to migrate in the material where the hydrogen isotope solubility is the highest as predicted by thermodynamics. However, the simulations also shows that there are additional kinetic barriers (D trapping sites, D 2 formation/dissociation in BeO) that slow down the path to equilibrium. These additional kinetic barriers may influence the fuel retention and permeation in Be materials.

Introduction

The material chosen for the first wall of JET [START_REF] Philipps | Overview of the jet iter-like wall project[END_REF][START_REF] Brezinsek | Plasma-surface interaction in the be/w environment: Conclusions drawn from the jet-ilw for iter[END_REF] and ITER [START_REF] Loarte | the ITPA Scrape-off Layer, and Divertor Physics Topical Group. Chapter 4: Power and particle control[END_REF] tokamaks is Beryllium (Be). During the tokamak operation, Be materials may interact with the plasma mainly composed of deuterium (D) and tritium, two hydrogen isotopes (from hereon called HI). These interactions lead to the retention of HI in Be materials, either in the first wall or in codeposited layers which are the main media for fuel retention expected in ITER [START_REF] Heinola | Fuel retention in jet iter-like wall from post-mortem analysis[END_REF][START_REF] Brezinsek | Fuel retention studies with the iter-like wall in jet[END_REF]. This HI inventory is detrimental for the tokamak operation for control and safety reason. Indeed, in ITER, there is an operation limit for the total in-vessel inventory of 700 g. In addition, the retention and uncontrolled release of the fuel trapped in the materials can have problematic effects on the core plasma control especially during long pulse operations [START_REF] Grisolia | Plasma wall interaction during long pulse operation in tore supra[END_REF]. Thus, the knowledge of retention properties of hydrogen isotopes in Be materials are of prime importance to quantify the impact of plasma-wall interactions on plasma operations.

Modelling can be used at different scales to predict and anticipate how HI reacts with Be and BeO materials. At atomistic scale, the fundamental interactions of HI with Be materials are obtained with density functional theory (DFT) [START_REF] Ganchenkova | Hydrogen in beryllium: Solubility, transport, and trapping[END_REF][START_REF] Middleburgh | Defects and transport processes in beryllium[END_REF][START_REF] Zhang | Retention and diffusion of h, he, o, c impurities in be[END_REF][START_REF] Ferry | Diffusivity of hydrogen and properties of point defects in beryllium investigated by dft[END_REF][START_REF] Marinopoulos | Defect levels and hyperfine constants of hydrogen in beryllium oxide from hybrid-functional calculations and muonium spectroscopy[END_REF][START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF][START_REF] Ch | Assessment of multiscale hydrogen desorption models from (0001) be surfaces[END_REF] or molecular dynamics (MD) [START_REF] Björkas | Molecules can be sputtered also from pure metals: sputtering of beryllium hydride by fusion plasma-wall interactions[END_REF][START_REF] Safi | Atomistic simulations of the effect of reactor-relevant parameters on be sputtering[END_REF][START_REF] Safi | Multiscale modelling to relate beryllium surface temperature, deuterium concentration and erosion in fusion reactor environment[END_REF][START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF][START_REF] Hodille | Sputtering of beryllium oxide by deuterium at various temperatures simulated with molecular dynamics[END_REF]. The outputs of these atomistic simulations can then be used in higher scale methods such as reaction diffusion model [START_REF] Matveev | Reaction-diffusion modeling of hydrogen transport and surface effects in application to single-crystalline be[END_REF] or Kinetic Monte Carlo [START_REF] Safi | Multiscale modelling to relate beryllium surface temperature, deuterium concentration and erosion in fusion reactor environment[END_REF] that can be used to simulate migration and trapping of fuel in Be at experimental length and time scales.

Investigations led so far on the Be-O-H system either focus on Be only [START_REF] Ganchenkova | Hydrogen in beryllium: Solubility, transport, and trapping[END_REF][START_REF] Middleburgh | Defects and transport processes in beryllium[END_REF][START_REF] Zhang | Retention and diffusion of h, he, o, c impurities in be[END_REF][START_REF] Ferry | Diffusivity of hydrogen and properties of point defects in beryllium investigated by dft[END_REF][START_REF] Björkas | Molecules can be sputtered also from pure metals: sputtering of beryllium hydride by fusion plasma-wall interactions[END_REF][START_REF] Safi | Atomistic simulations of the effect of reactor-relevant parameters on be sputtering[END_REF][START_REF] Safi | Multiscale modelling to relate beryllium surface temperature, deuterium concentration and erosion in fusion reactor environment[END_REF] or BeO [START_REF] Marinopoulos | Defect levels and hyperfine constants of hydrogen in beryllium oxide from hybrid-functional calculations and muonium spectroscopy[END_REF][START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF][START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF][START_REF] Hodille | Sputtering of beryllium oxide by deuterium at various temperatures simulated with molecular dynamics[END_REF]. However, Raman spectroscopy of JET plasma facing materials [START_REF] Kumar | Identification of beo and beoxdy in melted zones of the jet be limiter tiles: Raman study using comparison with laboratory samples[END_REF][START_REF] Makepeace | The effect of beryllium oxide on retention in JET ITER-like wall tiles[END_REF] shown inclusion of BeO in Be in codeposited layers. Thus, it is important to understand how HI behaves at the interface between Be and BeO.

Regarding the interaction of HI at other material/material interfaces, early experimental investigations in steels suggest that HI can be trapped at TiC particles/Fe interface [START_REF] Sung | The effect of the interface character of tic particles on hydrogen trapping in steel[END_REF][START_REF] Tsuzaki | Quantitative analysis on hydrogen trapping of tic particles in stells[END_REF]. The suggested mechanism is trapping at misfit disclocation networks at the interface between both materials [START_REF] Tsuzaki | Quantitative analysis on hydrogen trapping of tic particles in stells[END_REF] which is also the case for trapping of HI at NbC particles in steel [START_REF] Shi | Atomic-scale investigation of deep hydrogen trapping in nbc/alpha-fe semi-coherent interfaces[END_REF]. DFT calculations also suggest that HI can be trapped by various interfaces such as Fe/cementite [START_REF] Mirzoev | Ab initio modelling of the hydrogen interaction with ferrite/cementite interface[END_REF], W/WC [START_REF] Yang | First-principles study of hydrogen behavior near w/wc interfaces[END_REF], Fe/W [START_REF] Shi | Behavior of hydrogen at fe/w interface: a first-principle calculation study[END_REF], Ta/Li [START_REF] Liu | The kinetic behaviors of h impurities in the li/ta bilayer: Application for the accelerator-based bnct[END_REF] or bcc Fe/Y 2 O 3 [START_REF] Huang | Firstprinciples investigations of hydrogen trapping in y 2 o 3 and the y 2 o 3 -bcc fe interface[END_REF] due to a reduction of the solution energy near the interface.

The purpose of this paper is to investigate the possible trapping of HI at the Be/BeO interface with the MD method. Both materials have lattices with hexagonal symmetry (hcp for Be and wurtzite for BeO). The experimental study of the growth of BeO on top of Be(0 0 0 1) with electron diffraction and electron microscopy suggests that the first stage of BeO growth is in the ⟨0 0 0 1⟩ direction with ⟨1 0 0 0⟩ of Be and BeO being parallel [START_REF] Scott | Structure and growth of beryllium oxide on single crystal of beryllium[END_REF]. Thus, in our study we will first build interfaces between Be(0 0 0 1) and BeO(0 0 0 1) that satisfy these conditions. Then, HI will be randomly inserted in either Be or BeO materials and simulations between 10 and 100 ns will be run with MD to investigate the evolution of the system at temperatures between 750 K and 1500 K.

Method

Experiments of BeO growth on Be suggest that at the Be(0 0 0 1)/BeO(0 0 0 1) interface, ⟨1 0 0 0⟩ directions of Be and BeO are parallel [START_REF] Scott | Structure and growth of beryllium oxide on single crystal of beryllium[END_REF]. However, there is a mismatch between both lattice constants in this direction: a Be = 2.25 -2.32 Å [START_REF] Björkas | Interatomic potentials for the Be-C-H system[END_REF] and a BeO = 2.698 -2.766 Å [START_REF] Byggmästar | Analytical bond order potential for simulations of BeO 1D and 2D nanostructures and plasma-surface interactions[END_REF]. Thus, having an interface satisfying the symmetry of both lattices implies creating a big enough supercell. To do that, we are using classical molecular dynamics and the code parcas [START_REF] Nordlund | Defect production in collision cascades in elemental semiconductors and fcc metals[END_REF]. The ovito software [START_REF] Stukowski | Visualization and analysis of atomistic simulation data with ovito-the open visualization tool[END_REF] is used for the visualisation of the positions of the atoms and the plots are done with matplotlib [START_REF] Hunter | Matplotlib: A 2d graphics environment[END_REF].

Interatomic potentials

The simulation cells contain three species: Be, oxygen (O) and deuterium (D). We use deuterium as it is the main plasma particle used in current tokamaks. To describe the interactions between atoms, Tersoff-like potential [START_REF] Tersoff | New empirical model for the structural properties of silicon[END_REF][START_REF] Tersoff | New empirical approach for the structure and energy of covalent systems[END_REF] are used. For these interactions, D atoms are considered as H atoms with a mass of 2.014 atomic mass units. Thus, a kinetic process such as diffusion characterized by a rate k will be affected through kD kH = mH mD , with m X the mass of the hydrogen isotope X. The Be-O-H ternary potential we previously established is given in [START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF] and combines Be-Be and Be-H potential from [START_REF] Björkas | Interatomic potentials for the Be-C-H system[END_REF] (version II), the H-H potential from [START_REF] Brenner | Empirical potential for hydrocarbons for use in simulating the chemical vapor deposition of diamond films[END_REF], the O-O potential from [START_REF] Erhart | Analytic bond-order potential for atomistic simulations of zinc oxide[END_REF], the Be-O potential from [START_REF] Byggmästar | Analytical bond order potential for simulations of BeO 1D and 2D nanostructures and plasma-surface interactions[END_REF] and the O-H potential from [START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF].

Simulation set-up

Geometry of the interface

To simulate the interface between Be(0 0 0 1) and BeO(0 0 0 1), a BeO wurztite sub-supercell with a thickness z BeO = 45 Å is inserted in the center of a Be hcp sub-supercell of thickness z Be = 112 Å. A similar method is used in [START_REF] Byggmästar | Analytical interatomic bond-order potential for simulations of oxygen defects in iron[END_REF] to simulate the Fe/FeO interface. The thickness of the BeO layer is much smaller than the Be one in order to simulate the realistic case where a thin layer of BeO grows on top of bulk Be.

For both cells, ⟨0 0 0 1⟩ are parallel to the z direction. Thus, the system is Be/BeO/Be with two Be/BeO interfaces which allows to apply periodic boundary conditions in the z direction. Such boundary conditions prevent the escape of added D atoms by any open surfaces as periodic boundary conditions are also applied in x and y directions.

As there is no plane of symmetry perpendicular to ⟨0 0 0 1⟩ for the BeO wurtzite structure, both interfaces are not equivalent: for the BeO(0 0 0 1) surface, Be terminates the surface while it is O for the BeO(0 0 0 1) surface. For sake of clarity, in the following, only the indices of the BeO planes are given: the studied interfaces are the Be/BeO(0 0 0 1) interface and the Be/BeO(0 0 0 1) interface.

The simulation cells used in this study have a rectangular cross section of 72×76 Å2 in the (x, y) plane, with x being aligned in the ⟨1 0 0 0⟩ direction of both Be and BeO lattices. In principle, this is not the smallest box size which would guarantee a match between the Be and BeO cells in x and y direction. However, when looking at the simulation cell from the top (figure 1), one can see a pattern with almost hexagonal symmetry appearing due to the lattice mismatch. This pattern is higlighted by the red hexagons in figure 1 which show places where the Be lattice is almost perfectly aligned with the BeO lattice. The chosen dimensions of the cells in the (x, y) plane are the smallest dimensions that guarantee the hexagonal symmetry of this pattern beyond the border of the cell as periodic boundary conditions are applied in x and y directions. With these dimensions, the match is not perfect between the Be hcp subsupercell and the BeO wurtzite sub-supercell: the Be sub-supercell is 0.3 % bigger than the BeO one in the x direction and the BeO sub-supercell is 0.1 % bigger than the Be one in the y direction. represent a realistic system. First, the simulation cell is annealed during 1 ns with the temperature in the system maintained at 1500 K using a Berendsen thermostat [START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF] on all atoms. During this step, a pressure control is applied to the system (at 0 Pa). After this initial step, the system evolves for another 1 ns but with no temperature and no pressure control. Finally, the system is quenched to 0 K in 10 ns using temperature and pressure control. During these three steps, the time step for integration is 0.3 fs.

Relaxing the interface

Adding D to the material

After the relaxation, the behaviour of D atoms at the Be/BeO interface is investigated. At a given temperature T , the relaxed simulation cell is first annealed for 10 ps at the temperature T using the temperature control on all atoms as well as a pressure control (at 0 Pa). Then D atoms are inserted either in the Be or BeO part of the simulation cell with a desired initial concentration c 0 D which is chosen to be around 0.5×10 28 Dm -3 (≈0.05 atomic fraction). This high concentration is used to have a significant amount of D added to the simulation cells which improves the likelyhood of events. The studied temperatures ranges between 750 K and 1500 K in order to speed up the kinetics of the involved processes.

The most stable position of hydrogen isotopes in Be is the basal tetrahedral site (BT) [START_REF] Ganchenkova | Hydrogen in beryllium: Solubility, transport, and trapping[END_REF][START_REF] Middleburgh | Defects and transport processes in beryllium[END_REF][START_REF] Ferry | Diffusivity of hydrogen and properties of point defects in beryllium investigated by dft[END_REF]. Thus, to insert D in Be, we randomly select a Be atom in the Be part, calculate the coordinates of one of the BT neighbouring sites and put a D atom at these coordinates. In BeO, there are multiple stable configurations involving single HI or HI 2 molecules [START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF] with HI 2 being the most stable. However, it requires the bonding of two HI for HI 2 to be formed in BeO, which may be limited by the HI diffusion if HI is initially inserted in the atomic form. Thus, in the BeO part, D atoms are inserted at random positions with a constraint on the initial minimum D-D distance (≥ 0.7 Å) and D-O/Be distance (≥ 1.15 Å). These constraints prevent artificial recoil energy deposition due to the short range repulsion when starting the MD simulation. These constraints also allow the formation of all the possible configurations of D in BeO, including D 2 in the initial cell. However, with the chosen concentration, the quantity of D 2 stays low in this initial cell and mostly atomic D is inserted in BeO.

After D atoms are inserted either in Be or in BeO, the simulation cell is again relaxed for another 10 ps at the desired temperature with a pressure control. Then, the system is simulated for several nanoseconds to study the diffusion and segregation of HI at the interface. For the simulations of D initially in Be, the simulations last 20 ns which is enough to observe a significant evolution of the system thanks to the fast diffusion of D in Be. The temperature control is applied to a 12 Å-thick slab in the centre of the simulation cell in order to be far enough from any D atoms so their velocity are not re-scaled by the thermostat. For the simulations of D initially in the BeO, the simulations last 120-130 ns because the diffusion of D in BeO is much slower. The temperature control is applied to 10 Å-thick slab in the bottom of the slab which is far enough from the zone of interest so no velocity of atoms near the interface is re-scaled by the thermostat. For all these simulations, the time step for integration is 0.1 fs.

Physical quantities

To assess the quality of the interface as well as the evolution of the amount of D in the materials, we look at the profiles, in the z direction, of the average concentration of the species X ∈ {Be, O, D} and of the average potential energy per atom (in eV/atom). To do that, we consider a slice of thickness ∆z centred at the coordinate z. In that slice, the concentration of the specie X (m -3 ) is:

c X = N X S∆z (1)
where N X is the amount of atoms X in the slice and S = 72 × 76 Å2 is the cross section in the (x, y)

plane. The concentration can also be defined in atomic fraction (at.fr.) as:

c X = N X Σ I N I (2) 
where Σ I N I is the total amount of atoms in the slice. Similarly, the average potential energy per atom is:

E pot = Σ i E pot,i Σ I N I (3) 
where E pot,i (eV) is the potential energy of the atom i with i iterating over all atoms in the slice. Several stable configurations exist for D in BeO [START_REF] Marinopoulos | Defect levels and hyperfine constants of hydrogen in beryllium oxide from hybrid-functional calculations and muonium spectroscopy[END_REF][START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF] with the molecular configuration being the most stable [START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF] which depends on their environment (O, Be or D). To distinguish between these configurations and also to distinguish if a D atoms is in Be or BeO, the element of the nearest neighbours (O, Be or D) is detected. This allows to calculate the number of D close to O (N O-D ), to Be (N Be-D ) or bound to another D (N D2 ). To correctly detect the D 2 molecules (which should give an even number of D atoms) a D 2 is detected as soon as the D-D distance is below 1.1 Å. Thus, we are taking into account the possible vibrating molecules for which the D atoms are closer to the Be/O lattice atoms. More details about the method to accurately detect D 2 molecules is given in appendix A. For the view in the (x, z) and (y, z) planes, what is shown in figure 2 is a 5 Å-thick slice in the perpendicular direction positioned at the centre of the simulation cell. In these two views, if the distance between 2 Be atoms is below 2.25 Å, a bond is created by ovito.

Results

Analysis of the interface

In a pure relaxed Be, with the used interatomic potential, the Be-Be distance is 2.33 Å (in the hexagonal basal plane) and 2.26 Å (out of the hexagonal plane). Having Be-Be distances lower than 2.25 Å means the Be is compressed in this area. After relaxation, these compressed areas exhibit periodicity (figure 2(b) and(c)) with the same hexagonal symmetry as the pattern shown in figure 1: they are caused by the misalignment between the Be and BeO lattice at the interface. Between the compressed area, close to the interfaces, the material is expanded compared to perfect Be. These expanded area are where the Be and BeO lattice are almost aligned (see the red hexagons in figure 1). 

Misfit dislocation network

To further analyse the compressed/expanded area we used the dislocation analysis tool of ovito [START_REF] Stukowski | Automated identification and indexing of dislocations in crystal interfaces[END_REF] on the last frame of the relaxation procedure. The analysis is done only on the Be atoms considering the hcp structure as input crystal (Be atoms in wurtzite also have symmetry of the hcp structure). It reveals two different networks of misfit edge dislocations in the interface planes. Both networks are shown in figure 3 for the Be/BeO(0 0 0 1) interface (a) and for the Be/BeO(0 0 0 1) interface (b).

At the Be/BeO(0 0 0 1) interface, the Burgers vector of the dislocations is 1 3 ⟨1 2 1 0⟩. The dislocation lines form hexagons centred on the place where Be and BeO lattices match. In figure 2 (c), the first plane of Be atoms in contact with BeO(0 0 0 1) (top interface) has a periodic bump indicating the position of the edge dislocation. A similar hexagonal pattern of misfit dislocation with the same Burgers vector was observed at the Ti(0 0 0 1)/TiN(1 1 1) interface studied with MD [START_REF] Yang | Multiaxial tension/compression asymmetry of ti/tin nano laminates: Md investigation[END_REF][START_REF] Yang | Deformation mechanisms in ti/tin multilayer under compressive loading[END_REF].

At the Be/BeO(0 0 0 1) interface, the Burgers vectors of the dislocations are mostly 1 3 ⟨1 1 0 0⟩ forming rough equilateral triangles which, once assembled, form hexagons. However, for this interface, the network is much more chaotic which is accompanied by many point defects at the interface as one can see in figure 2(b) and (c) (bottom interface).

The difference between the networks comes from the specie terminating BeO(0 0 0 1) or BeO(0 0 0 1). BeO(0 0 0 1) is terminated by O atoms which ensure a strong adhesion to the Be atoms of the metallic layer. It is worth noting that the above mentioned Ti/TiN interface observed the same hexagonal misfit dislocation network for N terminated layers in contact with Ti [START_REF] Yang | Deformation mechanisms in ti/tin multilayer under compressive loading[END_REF]. On the other hand, BeO(0 0 0 1) is terminated by Be atoms. Thus, the O atoms below them tends to be attracted by the metallic Be creating defects in addition to the misfit dislocations, as observed at the bottom interface in figure 2 (b) and(c). The nature of these defects can be described as O vacancies in the top most layer at the BeO(0 0 0 1) surface and O interstial atoms at the Be/BeO(0 0 0 1) interface. To show further the difference between the interfaces, one can define the thickness of the interface as the distance between the plan of Be atoms that terminate the pure Be and the plane of atoms that terminates the BeO part (either Be or O atoms for BeO(0 0 0 1) and BeO(0 0 0 1) respectively). This thickness of the Be/BeO(0 0 0 1) interface is about 1.6 Å and the thickness of the Be/BeO(0 0 0 1) interface is about 2.3 Å. As expected, c Be = 1 in metallic Be and c Be = c O = 0.5 in the oxide layer. Also, the c Be decrease is thicker at the Be/BeO(0 0 0 1) interface than at the Be/BeO(0 0 0 1) interface due to the difference in element terminating the BeO planes, as previously discussed.

Atomic concentrations and potential energy

Figure 4 (b) reports the evolution of the potential energy per atom along the z coordinate. Far away from the interface, E pot matches well the potential energy of the perfect hcp or wurtzite structures (horizontal dashed lines): the simulation cell is big enough to represent a realistic configuration of a thin BeO layer connected to Be bulk. At both interfaces, the potential energy is climbing up from E pot (-5.559 eV/atom) in perfect BeO to E pot in perfect Be (-3.62 eV/atom). These intermediates layers are where the concentration of Be and O are not equal and where there are interface defects. Then, in the Be part, right next to the interfaces, there are small bumps of E pot related to the compression/expansion of the Be lattice shown in figure 2 (b) and (c). Since the potential energy per atom is averaged on all atoms of one slice, the amplitude of the bump is only ≈ 0.03 eV. However, some individual atoms have potential energy of about -2.90 eV at the Be/BeO(0 0 0 1) interface and -3.20 eV at the Be/BeO(0 0 0 1) interface, compared to -3.63 eV in perfect Be.

D inserted in metallic Be

Local evolution of the D concentration

First, D is inserted in the metallic Be parts with a concentration of 0.05 at.fr. which represents an addition of 3475 D atoms. figure 5 shows the simulation cell at the beginning (a) and after 10 ns at 1000 K (b). Initially, the D is uniformly distributed in the Be material and after 10 ns, a clear agglomeration of D is observed at the interfaces and no D has crossed the interfaces to reach BeO. At the Be/BeO(0 0 0 1) interface, the D seems to be agglomerated following a regular pattern along the interface. This pattern is due to the misfit dislocation network highlighted earlier in section 3.1. The misfit dislocations create expanded and compressed area in Be and D atoms sits preferably in the expanded part while they tend to stay away from the compressed one.

In order to quantify the evolution of the D trapped at the interface, the concentration of D, c D , is calculated with equation 1 and ∆z = 2 Å. Figure 6 shows the D profile at the beginning and at the end of the 20 ns MD simulations at 750 K (a), 1000 K (b) and 1250 K (c). At the beginning of the simulations, the concentration of D varies slightly around 0.5×10 28 Dm -3 . After 20 ns of simulations, the agglomeration of D can be observed right next to the interfaces without any D crossing the interface toward the BeO part. This given by the black, grey and red spheres respectively. The z direction is also represented in order to identify the Be/BeO(0 0 0 1) interface (left) and the Be/BeO(0 0 0 1) interface (right). agglomeration spans over two to three slices of 2 Å. For the Be/BeO(0 0 0 1) interface, the D is trapped at the interface thanks to the defects created there. For the Be/BeO(0 0 0 1) interface, the D is trapped on a broader range and one slice away from the interface: the D atoms sit in the expanded Be area near the interface.

The agglomeration of D at the interface is accompanied by a small decrease of the D bulk concentration (far away from the interface). At 1000 K and 1250 K (figure 6((b)-(c)), the bulk concentration remains uniform in the material thanks to the fast diffusion of D in Be at these temperatures. Conversely, at 750 K (figure 6(a)), the bulk concentration is not uniform and the depletion is pronounced next to where D atoms are trapped. It creates a gradient of D concentration which should eventually be removed thanks to diffusion from bulk. However, this diffusion is not fast enough at 750 K to be triggered efficiently on the time and length scale of the simulation. 3.2.2. Kinetics of D trapping at the interfaces To investigate the kinetics of the D trapping at the interface, the amount of D atoms trapped at the interface, N D trapped , is defined as the amount of D in the three slices with the highest concentrations right next to the interfaces. The evolution of this quantity with time is reported in figure 7 at the Be/BeO(0 0 0 1) interface (a) and at the Be/BeO(0 0 0 1) interface for the simulation at 750 K, 1000 K and 1250 K.

For both interfaces and temperatures, N D trapped increases with time and tends to saturate after a few ns of simulation. This is typically the results of a balance between trapping and detrapping which depends on the local concentration of interstitial particles, the content of free trapping sites and the temperature. In particular,the kinetics is faster at higher temperature: the saturation is not reached at 750 K but it is at 1250 K. In addition, the total quantity of trapped D seems lower at higher temperature, at least for the agglomeration of D at the Be/BeO(0 0 0 1). Both observation indicated the presence of a trapping process thermally activated.

At all temperatures, the amount of D trapped by the Be/BeO(0 0 0 1) interface is a bit higher than the amount of D retained near the Be/BeO(0 0 0 1) which is also seen on the concentration profile (figure 6). At both temperatures, the interfaces retained about 300-600 D atoms and since the cross-section of the simulation cell is 72×76 Å2 , the retention at the interface represents 5-9×10 18 D/m 2 , i.e. about one monolayer, in a slice 6 Å thick.

D inserted in BeO

3.3.1. Local evolution of the D concentration D is now inserted in the BeO slab with a concentration of 0.05 at.fr. which represents an addition of 1642 atoms. Because D diffusion is slower in BeO than in Be, the simulations had to be pushed up to 120-130 ns and the temperature above 1250 K in order to be able to see significant evolutions of the system.

Figure 8 and figure 9 show the concentration of D at the beginning (a) and the end (b) of the simulations at 1500 K and 1250 K respectively. The average D concentration in the BeO part at the beginning and at the end of the simulations are also shown in black and grey dashed lines respectively. For both temperatures, most of the D are bound to an oxygen atoms at the beginning of the simulations, as it is the most stable configuration of dissolved atomic D in BeO with the used potential [START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF]. Some D 2 are also present in a much lower amount as well as very few Be-D.

At the end of the simulation at 1500 K, D have been transferred to the Be part thanks to the steep D gradient at the interface. Thus, the amount of Be-D rises but is only present in the Be part. And the Amount of D trapped, N D trapped , at the Be/BeO(0 0 0 1) interface (a) and at the Be/BeO(0 0 0 1) interface (b) during the MD simulation at 750 K, 1000 K and 1250 K. N D trapped is the amount of D in the three slices (each with ∆z = 2 Å) next to the interfaces. concentration of Be-D is higher near the interfaces due to the trapping sites highlighted in section 3.2. In the BeO part, there is a conversion of O-D bond into D 2 molecules as D atoms diffuse close to each other. And this conversion seems more pronounced at the interfaces especially at the Be/BeO(0 0 0 1) (around -20 Å). This interface may acts as a trap for D 2 , though it is not a bubble of gas as the D concentration remains low. In the simulation at 1250 K, similar behaviour can be observed but the temperature being lower, the kinetics of all the processes are much slower.

Kinetics of D transport across the interface

To investigate the kinetics of D transport across the Be/BeO interface, we look at the evolution of the number of D in each binding configuration. Figure 10 shows the evolution of N O-D (a), N Be-D (b) and N D2 (c) for both simulated temperatures. The amount of N O-D decreases with time while both N D2 and N Be-D increase. The growth of N D2 shows that D atoms tend to bond to other D in BeO as soon as the migration of atomic D is triggered. This is thermally activated as one can see that the growth of N D2 at 1250 K is much slower than at 1500 K. Looking at the depth profile (figure 8/ 9), this growth is largely enhanced by the presence of the interface, either by speeding up the D transport in this area and thus increasing the probability of meeting between two D or by the presence of traps.

The growth of N Be-D and the decrease of N O-D is an indication that D will tend to transport across the Be/BeO interface when initially positioned inside the BeO materials. One can also observed an apparent saturation of N Be-D in the simulation at 1500 K which does not seem to happen for N D2 . At the early stage of the simulations, there are atomic D bound to O at the interfaces that can either recombine to form D 2 or 

Discussion

Thermodynamic considerations

In macroscopic rate equation models of HI transport in plasma facing components with multi-materials, different models exists to tackle the transfer across the interface. For instance, one can use the continuity of the concentration of mobile (interstitial) HI or the continuity of the chemical potential [START_REF] Jang | Advanced Thermal-Moisture Analogy Scheme for Anisothermal Moisture Diffusion Problem[END_REF][START_REF] Liu | An examination on the direct concentration approach to simulating moisture diffusion in a multi-material system[END_REF][START_REF] Delaporte-Mathurin | Influence of interface conditions on hydrogen transport studies[END_REF][START_REF] Arredondo | Preliminary estimates of tritium permeation and retention in the first wall of demo due to ion bombardment[END_REF] at the interface. The latter model is based on Thermodynamics and is the most physical one. When the HI solubility in the materials from each side of the interface are different, it implies a discontinuity of the concentration of interstitial HI which can be modelled 

c 1 c 2 = S 1 (T ) S 2 (T ) (4) 
with c i the HI concentration in the material i (in m -3 ) and S i (T ) (m -3 Pa -1/2 ) the temperature dependent HI solubility in the material i. Following this model, if the solubility of HI in material 1 is higher, the concentration of HI in this material tends to be higher than in material 2.

The solution energy of HI in Be in the BT site calculated by DFT is in the 1.40 eV -1.67 eV range [START_REF] Ganchenkova | Hydrogen in beryllium: Solubility, transport, and trapping[END_REF][START_REF] Middleburgh | Defects and transport processes in beryllium[END_REF][START_REF] Zhang | Retention and diffusion of h, he, o, c impurities in be[END_REF][START_REF] Ferry | Diffusivity of hydrogen and properties of point defects in beryllium investigated by dft[END_REF] and is 1.35 eV within the interatomic potential used in this study [START_REF] Björkas | Interatomic potentials for the Be-C-H system[END_REF]. The solution energy of HI in BeO calculated by DFT is 1.98 eV/H for neutral H 2 , 3.31 eV for charged state at the pinning level and about 4.00 eV for neutral atomic H [START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF]. Within the interatomic potential used in this study, it is 1.69 eV/H for H 2 and higher than 2.04 eV for any configurations involving atomic H [START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF]. In all the cases, the solution energy of HI in Be is lower than the solution energy of HI in BeO. Thus, neglecting at the first order the entropic effect, one should expect a higher concentration of HI in Be than in BeO. The ratio between both concentrations can be estimated with the solution energy as:

c BeO H c Be H ≈ exp - E BeO H -E Be H k B T (5) 
with k B = 8.617×10 -5 eV/K, the Boltzmann constant, T the temperature and E i H the solution energy of HI in the material i (Be or BeO). Taking the values obtained for the interatomic potential, one should expect a ratio between 0.02 (H 2 in BeO/H in Be) and 0.0003 (H in BeO/H in Be) at 1000 K.

When 3475 D atoms are inserted in Be at 1000 K, one could expect about 66 D atoms in the BeO as D 2 molecules and no atomic D. In the MD simulations, none are observed in BeO which qualitatively agrees with the prediction. The small difference can be explained by the kinetics aspect: To appear as D 2 , the D atoms have first to meet at the interface and bind there or cross the interface as atomic D (which is not probable according to equation 5) and bind inside BeO.

When 1642 D atoms are inserted in BeO at 1500 K, one could roughly expect about 100 D atoms as D 2 and 8 as atomic D at equilibrium. This is not what is observed because the system is kinetically limited by the slow diffusion [START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF][START_REF] Allouche | First-Principles Study of hydrogen retention and diffusion in beryllium oxide[END_REF] of D in BeO (as atomic D or D 2 ) which is much slower than D diffusion in Be [START_REF] Ferry | Diffusivity of hydrogen and properties of point defects in beryllium investigated by dft[END_REF]. However, the trend agrees with the interface model of equation 5: the D atoms tend to cross the interface toward metallic Be. One should also mention that the formation of D 2 may block the transport of D from BeO to Be as soon as it becomes the main D configuration at the BeO side of the interface. Indeed, the D 2 would need to first dissociate before crossing the interface which adds another kinetic process.

To conclude on the interface model based on equation 4, it is a good approximation as soon as the kinetic exchanges between materials from each side of the interface are fast compared to the time constant of the other processes in the calculations (trapping, diffusion and permeation). At the time scale of these MD calculations, it seems the thermodynamic equilibrium is beyond reach even at temperature as high as 1500 K. In addition, in the particular case of the Be/BeO interfaces, the presence of D 2 may block the exchange at the interface by adding an additional kinetic barrier.

4.2.

Trapping at the interface 4.2.1. Nature of the trapping sites In these MD simulations, especially when D is inserted in Be, agglomeration of D is observed at the interfaces. It is due either to the presence of defects at the interfaces or to the misfit between both materials leading to compressed and expanded area where D can be trapped.

In other materials, the presence of energy wells for HI (traps) at the interfaces such as Fe/cementite [START_REF] Mirzoev | Ab initio modelling of the hydrogen interaction with ferrite/cementite interface[END_REF], Fe/Y 2 O 3 [START_REF] Huang | Firstprinciples investigations of hydrogen trapping in y 2 o 3 and the y 2 o 3 -bcc fe interface[END_REF] or W/Fe [START_REF] Shi | Behavior of hydrogen at fe/w interface: a first-principle calculation study[END_REF] have been calculated by DFT methods and our MD simulations show the same process occurring at the Be/BeO(0 0 0 1) interface. Another trapping process at the interface involves the misalignment of lattice materials from each side of the interface. Such misalignment creates a misfit dislocation network which creates compressed and expanded area especially visible in the Be part (figure 7(c)). The MD simulations show that D tends to agglomerate where the Be lattice is expanded and is absent where the Be is compressed. It results in an agglomeration of D near the Be/BeO(0 0 0 1) interface. This trapping mechanism has also been described for HI at the W/WC interface [START_REF] Yang | First-principles study of hydrogen behavior near w/wc interfaces[END_REF] with DFT calculations and the trapping of HI at misfit dislocations is suggested to explain experimental results on HI trapping at carbide particles in steels [START_REF] Tsuzaki | Quantitative analysis on hydrogen trapping of tic particles in stells[END_REF][START_REF] Shi | Atomic-scale investigation of deep hydrogen trapping in nbc/alpha-fe semi-coherent interfaces[END_REF]. This trapping aspect is not taken into account in the current macroscopic models implementing equation 4. Indeed, this model assumes that the thermodynamic equilibrium is quickly reached which is a heavy assumption in presence of strong kinetic barriers such as traps at the interface. The presence of such trapping mechanisms is important to take into account for the estimation of HI inventory in multimaterial components as our MD calculations show that the interface can retain about 10 19 D/m 2 (which is equivalent to a monolayer of D adsorbed on a surface). It could also delay the permeation of HI across such components.

4.2.2.

Rate equation modelling In the appendix of [START_REF] Delaporte-Mathurin | Influence of interface conditions on hydrogen transport studies[END_REF], a kinetic description of HI at the interface is proposed with trapping sites at the interface. From this kinetic description, a rate equation (RE) model is built. The steady-state of this RE model is compatible with equation 4 but it renders the transient increase of the concentration of HI at the interface. With this model, the concentration of HI at the interface increases and saturates with the same behaviour as the growth of N D trapped in figure 7, when imposing a constant concentration in one side of the interface. This model is used to analyse further the MD simulations results when D is inserted in Be (section 3.2). The MD results when D is inserted in BeO are not analysed because the formation of D 2 is not taken into account in the RE model.

To analyse the results of the MD simulations presented in section 3.2, the RE model is simplified, based on the observations made in the MD simulation, assuming:

(i) no gradient of D: the diffusion is fast enough to Table 1: Temperature dependent rate constants (s -1 ) of the form ν x→y (T ) = ν 0 exp -Ex→y kBT for trapping and detrapping at the interface derived from the rate equation modelling (see the dashed line in figure 13).

ν Be→i (T ) ν i→Be (T ) ν 0 (s -1 ) E Be→i (eV) ν 0 (s -1 ) E i→Be (eV)
Be/BeO(0 0 0 1) All these assumptions simplify the RE model to a single trapping/detrapping equation giving the evolution of the concentration of D at the interface c i (m -2 ):

dc i dt = ν Be→i (T ) (1 -θ i ) λ Be c Be -ν i→Be (T )c i (6) 
where λ Be = 2 × 1.577 Å is the jumping distance between two interstitial sites in Be [START_REF] Ferry | Diffusivity of hydrogen and properties of point defects in beryllium investigated by dft[END_REF] (so λ Be c Be is the areal density of interstitial D which interacts with the interface). The interface coverage is θ i = ci ni (dimensionless between 0 and 1) with n i (m -2 ) the amount of trapping sites at the interface. The temperature dependent rate constants for trapping and detrapping from the interface are ν Be→i (T ) and ν i→Be (T ) (s -1 ) respectively. This ordinary differential equation can be solved analytically and the time evolution of c i is:

c i (t) = c ∞ i 1 -exp - t -t delay τ i (7) 
with c ∞ i (m -2 ) the steady-state concentration of D at the interface, τ i (s) the characteristic time constant and t delay (s) a time delay linked to the initial concentration of D at the interface as:

t delay = τ i ln 1 - c i (t = 0) c ∞ i . (8) 
Both c ∞ i and τ i are expressed as a function of the trapping parameters at the interface:

c ∞ i = n i 1 + νi→Beni νBe→iλBecBe (9) τ i = c ∞ i ν Be→i λ Be c Be . ( 10 
)
To determine the temperature dependence of the reaction rates, the growth of c i observed in the MD simulations is simulated with equation 7. For each temperature and interface, there are three free parameters: n i , ν Be→i and ν i→Be . For a set of these parameters, the quality of the RE model is quantified with the relative error ϵ =

|c MD i (t)-c RE i (t)|dt c MD i dt
. The free parameters, except for n i , are determined using a similar parametric optimisation as in [START_REF] Delaporte-Mathurin | Parametric optimisation based on tds experiments for rapid and efficient identification of hydrogen transport materials properties[END_REF] based on the optimize.minimize function of the scipy package [START_REF] Virtanen | SciPy 1.0: fundamental algorithms for scientific computing in Python[END_REF][START_REF] Jones | SciPy: Open source scientific tools for Python[END_REF].

Figure 11 shows the sensitivity of the minimised error (a) and optimised reaction rates (b-c) to the parameter n i between 10 19 m -2 and 10 21 m -2 for the Be/BeO(0 0 0 1) interface (the exact same behaviour happens for the Be/BeO(0 0 0 1) interface). As the minimised values of ϵ is the same for all values of n i , one cannot determine this parameter unambiguously. However, this is not an issue for the determination of the reaction rates as ν Be→i is independent of n i and ν i→Be does not depend on n i above ≈10 20 m -2 . Thus, we are using n i = 10 20 m -2 in the next.

Figure 12 shows the good agreement (below 5% of error) between the RE modelling and the MD simulations with the optimised reaction rates for the Be/BeO(0 0 0 1) interface (a) and the Be/BeO(0 0 0 1) interface (b) The optimised reaction rates used in these RE modelling are reported in figure 13. They show clear temperature dependencies which are fitted with an Arrhenius law ν x→y = ν 0 exp -

Ex→y kBT

with the values of ν 0 and E x→y reported in table 1. For both interfaces, the trapping rates to the interfaces are very similar: the trapping is not affected by the type of interface but rather by the diffusion of D in Be. On the opposite, the detrapping rate from Be/BeO(0 0 0 1) is lower than the one from Be/BeO(0 0 0 1) which is understandable as the latter trapped more efficiently D at the same temperatures (figure 7). For the Be/BeO(0 0 0 1) interface, the detrapping energy is lower than the trapping energy which may be questionable. This difference is explained by the one order of magnitude lower detrapping pre-exponential factor which keeps the detrapping rate below the trapping rate.

This rate equation modelling suggest that the model presented in the appendix of [START_REF] Delaporte-Mathurin | Influence of interface conditions on hydrogen transport studies[END_REF] is able to physically represent the trapping mechanisms happening at he Be/BeO interfaces. The energy barriers reported in table 1, especially the detrapping energies from the interface, may appear small as the typical detrapping energies of D from traps in Be are usually in the 1 eV range [START_REF] Matveev | Reaction-diffusion modeling of hydrogen transport and surface effects in application to single-crystalline be[END_REF][START_REF] Baldwin | Experimental study and modelling of deuterium thermal release from be-d co-deposited layers[END_REF]. This is due to the low value of the pre-exponential factor (≈ 10 10 s -1 ) which are much lower than the one used in rate equation modelling that ranges around 10 12 or 10 13 s -1 [START_REF] Hodille | Simulations of atomic deuterium exposure in self-damaged tungsten[END_REF][START_REF] Matveev | Reaction-diffusion modeling of hydrogen transport and surface effects in application to single-crystalline be[END_REF][START_REF] Schmid | Recent progress in the understanding of h transport and trapping in w[END_REF]. Such low pre-exponential factors most likely come from the limited range of temperature used in this study. A better assessment of the energy barriers and pre-exponential factors would require MD simulations at much lower temperatures which is technically difficult as the kinetics would most likely be frozen at the MD time scale.

Conclusions

Molecular dynamics simulations of D atoms at the Be/BeO interface are presented. The relaxation of the simulation cell without HI shows the presence of obtained from the rate equation modelling rates. defects at the Be(0 0 0 1)/BeO(0 0 0 1) interface and the presence of a hexagonal misfit dislocation network at the Be(0 0 0 1)/BeO(0 0 0 1) interface which creates a pattern of compressed/expanded regions in Be.

Once D atoms are randomly inserted in the Be parts, they tend to be trapped at these defects and in the expanded region of Be leading to an accumulation of D at the interface. No D atom crosses the interface to migrate from the Be part to BeO.

When D atoms are randomly inserted in the BeO part, they initially form O-D bonds. During the simulations, they tend either to be transported to the Be part by crossing the interface or form D 2 molecules (the most stable form of D in BeO). The simulations suggest that once all the atomic D near the interface is consumed by these processes (at 1500 K it happens in about 100 ns), the transport of D across the interface is slowed down: the dissociation of D 2 at the interface blocks the transport of D toward Be. The Be/BeO(0 0 0 1) interface seems also to speed up the formation of D 2 compared to the bulk BeO which suggests the presence of a trap for D 2 at the interface.

In the MD simulations, the kinetics of D concentration in Be and BeO agrees overall with the thermodynamics predictions: when D is in Be, it stays in it and when it is in BeO, it tends to go in Be because the solubility of D in Be is higher than in BeO. This is predicted by the current macroscopic model for D transport in multi-material plasma facing components based on the conservation of the chemical potential. However, our simulations highlight the presence of several kinetic barriers such as traps and D 2 recombination/dissociation at the interface that slow down the path toward the thermodynamic equilibrium. Taking into account these trapping aspects and kinetic barriers may be of importance for assessing the fuel inventory in plasma facing components and to accurately predict the permeation of HI through multimaterials components.

Appendices

A. Identification of D 2 molecules

Three main types of configurations may exist for D atoms in BeO depending on their environment: D 2 molecules, O-D or Be-D [START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF]. In Be, Only Be-D exists. For a structure without defect at 0 K, the distinction between these three types of D atoms is straightforward and based on the interatomic distance and the potential energy since each configuration has a given solution energy and geometry. However, the temperature introduces motion and make the determination of configurations harder, especially for D 2 molecules. Here, we describe the method to detect D 2 molecules despite the thermal motion. Figure 14 shows the radial distribution g X-D (r) calculated by ovito for D atoms in the last frame of the simulation of D inserted in BeO at 1500 K. To detect a D 2 molecule, one can base the analysis on the D-D distance. According to figure 14, there is a first peak around 0.75 Å, corresponding to the D 2 molecules. Then between 1.05 Å and 1.6 Å, g D-D (r) = 0. Indeed, according DFT calculations [START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF] and MD relaxation [START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF], the stable position for D 2 is in an octahedral position (as defined in [START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF]). The D 2 molecule is oriented along the c-axis in this site. The closest distance between 2 D atoms from 2 molecules in two octahedral neighbour sites is in the c direction and is needs to be below a cut-off r cut,D2 that is between 1.05 Å and 1.5 Å. With this method, if the D-D distance is below r cut,D2 , both atoms will be counted in the D 2 group independently of their nearest neighbour which could be O or Be due to the thermal motion. The number of calculated D 2 molecules as a function of this cut-off is reported in figure 15. As expected, between 1.00 Å and 1.60 Å, the amount of D 2 stays constant and increases as soon as r cut,D2 > 1.6 Å. Thus, a correct value of r cut,D2 to detect D 2 accurately would be between 1.00 Å and 1.60 Å and r cut,D2 = 1.10 Å has been chosen. As mentioned above, the potential energy could also be used to distinguish between the three categories of D atoms. Figure 16 shows the distribution of D atoms as a function of E pot for the last frame of the simulation of D inserted in BeO at 1500 K. The D atoms are also sorted in the three categories D 2 , O-D and Be-D in order to see if it is possible to distinguish the D atoms based on their potential energy. The distribution of D 2 peaks for the lowest E pot around -2.37 eV/atoms showing that D seems to be the most stable configuration in BeO. However, the distributions of O-D and Be-D, peaking above 2.0 eV/atom are broad and overlap with the one of D 2 (thermal motion and defects at the interface). In addition, the distribution of D 2 extends quite high in the potential energy, up to -2.0 eV/atom (this tail also occurs for r cut,D2 = 0.8 Å). Thus, the distinction between the three configuration based on the potential energy is not possible. 
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 1 Figure 1: Top view of the 72×76 Å2 simulation cell (prior to relaxation) in the (x, y) plane. Gray spheres represent the positions of the O atoms while black spheres represent the positions of Be atoms. x is parallel to ⟨1 0 0 0⟩ of both the Be and BeO lattices. The red hexagons show places where the Be lattice is almost perfectly aligned with the BeO lattice.
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 11 Compressed/expanded material The simulation cell (without D) obtained at the end of the relaxation procedure is shown in different planes in figure 2.

Figure 2 :

 2 Figure 2: The simulation cell after the relaxation procedure, viewed from the top in the (x, y) plane (a), from the side in the (y, z) plane (b) and from the side in the (x, z) plane (c). For the side views (b) and (c), only a slice of 5 Å thick in the perpendicular direction is shown, positioned at the center of the simulation cell. In these slices, the bonds represent the places where the Be-Be distance is below 2.25 Å. Gray spheres represent the positions of the O atoms and black spheres give the positions of Be atoms.

Figure 4 (

 4 a) shows the evolution of the concentration of Be and O in the simulation cell along the z coordinate.
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 31 Figure 3: Misfit dislocation network at the Be/BeO(0 0 0 1) interface (a) and at the Be/BeO(0 0 0 1) interface (b). To see the dislocation networks at the interfaces, only slices of ∆z = 5 Å at z = 23 Å and at z = -23 Å are shown. The green lines are edge dislocations with 1 3 ⟨1 2 1 0⟩ Burgers vector and the orange ones are edge dislocations with 1 3 ⟨1 1 0 0⟩ Burgers vector. The black atoms represents the atoms that considered to be part of a hcp lattice by ovito and the grey atoms are the non-hcp atoms used when ovito finds the dislocation lines.
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 4 Figure 4: (a) average concentration c X (at.fr.) of the specie X ∈ {Be, O} at the coordinate z. (b) average potential energy per atom at the coordinate z. The vertical grey areas show where the interfaces are: their thicknesses represent the thicknesses of the interfaces as defined in section 3.1.1. The horizontal dashed lines at -5.559 eV/atom and -3.62 eV/atom in (b) show the 0 K potential energies of the perfect BeO or Be structures respectively. 0 eV potential energy represents an atom which is not bound to any other atoms (in the cutoff range of the interatomic potentials). The profiles are obtained with a slice thickness ∆z = 2.25 Å.

Figure 5 :

 5 Figure 5: Simulation cells a t = 0 ns (a) and t = 10 ns (b) after the insertion of a concentration of 0.05 at.fr. (≈ 5 × 10 27 D/m 3 ) in the metallic Be at 1000 K. The positions of Be, O and D aregiven by the black, grey and red spheres respectively. The z direction is also represented in order to identify the Be/BeO(0 0 0 1) interface (left) and the Be/BeO(0 0 0 1) interface (right).
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 6 Figure 6: Profiles of the concentration of deuterium c D at 0 and 20 ns along the z direction for the MD simulations at 750 K (a), 1000 K (b) and 1250 K (c). c D is calculated using equation 1 with ∆z = 2 Å. The horizontal gray lines represent the positions of both interfaces.

  Figure 7:Amount of D trapped, N D trapped , at the Be/BeO(0 0 0 1) interface (a) and at the Be/BeO(0 0 0 1) interface (b) during the MD simulation at 750 K, 1000 K and 1250 K. N D trapped is the amount of D in the three slices (each with ∆z = 2 Å) next to the interfaces.
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 8 Figure 8: Deuterium concentration c D along the z direction at 0 ns (a) and 120 ns (b) after the introduction of an initial concentration of D (0.05 at.fr.) in the BeO slab at 1500 K. The position of the interface and their thicknesses are represented by the grey vertical lines. The slice thickness to calculate the concentration is ∆z = 2.35 Å. The black and grey vertical dashed lines show the averaged deuterium concentration in the BeO part at the beginning and end of the simulations respectively.
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 9 Figure 9: Deuterium concentration c D along the z direction at 0 ns (a) and 130 ns (b) after the introduction of an initial concentration of D (0.05 at.fr.) in the BeO slab at 1250 K. The position of the interface and their thicknesses are represented by the grey vertical lines. The slice thickness to calculate the concentration is ∆z = 2.35 Å. The black and grey vertical dashed lines show the averaged deuterium concentration in the BeO part at the beginning and end of the simulations respectively.
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 10 Figure 10: Total amount of D as O-D (a), Be-D (b) and D 2 (c) during the MD simulations at 1250 K and 1500 K.
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 1112 Figure 11: For the RE modelling of D trapping at the Be/BeO(0 0 0 1) interface, evolution of the minimum error ϵ (in %) (a) and optimised reaction rates ν i→Be (b) and ν Be→i (c) for various values of n i between 10 19 m -2 and 10 21 m -2 .
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 13 Figure 13: Optimised reaction rates ν Be→i and ν i→Be (s -1 ) used in the rate equation modelling for both interfaces. The dashed line are Arrhenius law ν x→y (T ) = ν 0 exp -Ex→y kBT

Figure 14 :

 14 Figure 14: Radial distribution g X-D (r) for D atoms in the last frame of the simulation of D inserted in BeO at 1500 K, calculated by ovito. The vertical black line at 1.1 Å shows the chosen threshold below which a D 2 molecule is detected in this study.
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 2215 Figure14shows the radial distribution g X-D (r) calculated by ovito for D atoms in the last frame of the simulation of D inserted in BeO at 1500 K. To detect a D 2 molecule, one can base the analysis on the D-D distance. According to figure14, there is a first peak around 0.75 Å, corresponding to the D 2 molecules. Then between 1.05 Å and 1.6 Å, g D-D (r) = 0. Indeed, according DFT calculations[START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF] and MD relaxation[START_REF] Hodille | Molecular dynamics simulation of beryllium oxide irradiated by deuterium ions: sputtering and reflection[END_REF], the stable position for D 2 is in an octahedral position (as defined in[START_REF] Hodille | Hydrogen in beryllium oxide investigated by DFT: on the relative stability of charged-state atomic versus molecular hydrogen[END_REF]). The D 2 molecule is oriented along the c-axis in this site. The closest distance between 2 D atoms from 2 molecules in two octahedral neighbour sites is in the c direction and is c 2 -2dD-D 2 ≈ 1.5 Å with d D-D ≈ 0.75 Å the bond length of the D 2 molecule in BeO and c = 4.503 Å for BeO with the interatomic potential used. Thus, to identify two D atoms in the same octahedral interstitial site that would form a D 2 molecule, the D-D distance

Figure 15 :

 15 Figure 15: Number of calculated D 2 molecules with our D 2 detection method as a function r cut,D2 for the last frame of the simulation of D inserted in BeO at 1500 K. The vertical line at 1.1 Å shows the chosen threshold below which a D 2 molecule is detected in this study.

Figure 16 :

 16 Figure 16: Distribution of D atoms as a function of E pot (100 bins between -2.37 eV and 0 eV) for the last frame of the simulation of D inserted in BeO at 1500 K. The D atoms are also sorted in the three categories D 2 , O-D and Be-D. 0 eV potential energy represents an atom which is not bound to any other atoms (in the cutoff range of the interatomic potentials).
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