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Abstract. To achieve the fuel balance and recycling in ITER and DEMO reactors, it is necessary to understand 

hydrogen behaviour in plasma facing materials. In this paper, we propose multi-scale meta-modelling  

simulation based on the hybrid simulation and automatic modelling as follows: (1)Binary Collision 

Approximation and Kinetic Monte-Carlo (BCA-KMC) hybrid simulation can simultaneously calculate the 

hydrogen isotope irradiation and the diffusion of hydrogen isotope atoms and vacancies beyond 1010 times the 

gap of their time scales. (2)A part of the KMC can treat the diffusion on grain boundary structures because the 

KMC model for migration paths is automatically constructed by Molecular Dynamics (MD). (3)The potential 

model for MD for the target material is also semi-automatically constructed by comparison with Density 

Functional Theory (DFT) calculation. The BCA-KMC can treat fluxes from laboratory experiment, 1020 m-2s-1, 

to ITER divertor environment, 1024 m-2s-1, and can reach the time scale of 10-2 s. The simulation result of the 

BCA-KMC signified that the retained hydrogen amount in the case of 1024 m-2s-1 is at least 10 times higher than 

that of 1022 m-2s-1. 

 

1. Introduction 

To understand plasma-material interaction (PWI) phenomena, it is important to research the 

dependence on the flux of plasma injection. The experimental fact that sputtering yield on 

carbon plasma facing material (PFM) decreases as the flux increases[1] was reported. 

Moreover, there are the phenomena induced when the fluence of plasma injection reaches 

threshold amount. The prime example is the tungsten fuzzy nanostructure induced by the 

helium plasma irradiation[2]. The tungsten fuzzy nanostructure is generated when the fluence 

of helium atoms reached about 1025 m-2. Strictly speaking, the threshold to induce the 

tungsten fuzzy nanostructure is the retention amount of the helium atoms and its density 

distribution in materials. However, the measurement of the retention amount during plasma 

irradiation, which is called dynamic retention, is generally difficult in experiments. Therefore, 

the fluence of plasma injection has been often used as a measure instead of the retention 

amount. The dynamics retention of hydrogen isotope atoms is important also for the fuel 

balance in magnetic confinement fusion experimental devices/reactors and future ITER and 

DEMO reactors. Because the competition between the flux of plasma injection onto the 

materials and the diffusion speed of the injected impurity atoms in materials decides the 

dynamics retention, the flux dependence is key point to clarify the PWI phenomena. 
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In general, it is difficult to perform PWI experiments varying the injection flux in 

experimental devices. Therefore, experimental reports in terms of temperature or incident 

energy dependences occupy the existence experimental reports. The experimental report in 

terms of sputtering on carbon PFM noted above was the reclassification of the experimental 

data measured by different experimental devices. There is dispersion among different 

experimental devices. We should pay attention the extrapolation into high flux environment 

toward ITER and DEMO reactors, because the PWI phenomena are changed when the 

retention amount reaches threshold such as blistering, the fuzzy nanostructure, and so on. 

To estimate the dynamics retention, the numerical simulation methods have been developed. 

Historically, binary collision approximation (BCA) and molecular dynamics (MD) has been 

used to treat the plasma irradiation process. However, these simulation methods are 

insufficient to estimate the dynamic retention. To begin with, BCA cannot treat continuous 

injection of plasma particles. Although MD can treat continuous injection of plasma particles, 

the calculation speed on current computers is too slow to achieve fluence corresponding to 

experimental fluence. In general, MD simulations employed the flux more than 105 times flux 

of experiments. The existing fastest MD simulation achieved the fluence of 1019 m-2 under the 

flux of 1025 m-2s-1. By comparison with experiments, the calculation speed of MD is 

insufficient more than 106 times. Our MD code GLIPS, the maximum calculation speed of 

MD is 108 step/day for 107 particles system on several ten thousand CPU cores of the current 

super computer systems, the Plasma Simulator in National Institute for Fusion Science and 

the HELIOS in IFERC-CSC under the Broader Approach collaboration between Euratom and 

Japan. If the number of CPU cores increases in future, the number of atoms treated in MD, 

that is space scale, will increases. However, the increase of the number of simulation steps in 

MD, that is time scale, is very difficult because the number of particles allocated per CPU 

core had already been smaller than several handled. Therefore, new simulation approach is 

necessary to achieve realistic flux and fluence corresponding to those of experiments. In 

particular, multiscale simulation approach[4] is recent trend in PWI simulation. One way to 

treat long-time scale PWI phenomena is coarse graining with translation to continuum 

modeling. Hydrogen dynamics retention was simulated by diffusion equation and rate 

equation on continuum density field[5]. The other way to treat long-time scale PWI 

 

FIG. 1. The diagram of multi-scale meta-modelling (MSMM). The potential model for MD is 

generated by the downfolding method with DFT. The KMC model is automatically constructed by 

MD. Consequently, the BCA-KMC hybrid method simulates the dynamics retention during plasma 

irradiation. 
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phenomena is hybrid simulation approach. For the tungsten fuzzy nanostructure formation, 

we developed the MD-MC hybrid simulation[6,7]. In the MD-MC hybrid simulation, the 

deformation of a tungsten material due to pressure from helium bubbles is simulated by MD, 

and long time diffusion of helium atoms in the tungsten material is quickly solved by Monte-

Carlo (MC) simulation. The MD-MC hybrid simulation achieved the flux of 1022 m-2s-1 and 

the fluence of 1022 m-2, and then the fuzzy nanostructure formation was reproduced. In the 

present paper, by utilizing experience of the development of hybrid method, we propose new 

hybrid simulation method connecting BCA and kinetic Monte-Carlo (KMC) to treat dynamics 

retention toward the condition of realistic flux and fluence corresponding to experiments. 

Moreover, to research the competition between the flux of plasma injection and the diffusion 

speed of the impurity of the material, we should simulate not only the realistic flux and 

fluence but also the diffusion process of the impurity atoms in realistic material corresponding 

to experiments. The tungsten material used in experiments have grain boundary structures. 

The diffusion process of the impurity atoms strongly depends on grain boundary structures. 

The relationship of the macroscopic diffusivity measured from experiments and microscopic 

diffusion processes on grain boundary structures is not well clarified. Recently, the diffusion 

process of the impurity atoms on grain boundary has been investigated by using MD[8] and 

KMC[9] simulations. We aim to the simulation of the dynamic retention in materials with 

grain boundary structures directly taking into account injection processes in the BCA-KMC 

hybrid method. In general, the migration paths of the impurity atoms in KMC is constructed 

by using DFT calculations, whose calculation speed is slow. This is the bottleneck to expand 

the KMC model against arbitrary structured materials. In the present work, we propose multi-

scale meta-modeling (MSMM) approach (See Fig. 1). In this approach, the migration paths in 

KMC is automatically and quickly constructed by using localized MD. In addition, the 

accuracy of the interaction potential model for MD is improved by using machine learning 

with database calculated by DFT. 

2. Hybridization of Binary Collision Approximation and Kinetic Monte-Carlo 

To estimate the competition of the injection flux of plasma ions and their diffusivity in a 

material, both the injection and the diffusion must be simultaneously simulated. Although MD 

can simulate both the injection and the diffusion, timescale reached by MD is too short to 

reproduce experimental real flux as mentioned above. Therefore, we have taken aim at 

calculation speed of simulation method. We have developed the hybrid method of binary 

collision approximation (BCA) and kinetic Monte-Carlo (KMC), which is here called BCA-

KMC hybrid. In the BCA-KMC hybrid, the injection of plasma ions is simulated by BCA and 

the diffusion of impurity atoms in a material is simulated by KMC. The calculation speeds of 

both of BCA and KMC are very fast. Actually, BCA can achieve 106-8 shots/day, and KMC 

can achieve 1011 steps/day. 

The method to hybridize BCA and KMC is described. In KMC, physical phenomena are 

represented by the repeat of elemental events. Here, to treat diffusion process of the impurity 

atoms in a material, the elemental event is regarded as the migration of an impurity atom 

between local minimum energy sites. The event probability 𝑝𝑖 of the 𝑖-th migration event is 

defined by  

𝑝𝑖 = 𝑝0(𝑇)exp(−
Δ𝐸𝑖
𝑘B𝑇

) 

where Δ𝐸𝑖 is the migration barrier energy on the 𝑖-th migration path, 𝑘B is the Boltzmann 

constant, and 𝑇 is material temperature. The prefactor 𝑝0(𝑇) is a function of material 

temperature and can be determined from the diffusivity of the impurity atoms in a bulk 
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material having a pure lattice structure. The total event probability is given by 𝑃mig = ∑ 𝑝𝑖
𝑁
𝑖=1  

where 𝑁 is the number of events. In each simulation step of KMC, the random number 𝑟 ⊂
[0, 𝑃mig) is generated under the uniform distribution, and then one event 𝑘 satisfying the 

condition 

∑𝑝𝑖

𝑘−1

𝑖=1

≤ 𝑟 <∑𝑝𝑖

𝑘

𝑖=1

 

is chosen as occurrence event. According to the chosen 𝑘-th event, a impurity atom is moved 

along the 𝑘-th migration path. The time step is given by 𝛥𝑡 = −
ln𝑢

𝑃
 where 𝑢 ⊂ (0,1] is a 

random number generated under the uniform distribution. By this migration, the migration 

barrier energies for any atoms around the moved atom are changed. Therefore, before the next 

step, not only the event probability of the moved atom but also the event probabilities of 

atoms around the moved atom are recalculated. The total event probability 𝑃mig is also 

recalculated. By repeating this routine, the diffusion process as the migrations of impurity 

atoms are simulated in KMC.  

In general, the event in KMC is not only the migration of an atom. Any other elemental 

processes can be used as the event in KMC. The event probability of KMC is defined as the 

number of occurrence of the event per unit time and has the dimension of the inverse of time. 

In the BCA-KMC hybrid, an injection of a plasma ion is regarded as an event in KMC. The 

event probability of the injection is the number of ions injected onto the target surface per unit 

time. With the flux 𝜙 and the surface area 𝑆, the event probability of the injection is given 

by 𝑝inj = 𝜙𝑆, the dimension of which is the inverse of time. The total event probability in the 

BCA-KMC hybrid is given by 𝑃BCA−KMC = 𝑃mig + 𝑝inj. The algorism for simulation step is 

same as the above way of simple KMC. When the event of migration is chosen, the target 

impurity atom is moved same as simple KMC, while when the event of injection is chosen, an 

ion is injected into the target surface from random position in the x and y directions by using 

BCA simulation. Even if the chosen event is the event of injection, the elapsed time in this 

step is determined by 𝛥𝑡 = −
ln𝑢

𝑃
. 

In the event of injection by BCA, the injection target material has the common structure with 

that of the KMC part. The structure composed of the all atoms of tungsten material and the 

diffusing impurity atoms are shared between the BCA and KMC parts. The positions of the 

atoms in the target material are changed by every events of both the migration and the 

injection. If the injected ion stops in the target material due to energy loss, the injected ion 

becomes impurity atom and then it is put on the local minimum energy site which is the 

nearest site from the stop position in the BCA part. If atoms in the target material is sputtered 

out by collision with the injected ion, the sputtered atom is removed from the positions of 

atoms in the KMC part also. Since the positions of atoms are changed by the BCA part, the 

event probabilities in KMC part are recalculated before the next step. Thus, in the BCA-KMC 

hybrid, the KMC part and the BCA part have common structure of the target material at all 

time. The BCA part needs to treat the changed structures of the target material. Then, the 

ACAT[10] and the ACOCT[11] are the BCA codes to treat the amorphous structures and the 

lattice structures, respectively. In the previous work, the AC∀T[12] code to treat any 

structured targets based on the ACAT code. The BCA part in the BCA-KMC hybrid is based 

on these codes. 
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3. Multi-Scale Meta Modeling for Plasma Material Interaction 

To simulate a realistic diffusion process, grain boundary structures should be treated in 

simulation. In the BCA-KMC hybrid simulation, the BCA part can treat arbitrary structured 

target materials based on the AC∀T code. To treat the diffusion processes of impurity atoms 

in arbitrary structured target material, all migration paths and migration barrier energies have 

to be prepared. We has developed the automatic KMC modeling[13]. By this method, all 

migration paths and migration barriers are automatically searched by using localized MD as 

follows. 

First, local minimum energy sites for impurity atoms are searched in the target material as 

shown in Fig. 2(a) and (b). An impurity atom is put in one initial position. The localized MD 

varying the initial position is performed in the local region cutting off the impurity atom and 

its surrounding atoms only. The centre of the local region is the initial position of the impurity 

atom. The local region consists of two layers. The inside of the localized region is the 

movable region in which atoms are relaxed during the calculation of the localized MD, while 

the outside of the localized region is the fixed layer in which the atoms are fixed during the 

calculation of the localized MD. The size of the movable layer should be enough larger than 

the movement of atoms during the structure relaxation. The thickness of the fixed layer 

should be determined so that the forces acting on the atoms in the movable layer in the case of 

the localized MD equal to that in the case of full MD. In general, the thickness of the fixed 

layer is several integer multiple of the cut-off length in terms of multi-body potential models. 

Theoretical detail of the thickness of the fixed layer was stated in our previous work for the 

BCA-MD hybrid simulation [14], in which the MD part is similar to the localized MD. To 

find all local minimum energy sites, we required many localized MDs with the initial 

positions of impurity atoms which fill the whole of the simulation box. When found local 

minimum energy sites are overlapped, they are removed remaining one of them.  

Next, migration paths connecting the local minimum energy sites and their migration barrier 

energies are estimated by using the localized MD also as shown in as shown in Fig. 2(a) and 

(c). The pair of local minimum energy sites whose distance is shorter than threshold length 

are picked up. The local region whose centre position is the centre of the pair sites. In the 

local region, the migration path connecting the pair sites are found by using the nudged elastic 

band (NEB) method [15] on the potential energy surface of the potential model for MD. 

 

FIG. 2. Automatic KMC modelling by using localized MD. (a)Local regions are selected from the 

target material including a grain boundary structure. (b)The local minimum energy site is found by 

the structure relaxation of the structure with an impurity atom in the localized MD. (c)The 

migration path is found by the nudged elastic band calculation among the local minimum energy 

sites in the localized MD. (d)Optimized potential model for solid and liquid phases by using 

downfolding method. 
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Simultaneously, the migration barrier energy is also obtained. If the migration path has two 

local maximum energy points, the path is regarded as the path via the other local minimum 

energy site and then it is not counted. Thus, all migration paths and migration barrier energies 

are prepared. 

The calculation of automatic KMC modelling are parallelized by the multi-program multi-

data (MPMD) model [16] similar to the BCA-MD hybrid simulation [14]. The MPMD system 

consists of a master program and many working programs. The master program memorizes all 

atomic positions of the target material and lists up the local regions. The working programs 

perform the localized MD. As a result, all migration paths are found in short time. 

The reliability of this automatic KMC modelling depends on the accuracy of the potential 

model for MD. In the MSMM, the potential model for MD is constructed by thermodynamic 

downfolding method [17,18]. The function form and its parameters of the potential model are 

optimized by comparison with the DFT calculations in many sample structures. The problem 

is how to prepare meaningful sample structures for the target material. Here, the sample 

structures are picked up from the multi-canonical ensemble MD, which is used for the 

simulation research on the structure change of protein folding in biological chemical physics 

[19]. Figure 2(d) shows the potential model optimized for both solid and liquid phases whose 

structures generated multi-canonical MD.  

4. Result and Discussion 

By using the BCA-KMC hybrid, the hydrogen plasma bombardment onto the tungsten 

material. The tungsten material has the body centered cubic (BCC) lattice structure. The (001) 

surface whose area is 63.3 nm × 63.3 nm faces vacuum region. The simulation box follows 

periodic boundary conditions in the x-y directions parallel to the surface. The incident energy 

of the hydrogen ions is 300 K. The incident direction is perpendicular to the surface. The 

incident position in the x-y direction is randomly determined under uniform distribution. The 

incident fluxes of 1020 m-2s-1, 1022 m-2s-1, and 1024 m-2s-1. The material temperatures are 300 K 

and 1000 K are simulated. Initially no hydrogen atom is retained in the material. Therefore, 

the initial event in BCA-KMC hybrid is the injection of the hydrogen ion by the BCA part.  

The time evolution of the retention amount simulated by the BCA-KMC hybrid is shown in 

Fig. 3(a). The fluence of the hydrogen ion, which linearly increases with the elapsed time and 

but the magnitude of whose increases with flux, is adopted as the horizontal axis. Let us 

compare the two cases of the fluxes with 1022 m-2s-1 and 1024 m-2s-1 at 1000 K. In the case of 

low flux with 1022 m-2s-1, the retention amount is saturated, while in the case of high flux with 

1024 m-2s-1, the retention amount continues to increases linearly. The saturation of the 

retention amount in the low flux case is caused by equilibrium between the insertion of the 

hydrogen atoms by plasma irradiation and its desorption from the surface via the diffusion in 

material. On the other hand, in the high case, the hydrogen retention is under the non-

equilibrium state yet.  

The difference of the flux causes also the difference of the space distribution of hydrogen 

atoms in a material. Fig. 3(b) shows the depth density distribution of retained hydrogen atoms 

for two cases of the fluxes with 1022 m-2s-1 and 1024 m-2s-1 at 1000 K where this data are 

snapshots at the fluence of 1.1 × 1018 m-2. In the low flux case, the hydrogen atoms advance 

into the region deeper than 6 × 103 Å from the surface. However, in the high flux case, the 

hydrogen atoms stay in the region shallower than 2 × 103 Å from the surface. Moreover, the 

peak density of the retained hydrogen atoms in the high flux case is about 13 times higher 

than that in the low flux case. This reason is that the diffusivity of hydrogen atoms in a 

tungsten material is too slow to balance with the flux of 1024 m-2s-1. The difference if the 
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depth density distribution warns us that the extrapolation of the retention amount to higher 

flux irradiation for the ITER and DEMO reactors should be carefully performed. If the 

density of the hydrogen atoms in material exceed threshold, the structure of the tungsten 

material is deformed such as the blistering. 

The flux dependence is also confirmed in the comparison between the two cases of the fluxes 

with 1020 m-2s-1 and 1022 m-2s-1 at 300 K in Fig. 3(a). In general, as the flux increases, the 

retention amount at the same fluence becomes larger. Temperature dependence is also 

confirmed. The retention amount in the cases of the flux of 1022 m-2s-1 at 1000 K is saturated, 

while the retention amount at 300 K is not saturated in FIG 3(a). This reason is that the 

diffusivity of the impurity atoms decreases as the temperature decreases.  

At the present moment, the BCA-KMC hybrid simulation has not calculate the case of the 

tungsten material with grain boundary structures. The development of method and code for 

the automatic KMC modelling had been completed. However, the potential model for 

tungsten and hydrogen system has not achieved sufficient accuracy. It was well known that 

there are larger differences among the existing potential models for tungsten and hydrogen 

system. We continue to develop MSMM approach. Ideally, in the MSMM, the simulation 

model is theoretically closed. Namely, almost all parameters for the simulation model can be 

determined from the MD with DFT level accuracy. In near future, we will report the grain 

boundary effect in the dynamic retention of hydrogen atoms by using BCA-KMC hybrid 

simulation with automatic KMC modelling.  

5. Summary 

The flux dependence is important to clarify PWI phenomena. To estimate the dynamic 

retention of hydrogen atoms in tungsten materials under, we developed the BCA-KMC hybrid 

method. The retention amount of hydrogen atoms were calculated. As a result, the flux 

dependence and the temperature dependence were shown as follows: the retention amount 

was saturated in the case of low flux with 1022 m-2s-1 at 1000 K, while the retention amounts 

were not saturated in the case of high flux with 1024 m-2s-1 or in the case at low temperature of 

300 K. The peak of the depth density distribution of the retained hydrogen atoms in the case 

of 1024 m-2s-1 is greater than 10 times that of 1022 m-2s-1.  

In future work, the dependence of the difference of the diffusivity due to the grain boundary 

structure in the tungsten material is researched. The automatic KMC modeling and the 

 

FIG. 3. (a)The hydrogen retention amount under the hydrogen ion bombardment as functions of 

fluence, which are calculated by the BCA-KMC hybrid. he incident energy of hydrogen ions is 300 

eV. (b)The depth density distribution of retained hydrogen atoms at 1.1 × 1018 m-2 in the fluence 

and 300 eV in the incident energy of hydrogen ions. 
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potential development with downfolding and multi-canonical MD are powerful tool to expand 

the BCA-KMC hybrid simulation. 
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