Charlotte Becquart 
email: charlotte.becquart@univ-lille.fr
  
Normand Mousseau 
  
  
  
  
Kinetic Monte Carlo Simulations of Irradiation Effects

Keywords: atomic kinetic Monte Carlo Bortz, Kalos, Lebowitz algorithm DFT: Density Functional theory dpa: displacement per atom EKMC: event kinetic Monte Carlo radiation induced segregation RTA: residence time algorithm SIA: self interstitial atom TST: transition state theory

come   L'archive ouverte pluridisciplinaire

I Introduction

Monte Carlo (MC) techniques are among the most used techniques for modeling materials at the atomic scale, with those of molecular dynamics. The name MC comes from the fact that this method, derived from statistical physics, uses random numbers similar to those involved in the game of roulette. The techniques of MC were born with the development of the hydrogen bomb, after the second world war. At that time, it was possible to simulate only a few hundred atoms [START_REF] Wood | Monte Carlo Equation of State of Molecules Interacting with the Lennard-Jones Potential. I. A Supercritical Isotherm at about Twice the Critical Temperature[END_REF]. Today simulations of several million atoms and several billion steps are quite common. Two main types of algorithms have been generated. The classic algorithm of MC developed by Metropolis [START_REF] Metropolis | Equation of State Calculations by Fast Computing Machines[END_REF] focuses on sampling the configuration space in order to construct statistical ensemble properties of the system. Focusing on equilibrium, MC allows the use of a rich variety of moves and C.S. Becquart 1 , N. Mousseau 2 and C. Domain 3 importance sampling distributions to sample complex landscape, with the caveat that time is not directly accessible in the standard approach. The Kinetic Monte Carlo family of algorithms lifts this problem, when the microscopic mechanism (s) leading to a change of configuration are known, and introduces the time at the cost, of course, of limiting the sampling efficiency. The latter method is, however, essential to deal with problems of diffusion and transport in solids and is the topic of this chapter.

II Method

The Monte Carlo method was originally developed by von Neumann, Ulam and Metropolis to study the diffusion of neutrons in fissionable material on the Manhattan Project and first applied to simulating radiation damage of metals more than 50 years ago by Besco [START_REF] Besco | Kinetic Monte Carlo model for 1-D migration in a field of strong traps: Application to self-interstitial clusters in W-Re alloys[END_REF], Doran [START_REF] Doran | Computer simulation of displacement spike annealing[END_REF]) and later Heinisch and co-workers [START_REF] Heinisch | Defect production in simulated cascades: Cascade quenching and short-term annealing[END_REF].

Monte Carlo is a stochastic process and utilizes random numbers to select event probabilities from probability distributions and generate atomic configurations [START_REF] Allen | Computer simulation of liquids: Second edition[END_REF], rather than the deterministic manner of molecular dynamics simulations, but remains as statistically exact, and often more efficient, when computing ensemble, or in the case of KMC methods, dynamic properties. While different Monte Carlo applications are used in computational materials science, we shall focus our attention on kinetic Monte Carlo (KMC) simulation as applied to the study of radiation damage.

The KMC methods used in radiation damage studies represent a subset of MC methods that can be classified as rejection-free, in contrast with the more classical MC methods based on the Metropolis algorithm [START_REF] Metropolis | The Monte Carlo Method[END_REF] [START_REF] Metropolis | Equation of State Calculations by Fast Computing Machines[END_REF]. They provide a solution to the Master Equation which describes a physical system whose evolution is governed by a known set of transition rates between possible states [START_REF] Fichthorn | Theoretical foundations of dynamical Monte Carlo simulations[END_REF]. The solution proceeds by choosing randomly among the various possible transitions and accepting them on the basis of probabilities determined from the corresponding transition rates. These probabilities are calculated for physical transition mechanisms as Boltzmann factor frequencies, and the events take place according to their probabilities leading to an evolution of the microstructure. The main ingredients of such models are thus a set of objects (which can resolve to the atomic scale as atoms, or point defects) and a set of reactions or (rules) that describe the manner in which these objects undergo diffusion, emission, reactions, and their rates of occurrence.

Many of the KMC techniques are based on the residence time algorithm (RTA) derived fifty years ago by [START_REF] Young | Monte Carlo studies of vacancy migration in binary ordered alloys: I[END_REF] to model vacancy diffusion in ordered alloys. Its basic recipe involves the following: for a system in a given state, instead of making a number of unsuccessful attempts to perform a transition to reach another state, as in the case of the Metropolis algorithm [START_REF] Metropolis | The Monte Carlo Method[END_REF] [START_REF] Metropolis | Equation of State Calculations by Fast Computing Machines[END_REF], the average time the system remains in its state is calculated. A transition to a different state is then performed based on the relative weights determined amongst all possible transitions, which also determines the time increment associated with the selected transition. According to standard transition state theory (see for instance [START_REF] Vineyard | Frequency factors and isotope effects in solid state rate processes[END_REF])) the frequency x  of a thermally activated event x, such as a vacancy jump in an alloy or the jump of a void can be expressed as:
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where ν X is the attempt frequency, kB is Boltzmann's constant, T is the absolute temperature and E a is the activation energy of the jump.

During the course of a KMC simulation, the probabilities of all possible transitions are calculated and one event is chosen at each time-step, by extracting a random number, and comparing to the relative probability. The associated time-step length, t, and average time-step length, t, are given by: 𝛿𝑡 ∑ ; and ∆𝑡 ∑

where r is a random number between 0 and 1. The residence time algorithm is also known as the BKL (Bortz, Kalos, Lebowitz) algorithm [START_REF] Bortz | A new algorithm for Monte Carlo simulation of Ising spin systems[END_REF]. Other techniques are possible, as described by Chatterjee and Vlachos in Ref. [START_REF] Chatterjee | An overview of spatial microscopic and accelerated kinetic Monte Carlo methods[END_REF].

The basic steps in a KMC simulation can thus be summarized as:

1. Calculate the probability (rate) for a given event to occur. 2. Sum the probabilities of all events to obtain a cumulative distribution function.

3. Generate a random number to select an event from all possible events. 4. Increment the simulation time based on the inverse sum of the rates of all possible events (equation 2). 5. Perform the selected event and all spontaneous events as a result of the event performed. 6. Repeat steps 1 through 4 until the desired simulation condition is reached.

Kinetic Monte Carlo models are now widely used for simulating radiation effects on materials as we will demonstrate in this chapter. Advantages of KMC models include the ability to capture spatial correlations in a full three-dimensional simulation with atomic resolution, while ignoring the atomic vibration time scales captured by molecular dynamics models, as well as the possibility to work on multiple scales. Indeed, with KMC, individual point defects, point defect clusters, solutes and impurities can be treated as objects, either on or off an underlying crystallographic lattice, as the evolution of these objects is modeled over time. Two general approaches have been used in KMC simulations, event KMC [START_REF] Lanore | Simulation de l'evolution des defauts dans un reseau par le methode de monte-carlo[END_REF][START_REF] Torre | JERK, an event-based Kinetic Monte Carlo model to predict microstructure evolution of materials under irradiation[END_REF] [START_REF] Jourdan | Direct simulation of resistivity recovery experiments in carbondoped α-iron[END_REF] and object KMC, which differs in the treatment of time scales or step between individual events. Within the object KMC designation, it is also possible to further sub-divide the techniques into those that explicitly treat atoms and atomic interactions, which is often denoted as atomic Kinetic Monte Carlo (AKMC), or Lattice KMC (LKMC), and which was reviewed by [START_REF] Becquart | Introducing chemistry in atomistic kinetic Monte Carlo simulations of Fe alloys under irradiation[END_REF], versus those that track the defects on a lattice, but without complete resolution of the atomic arrangement. This later technique is predominately referred to as object Monte Carlo (OKMC), and used in such codes as BigMac [START_REF] Johnson | A kinetic Monte-Carlo study of the effective diffusivity of the silicon self-interstitial in the presence of carbon and boron[END_REF] [START_REF] Caturla | Microstructure Evolution in Fe and Fe-Cr Alloys with OKMC Methods[END_REF], LAKIMOCA [START_REF] Domain | Simulation of radiation damage in Fe alloys: an object kinetic Monte Carlo approach[END_REF]), MMonca [START_REF] Martin-Bragado | MMonCa: An Object Kinetic Monte Carlo simulator for damage irradiation evolution and defect diffusion[END_REF]) and others (Figure 1). In this chapter, we will designate by OKMC, the mesoscopic version of the object kinetic MC and by AKMC the atomistic version of the object kinetic MC. AKMC simulations are more precise but, as a consequence, as a more time consuming. The basic problem is, for this approach, to give a realistic description of all the relevant atomic displacement mechanisms: the displacements directly resulting from radiation damage, ballistic mixing as well as the thermally activated jumps of point defects, the point defect elimination mechanisms, including the way the point defect or solute migration barriers depend on the local atomic environment. In OKMC (the object version of it) and EKMC simulations, the issue is to determine the relevant mechanisms that can be activated as well as the effective parameters, usually obtained from atomic models. As KMC modeling of radiation damage involves tracking the location and fate of all defects, impurities and solutes as a function of time to predict microstructural evolution, the starting point in these simulations is often the primary damage state, i.e. the spatially correlated locations of vacancies, selfinterstitials and transmutants produced in displacement cascades (Becquart et al. 2018a) [START_REF] Nordlund | Primary radiation damage: A review of current understanding and models[END_REF] resulting from irradiation and obtained from MD [chapter 00018 ] or BCA [chapter 00028] simulations, along with the displacement or damage rate which sets the time scale for defect introduction. The rates of all reaction -diffusion events then control the subsequent evolution or progression in time, and are determined from appropriate activation energies for diffusion and dissociation, as well as the reactions that occur between species are key input, which, as stated previously, are assumed to be known. The defects execute random diffusion jumps (in one, two or three dimensions depending on the nature of the defect) with a probability (rate) proportional to their diffusivity. Similarly, cluster dissociation rates are governed by a dissociation probability that is controlled by the binding energy of a particle to the cluster. The events to be performed and associated time step for each Monte Carlo sweep are chosen from the RTA [START_REF] Young | Monte Carlo studies of vacancy migration in binary ordered alloys: I[END_REF] [START_REF] Bortz | A new algorithm for Monte Carlo simulation of Ising spin systems[END_REF]. The list of possible events can be either predetermined or calculated on-the-fly as will be discussed in the next section. Note that in the EKMC approach [START_REF] Lanore | Simulation de l'evolution des defauts dans un reseau par le methode de monte-carlo[END_REF][START_REF] Torre | JERK, an event-based Kinetic Monte Carlo model to predict microstructure evolution of materials under irradiation[END_REF]) [START_REF] Jourdan | Direct simulation of resistivity recovery experiments in carbondoped α-iron[END_REF], the microstructure also consists of objects. The crystal lattice is ignored and objects' coordinates can change continuously. The only events considered are those which lead to a change in the defect population, namely: clustering of objects, emission of mobile species, elimination of objects on fixed sinks (surface, dislocation), or the annihilation of objects on their anti-defect. The migration of an object in its own right is considered an event only if it ends up with a reaction which changes the defect population. In this case the migration step and the reaction are processed as a single event; otherwise, the migration is performed only once at the end of the EKMC time interval Δt. In contrast to the residence time algorithm, where all rates are lumped into one total rate to obtain the time increment, in an EKMC scheme the time delays of all possible events are calculated separately and sorted by increasing order in a list. The event corresponding to the shortest delay, τ s , is processed first, and the remaining list of delay times for other events is modified accordingly by eliminating the delay time associated with the particle that just disappeared, adding delay times for a new mobile object, etc. A comparison between EKMC and OKMC can be found in [START_REF] Barbu | Comparison between three complementary approaches to simulate ' large ' fluence irradiation: application to electron irradiation of thin foils[END_REF] [START_REF] Domain | Object Kinetic Monte Carlo (OKMC): A Coarse-Grained Approach to Radiation Damage[END_REF].

II-1 classical approach: predetermined event list

The traditional approach to KMC has been to build a list of predetermined events with their associated activation energy. For the diffusion events, the activation energies are the migration energies (and jump frequencies) of the moving species: point defects, point defect clusters, transmutants or solute atoms as well as Foreign Interstitial Atoms (FIA) such as carbon, helium and hydrogen, isolated or in clusters with or without point defects. When the local chemical environment is complex, i.e. when the system is composed of several atomic elements, these data are not straightforward to evaluate and often associated with this approach has been the use of rigid lattices. The rigid lattice approximation allows a fast estimation of the activation barriers through simple heuristic approaches such as the kinetically resolved activation (KRA), according to [START_REF] Van Der Ven | First-principles theory of ionic diffusion with nondilute carriers[END_REF], or final initial state energy (FISE) approximation, according to the terminology adopted by Vincent et al. (Vincent et al. 2008b), based on the Kang and Weinberg decomposition of migration energy barriers [START_REF] Kang | Dynamic Monte Carlo with a proper energy barrier: Surface diffusion and two-dimensional domain ordering[END_REF]. Such simple models include broken bonds or cut bond models [START_REF] Soisson | Monte Carlo simulations of copper precipitation in dilute ironcopper alloys during thermal ageing and under electron irradiation[END_REF] as well as models based on cluster expansions of the Hamiltonian [START_REF] Sanchez | Generalized cluster description of multicomponent systems[END_REF], the simplest ones being pair models [START_REF] Liu | A lattice Monte Carlo simulation of nanophase compositions and structures in irradiated pressure vessel Fe-Cu-Ni-Mn-Si steels[END_REF] (Vincent et al. 2008a[START_REF] Ngayam-Happy | Isochronal annealing of electron-irradiated dilute Fe alloys modelled by an ab initio based AKMC method: Influence of solute-interstitial cluster properties[END_REF]. When interatomic potentials are available for the material modeled, then clever techniques such as artificial neural network (ANN) [START_REF] Domingos | Artificial intelligence applied to simulation of radiation damage in ferritic alloys[END_REF]) [START_REF] Djurabekova | Kinetics versus thermodynamics in materials modeling: The case of the di-vacancy in iron[END_REF] [START_REF] Castin | Calculation of proper energy barriers for atomistic kinetic Monte Carlo simulations on rigid lattice with chemical and strain field long-range effects using artificial neural networks[END_REF] can also be used. Interatomic potentials have limitations, however, and are only available at the moment, often with limited precision, for simple materials such as binary or ternary alloys [chapter 00019]. Nevertheless, interatomic potentials are often essential as they allow to get rid of the rigid lattice constrain as the activation barriers can be determined no matter the positions of the atoms around the moving species.

II-2 On-the fly kMCs

Restriction to lattices positions, when evolving the system, greatly limits the applications of KMC but is imposed for technical reasons. Diffusion mechanisms can become rapidly complex and difficult to predict in distorted and irregular environments. They are, moreover, generally difficult to classify, especially before the launch of a simulation, greatly limiting the capacity to construct a relevant event catalog.

Overcoming these limitations is challenging and computational costly. The first off-lattice KMC simulation was performed by [START_REF] Henkelman | Long time scale kinetic Monte Carlo simulations without lattice approximation and predefined event table[END_REF] looking at Al on Al growth. Without catalog, the simulation generated an event list at every step, using 25 open-ended saddle searches generated with the dimer method. While the number of searches was too small to ensure that all events had been found, this work still identified new extended low-barrier events that modified considerably the kinetics of growth. Over the following years, a number of approaches were introduced to reduce the computational cost of off-lattice KMC simulations by introducing a cataloging approach.

While still lattice-based, Trushin et al [START_REF] Trushin | Self-learning kinetic Monte Carlo method: Application to Cu(111)[END_REF]) introduced an algorithm where the catalog was adjusted on-the-fly as the system evolved, allowing the study of more complex environments and, more important, the inclusion, in the barrier calculation, of a larger area, going beyond the standard first and second neighbor shells.

The first off-lattice KMC algorithm with on-the-fly cataloging was introduced by El Mellouhi et al. [START_REF] El-Mellouhi | Kinetic activation-relaxation technique: An off-lattice self-learning kinetic Monte Carlo algorithm[END_REF]. Coupling an open-search method, the activation-relaxation technique (ART nouveau) [START_REF] Barkema | Event-Based Relaxation of Continuous Disordered Systems[END_REF] [START_REF] Malek | Dynamics of Lennard-Jones clusters: A characterization of the activationrelaxation technique[END_REF] with a topological classification, NAUTY [START_REF] Mckay | Practical graph isomorphism[END_REF] [START_REF] Mckay | Practical graph isomorphism, II[END_REF], the kinetic Activation-Relaxation Technique (k-ART) associates local graphs with a unique event list, that is generated as new topologies are identified. By removing the need for an underlying crystalline lattice, k-ART allows the creation of event catalogs for any environment even fully disordered [START_REF] Béland | Kinetic activation-relaxation technique[END_REF]) [START_REF] Béland | Replenish and Relax: Explaining Logarithmic Annealing in Ion-Implanted $c$-Si[END_REF]) [START_REF] Joly | Optimization of the Kinetic Activation-Relaxation Technique, an off-lattice and self-learning kinetic Monte-Carlo method[END_REF]) [START_REF] Joly | Optimization of the Kinetic Activation-Relaxation Technique, an off-lattice and self-learning kinetic Monte-Carlo method[END_REF]. These generic cataloged events provide the basis for computing the specific energy barrier associated with each relevant event, as its exact geometry is reconstructed and exactly converged to the real saddle point. Such effort is costly, of course, even with the creation of an event catalog that reduces significantly the time spent for searching for events. This additional expense is well worth in many cases, even for apparently simple systems as demonstrated by the unexpectedly rich event catalog generated by k-ART for point defects (vacancies and interstitials) in crystalline Fe [START_REF] Brommer | Understanding long-time vacancy aggregation in iron: A kinetic activation-relaxation technique study[END_REF]. Vacancy diffusion and clustering processes in body-centered-cubic (bcc) Fe were studied using the kinetic activation-relaxation technique (k-ART), an off-lattice kinetic Monte Carlo method with onthe-fly catalog building capabilities [START_REF] Brommer | Understanding long-time vacancy aggregation in iron: A kinetic activation-relaxation technique study[END_REF]. For monovacancies and divacancies, k-ART recovered previously published results while clustering in a 50-vacancy simulation box agreed with experimental estimates. Applying k-ART to the study of clustering pathways for systems containing from one to six vacancies, allowed to find a rich set of diffusion mechanisms. In particular, it was shown that the path followed to reach a hexavacancy cluster influences greatly the associated mean-square displacement. Aggregation in a 50-vacancy box also showed a notable dispersion in relaxation time associated with effective barriers varying from 0.84 to 1.1 eV depending on the exact pathway selected. The effects of long-range elastic interactions between defects were isolated by comparing to simulations where those effects were deliberately suppressed. This allowed to demonstrate that in bcc Fe, suppressing long-range interactions mainly influences kinetics in the first 0.3 ms, slowing down quick energy release cascades seen more frequently in full simulations, whereas long-term behavior and final state are not significantly affected [START_REF] Brommer | Understanding long-time vacancy aggregation in iron: A kinetic activation-relaxation technique study[END_REF]. Similar studies were performed in Si [START_REF] Trochet | Diffusion of point defects in crystalline silicon using the kinetic activation-relaxation technique method[END_REF] and Ni [START_REF] Mahmoud | Study of point defects diffusion in nickel using kinetic activation-relaxation technique[END_REF], with the identification of previously unreported multistep diffusion mechanisms that are as fast or even faster than those used generally. For example, while the barrier for the single Ni self interstitial is only 0.15 eV, Ni tetra-self-interstitials (Figure 2) diffuse with almost zero energy barrier (0.004 eV) through a three-step process involving a rotation and a jump mechanisms [START_REF] Mahmoud | Study of point defects diffusion in nickel using kinetic activation-relaxation technique[END_REF].

Figure 2: Schematic illustration of lowest-energy states for one to five self-defects in nickel using an EAM potential, these ground states were generated through KMC evolution using k-ART, allowing to take into account full elastic deformations. Starting from a random distribution of interstitials, the kinetic evolution of each 4000 + interstitial atoms system is allowed to proceed, unbiased, at 500 K. 1) Ground states for vacancies and 2) self-interstitials. a), b), c), d) and e) present the structure with one, two, three, four and five mono-self-defects for each case. From [START_REF] Mahmoud | Study of point defects diffusion in nickel using kinetic activation-relaxation technique[END_REF] Off-lattice KMC methods are even more important when strain and randomness play an important role, such as for characterizing the 100-interstitial loop formation in Fe [START_REF] Xu | Solving the Puzzle of $⟨100⟩$ Interstitial Loop Formation in bcc Iron[END_REF], following the relaxation of ion-bombarded silicon over long-time (more than 1 s) [START_REF] Béland | Replenish and Relax: Explaining Logarithmic Annealing in Ion-Implanted $c$-Si[END_REF] [START_REF] Béland | Replenish and Relax: Explaining Logarithmic Annealing in Ion-Implanted $c$-Si[END_REF] or understanding C diffusion at an Fe grain boundary, where pathways are strongly influenced by the local deformation [START_REF] Restrepo | Carbon diffusion paths and segregation at highangle tilt grain boundaries in \ensuremath{\alpha}-Fe studied by using a kinetic activationrelation technique[END_REF].

Over the last decade, a number of other off-lattice or near-off lattice approaches have been proposed, with or without a catalog. Xu and collaborators [START_REF] Xu | Simulating complex atomistic processes: On-the-fly kinetic Monte Carlo scheme with selective active volumes[END_REF] for example, proposed the self-evolving atomistic kinetic Monte Carlo (SEAKMC), which defines active volume over which activated mechanisms are searched. As discussed recently (Béland et al. 2015a), while SEAKMC and k-ART produce similar results, the first method is faster in simpler environments, such as the recombination of a Frenkel pair [START_REF] Nakashima | Recombination radius of a Frenkel pair and capture radius of a self-interstitial atom by vacancy clusters in bcc Fe[END_REF] while the second one is more flexible for handling complex materials.

All KMC methods, including those off-lattice, are only as good as their event catalog and their evaluations of the respective rates. While open-ended search algorithms, such as ART nouveau, provide extensive catalogs [START_REF] Malek | Dynamics of Lennard-Jones clusters: A characterization of the activationrelaxation technique[END_REF], none can guarantee completeness. To alleviate this limitation, [START_REF] Chill | Molecular dynamics saddle search adaptive kinetic Monte Carlo[END_REF]) introduced a coupling with high temperature molecular dynamics to obtain a better evaluation of the error on the catalog. This analysis is valid as a long as the harmonic approximation of transition state theory is valid, i.e., as long as attempt frequencies are not affected by the temperature, which is the standard approximation used in KMC approaches. Yet, recent results show that this approximation is not valid when the barrier energy is comparable to the temperature [START_REF] Swinburne | Unsupervised Calculation of Free Energy Barriers in Large Crystalline Systems[END_REF]. This suggests that in the presence of a wide barrier distribution: (i) the harmonic approximation does not provide the correct rates and (ii) it is not possible to rely on high-temperature MD to evaluate low-temperature kinetics.

Off-lattice adaptive KMC methods are opening the application of accelerated methods to more complex environments and systems, providing precise and detailed information as to the dynamics of complex materials. At the same time, these applications are forcing a reevaluation of standard approximations, such as the harmonic approximation in transition state theory (TST), and the use of relatively simple force fields in non-crystalline and multicomponent environments. We can expect considerable developments over the coming decade to widen the scope of application of these methods along with new insights over questions that had been long neglected by lack of access to the appropriate time and length scales. At the moment, however, given their cost, compared with lattice-based KMC methods, off-lattice approaches, such as k-ART, are best used for specific problems. First, disordered environments, where no other method can be applied. Second, systems where the possible number of environments is unknown or too large to systematically explore before hand. At the moment, however, while active development is going on regarding this issues and solutions could be introduced in the near future, the handling of complex ensemble of atoms/defects moving together (such as handled in object KMC), large moving defects (e.g. dislocations) and parallel evolution of a number of independent structures is limited.

Note that rigid lattices are not mandatory either for larger scale KMC approaches such as OKMC and EKMC, as demonstrated for instance in the codes BIGMAC [START_REF] Caturla | Microstructure Evolution in Fe and Fe-Cr Alloys with OKMC Methods[END_REF]) and JERK [START_REF] Torre | JERK, an event-based Kinetic Monte Carlo model to predict microstructure evolution of materials under irradiation[END_REF]).

On-the-fly off lattice KMC is one of the methods that allow to go beyond the reaches of classical MD along with other long time scale atomic methods such as various accelerated MD methods [START_REF] Voter | Extending the Time Scale in Atomistic Simulation of Materials[END_REF] [START_REF] Uberuaga | Computational Methods for Long-Timescale Atomistic Simulations[END_REF] (Henkelman et al. 2018) [chapter 00018].Choosing between these MD methods and off-lattice KMC approaches, which are much heavier, computationally speaking, than lattice-based, is, therefore, not automatic. While each problem is specific and methods evolve rapidly, as a general rule, accelerated MD methods are efficient when the energy distribution of the relevant barriers is narrow and relatively well separated from the other mechanisms in the simulation. Off-lattice KMC are better at handling flickers and treating wider energy barrier distributions. Now that the basis of the KMC methods have been introduced, we present the specific issues pertinent to the understanding of radiation damage and how they are / can be implemented using KMC techniques.

III Radiation damage specific issues

The KMC technique has been applied to a large range of materials science phenomena such as film deposition [START_REF] Martinez-Martinez | Crystallization processes in bicomponent thin film depositions: Towards a realistic kinetic Monte Carlo simulation[END_REF], corrosion [START_REF] Herbert | Dynamics of point defect formation, clustering and pit initiation on the pyrite surface[END_REF] [START_REF] Fujii | Experimental and numerical investigation of stress corrosion cracking of sensitized type 304 stainless steel under high-temperature and high-purity water[END_REF], precipitation (Becquart and Soisson 2018). Each phenomenon needs to be described in its own way and the next section presents the peculiarity of radiation damage modelling. For a description of radiation effects on microstructures see for instance chapter 00003.

III-1 Irradiation (introduction of cascades, FP)

As mentioned in the introduction and chapter 00003, the introduction of high energy particles (neutrons, ions…) will create a damage that depends, among other factors, on the flux of these particles. The "irradiation" rate, i.e. the rate of impinging particles is usually transformed into a production rate (number per unit time and volume) of randomly distributed displacement cascades of different energies (5, 10, 20, ... keV), as well as residual Frenkel Pairs (FP). New cascade debris are then injected randomly in the simulation box, at the corresponding rate. The cascade debris can be obtained by MD simulations for different recoil energies T, or introduced based on the number of FP expected from displacement damage theory. In the case of KMC simulation of electron irradiation, FPs are introduced randomly in the simulation box according to a certain dose rate, assuming most of the time that each electron is responsible for the formation of only one FP. This assumption is valid for electrons with energies close to 1 MeV (much lower energy electrons may not produce any FP, whereas higher energy ones may produce small displacement cascades with the formation of several vacancies and self interstitial atoms (SIAs)).

The dose is updated by adding the incremental dose associated with the scattering event of recoil energy T, using the Norgett-Robinson-Torrens expression [START_REF] Norgett | A proposed method of calculating displacement dose rates[END_REF] for the number of displaced atoms. In this model, the accumulated displacement per atom (dpa) [chapter 00020] is given by:

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑠𝑢𝑏𝑐𝑎𝑠𝑐𝑎𝑑𝑒 0.8𝑇/2𝐸
where T is the damage energy, i.e. the fraction of the energy of the particle transmitted to the Primary Knocked-on Atom (PKA) [chapter 00020] as kinetic energy and E D is the threshold displacement energy (e.g. 40 eV for Fe and Reactor Pressure Vessels (RPV) steels (ASTM E693 1994)).

The production rate (the number and energy of the PKAs, i.e. the PKA spectrum) are typically obtained from codes based on the Binary Collision Approximations (BCA) such as SRIM [START_REF] Ziegler | SRIM -The stopping and range of ions in matter (2010)[END_REF] or Marlowe [START_REF] Robinson | Slowing-down time of energetic atoms in solids[END_REF]) but other approximations and codes are available [chapter 00028]. In the case of ion implantation, one further needs to know the ion as well as the point defect implantation profiles. Long term simulations of accumulation of cascades have been modeled using KMC techniques [START_REF] Becquart | The influence of the internal displacement cascades structure on the growth of point defect clusters in radiation environment[END_REF] [START_REF] Caturla | Kinetic Monte Carlo simulations applied to irradiated materials: The effect of cascade damage in defect nucleation and growth[END_REF]) [START_REF] Souidi | Dependence of radiation damage accumulation in iron on underlying models of displacement cascades and subsequent defect migration[END_REF]) [START_REF] Becquart | Effect of displacement cascade structure and defect mobility on the growth of point defect clusters under irradiation[END_REF]) [START_REF] Souidi | On the correlation between primary damage and long-term nanostructural evolution in iron under irradiation[END_REF]) [START_REF] Valles | A multiscale approach to defect evolution in tungsten under helium irradiation[END_REF]. They are ways to investigate the sensitivity of the system to the properties of the displacement cascades (their spatial extent, morphology and the spatial correlation of defects) in the evolution of point defect cluster size distributions. It has been shown that there is no simple answer and the sensitivity can be little or strongly dependent on other parameters such as the mobility of defects, the type of interactions, the presence of impurities and the temperature [START_REF] Becquart | Effect of displacement cascade structure and defect mobility on the growth of point defect clusters under irradiation[END_REF]) [START_REF] Souidi | On the correlation between primary damage and long-term nanostructural evolution in iron under irradiation[END_REF]) [START_REF] Valles | A multiscale approach to defect evolution in tungsten under helium irradiation[END_REF]. Additional work is thus needed to obtain a more reliable estimate of the primary damage, for the full high energy particle (neutrons, Fe and to a lesser extent electrons) spectra in particular in alloys.

III-2 Point defect fluxes

As mentioned previously, one of the consequence of irradiation is the formation of a large amount of point defects of both types: vacancies and SIAs that will migrate in the material, creating fluxes of point defects as well as solute atoms. It was shown in many cases that the interaction between the point defect distribution, the driving force for solute segregation and precipitation when solubility limits are exceeded, will lead to complex microstructural evolutions, which depend on the atomic-scale diffusion properties used in the models [START_REF] Soisson | Kinetic Monte Carlo simulations of radiation induced segregation and precipitation[END_REF]). Usually the rates of diffusion can be obtained from the knowledge of the migration barriers. These, or at least the most important, must then be known for all the diffusing "objects"; i.e. for the point defects in AKMC, OKMC and EKMC, or the clusters in OKMC or EKMC. For isolated point defects, the migration barriers can be obtained from experimental data, i.e. from diffusion coefficients, or theoretically, using the different approaches described in section II.1, or directly from either ab initio calculations as described for instance in [START_REF] Caturla | Helium and point defect accumulation: (ii) kinetic modelling[END_REF] [START_REF] Becquart | An object Kinetic Monte Carlo Simulation of the dynamics of helium and point defects in tungsten[END_REF] or MD simulations as described in [START_REF] Soneda | Defect production, annealing kinetics and damage evolution in α-Fe: An atomic-scale computer simulation[END_REF]. Permanent fluxes of point defects towards the sinks are thus sustained by irradiation: the flux of SIAs corresponding to a flux of atoms towards the sinks, whereas the flux of vacancy corresponds to a flux of atoms away from the sinks. These fluxes will lead to microstructural changes such as precipitation or segregation as described in (Becquart and Soisson 2018) and in more details in [chapter 00008]. It is thus important to model correctly the diffusion properties of the moving species as well as the "trapping" properties of the different sinks: free surfaces, grain boundaries, dislocations… or traps. A typical example is the impact of point defect diffusion on Zr growth as shown in [START_REF] Samolyuk | Analysis of the anisotropy of point defect diffusion in hcp Zr[END_REF].

III-3 Formation and migration of SIAs and SIA clusters / loops

Irradiation will lead to the disruption of the crystallinity and the formation of numerous point defects which would not be present in such large amounts in the material under equilibrium conditions. This is particularly the case of SIAs which are not found in metals under thermal equilibrium because of their large formation energies (around 4 eV for Fe, 10 eV for W) and their very low migration barriers (around 0.3 eV in Fe, and close to 0 in W). SIAs move very quickly and tend to form clusters in the form of dislocations loops: dislocation loops of interstitial type have been observed in all kinds of alloys: RPV steels, model alloys (FeCu, FeMnNi, FeCuNiMn), Fe, W and W alloys …(Hernández-Mayoral and Gómez-Briceño 2010) [START_REF] Meslin | Cluster-dynamics modelling of defects in α-iron under cascade damage conditions[END_REF]) [START_REF] Meslin | Characterization of neutron-irradiated ferritic model alloys and a RPV steel from combined APT, SANS, TEM and PAS analyses[END_REF]) [START_REF] Yi | Characterisation of radiation damage in W and W-based alloys from 2 MeV self-ion near-bulk implantations[END_REF]. One issue regarding SIA loops is their burgers vector. For instance, in Fe, two kinds of loops are observed: ½ 111 loops which move very easily by one dimensional glide [START_REF] Bacon | Chapter 88 Dislocation-Obstacle Interactions at the Atomic Level[END_REF]) specially at low temperatures [START_REF] Arakawa | Observation of the One-Dimensional Diffusion of Nanometer-Sized Dislocation Loops[END_REF]) and 100 loops which are sessile. It is thus important to, on the one hand, include in the KMC models the correct amount of each family of loops and, on the other hand, model correctly their mobility or lack of. Indeed, when they are mobile, SIA loops move very quickly in a 1D motion. This has an impact on their sink strength, i.e. their capacity to interact/attract other point defects and solute atoms. This has been demonstrated in various cases using KMC [START_REF] Heinisch | Kinetic Monte Carlo study of mixed 1D/3D defect migration[END_REF]) [START_REF] Heinisch | Kinetic Monte Carlo studies of the effects of Burgers vector changes on the reaction kinetics of one-dimensionally gliding interstitial clusters[END_REF]) [START_REF] Ghoniem | Mechanisms of dislocation-defect interactions in irradiated metals investigated by computer simulations[END_REF] [START_REF] Wen | Kinetics of self-interstitial cluster aggregation near dislocations and their influence on hardening[END_REF]) (Amino et al. 2011) [START_REF] Jansson | Sink strength calculations of dislocations and loops using OKMC[END_REF]). Furthermore, the interaction of these loops with other loops or solute atoms can lead to changes in the loop Burgers vector and thus in their mobility. This has been recently a scope for on-the-fly KMC simulations [START_REF] Xu | Solving the Puzzle of $⟨100⟩$ Interstitial Loop Formation in bcc Iron[END_REF]) (Béland et al. 2015b) and needs to be accounted for in modelling microstructure evolution under irradiation. Another issue related to the formation and the mobility of SIA loops is that they interact with solute atoms [START_REF] Domain | Solute -〈111〉 interstitial loop interaction in α-Fe: A DFT study[END_REF]. KMC studies have shown that solute atoms can confine SIA loop diffusion to short segments [START_REF] Hudson | Suppression of interstitial cluster diffusion by oversized solute atoms[END_REF], slow down the loops as proposed in [START_REF] Chiapetto | Nanostructure evolution under irradiation of Fe(C)MnNi model alloys for reactor pressure vessel steels[END_REF] and change the loop saturation density [START_REF] Terentyev | Evolution of dislocation loops in iron under irradiation: The impact of carbon[END_REF]. It is thus necessary to implement these effects correctly, either by introducing the solutes explicitly in the simulation as in [START_REF] Hudson | Suppression of interstitial cluster diffusion by oversized solute atoms[END_REF]) [START_REF] Lee | A kinetic Monte Carlo approach for the analysis of trapping effect on the defect accumulation in neutron-irradiated Fe[END_REF]) [START_REF] Gámez | Object Kinetic Monte Carlo calculations of irradiated Fe-Cr dilute alloys: The effect of the interaction radius between substitutional Cr and selfinterstitial Fe[END_REF]) [START_REF] Terentyev | Evolution of dislocation loops in iron under irradiation: The impact of carbon[END_REF] or implicitly by changing the diffusion properties of the loops to reflect the alloying content as in [START_REF] Chiapetto | Nanostructure evolution under irradiation of Fe(C)MnNi model alloys for reactor pressure vessel steels[END_REF] and (Bonny et al. 2018). Another complication with SIA clusters and loops is the fact that the strain they generate in the lattice is not negligible and should be accounted for. KMC simulations have indeed shown that elastic interaction between defects impact on point defect recombination and the formation of clusters [START_REF] Hudson | Effects of elastic interactions on post-cascade radiation damage evolution in kinetic Monte Carlo simulations[END_REF], the trapping of SIA clusters [START_REF] Wen | Kinetics of self-interstitial cluster aggregation near dislocations and their influence on hardening[END_REF] or that of dislocation loops (Mason et al. 2014). Another demonstration of the importance of elastic interactions can be found in [START_REF] Wen | Dislocation decoration and raft formation in irradiated materials[END_REF]. These authors showed that elastic interactions help SIAs rotate and organize themselves into rafts or dislocation decorations. Note that impurities and solute atoms also interact with vacancy clusters and loops [START_REF] Messina | Stability and mobility of small vacancy-solute complexes in Fe-MnNi and dilute Fe-X alloys: A kinetic Monte Carlo study[END_REF]) but this has not been so far the object of many KMC simulations [START_REF] Chiapetto | Nanostructure evolution under irradiation of Fe(C)MnNi model alloys for reactor pressure vessel steels[END_REF].

III-4 Ballistic mixing

Ballistic mixing refers to the athermal displacements of atoms within displacement cascades. It always tends to disorder the alloys, irrespective of their equilibrium properties and can lead to precipitate or nanoparticle dissolution (Krasnochtchekov et al. 2007a) (Krasnochtchekov et al. 2007b) [START_REF] Soisson | Atomistic modeling of α' precipitation in Fe-Cr alloys under charged particles and neutron irradiations: Effects of ballistic mixing and sink densities[END_REF], [START_REF] Vu | Effect of the size of nanoparticles on their dissolution within metal-glass nanocomposites under sustained irradiation[END_REF]. It has been proposed for instance as a reason for the lack of ' precipitation in FeCr alloys irradiated under high ion flux when the concentration of sinks is high enough [START_REF] Soisson | Atomistic modeling of α' precipitation in Fe-Cr alloys under charged particles and neutron irradiations: Effects of ballistic mixing and sink densities[END_REF]). Ballistic mixing is thus an irradiation effect competing with the acceleration of diffusion due to the introduction of point defect sursaturations. A ballistic diffusion coefficient can be defined, that depends on the dose and the number of replacement per displacement [START_REF] Martin | Driven Alloys[END_REF]. KMC simulations have shown that these competing effects can lead to complex microstructures: different stages of order [START_REF] Ye | Nanoscale patterning of chemical order induced by displacement cascades in irradiated alloys. I. A kinetic Monte Carlo study[END_REF], the roughening of interfaces, self-organization of precipitates at a mesoscale [START_REF] Bellon | Interface stability and self-organization of precipitates under irradiation[END_REF], [START_REF] Bellon | Self-organization reactions under irradiation: Toward the design of radiation-resistant materials[END_REF], patterning [START_REF] Lear | Novel mechanism for order patterning in alloys driven by irradiation[END_REF].

III-5 Transmutation

The rate of producing transmutations can also be included in KMC models, as determined from the reaction rate density determined from the product of the neutron cross section and neutron flux. Like the irradiation rate, the volumetric production rate is used to introduce an appropriate number of transmutants, such as helium that is produced by (n,) reactions in the fusion neutron environment, where the species are introduced at random locations within the material. In W, transmutation will for instance lead to the formation of Re and Os in non negligible amounts [START_REF] Gilbert | Neutron-induced transmutation effects in W and W-alloys in a fusion environment[END_REF]. These elements have a strong impact on the mobility of SIAs [START_REF] Suzudo | Migration of rhenium and osmium interstitials in tungsten[END_REF]) [START_REF] Huang | Mechanism of nucleation and incipient growth of Re clusters in irradiated W-Re alloys from kinetic Monte Carlo simulations[END_REF]) and can lead to the formation of brittle intermetallic phases.

The next section is devoted to present typical studies pertaining to radiation damage undertaken using the KMC approach.

IV kMC studies related to radiation damage

IV-1 Annealing of cascades and source term determination

A large number of KMC simulations has been dedicated to the investigation of cascade annealing either to study the cascade efficiency of defects from their nascent cascades (i.e. how many point defect survive intracascade recombination and will feed the point defect fluxes) as in [START_REF] Diaz | Defect production and annealing kinetics in elemental metals and semiconductors[END_REF] [START_REF] Soneda | Defect production, annealing kinetics and damage evolution in α-Fe: An atomic-scale computer simulation[END_REF] [START_REF] Gao | Kinetic Monte Carlo annealing simulation of damage produced by cascades in alpha-iron[END_REF] [START_REF] Alonso | Simulation of damage production and accumulation in vanadium[END_REF] [START_REF] Domain | Simulation of radiation damage in Fe alloys: an object kinetic Monte Carlo approach[END_REF]) [START_REF] Pelaz | Multiscale modeling of radiation damage and annealing in Si[END_REF]) [START_REF] Kittiratanawasin | Radiation damage and evolution of radiation-induced defects in Er 2 O 3 bixbyite[END_REF]) [START_REF] Yoshiie | Multi-scale modeling of irradiation effects in spallation neutron source materials[END_REF] [START_REF] Suzudo | Annealing simulation of cascade damage in α-Fe -Damage energy and temperature dependence analyses[END_REF] (Xu et al. 2012b) [START_REF] Xiao | MD and OKMC simulations of the displacement cascades in nickel[END_REF]) [START_REF] Wu | Simulation of radiation damages in molybdenum by combining molecular dynamics and OKMC[END_REF] or to produce the source term for other mesoscale codes such as rate equation cluster dynamics (Adjanor et al. 2010) (Jourdan and Crocombette 2012) [START_REF] Jourdan | On the transfer of cascades from primary damage codes to rate equation cluster dynamics and its relation to experiments[END_REF]. These studies have shown that the relative mobilities of point defects and point defect clusters as well as the migration mechanisms (Figures 3 and4) have a crucial impact on the cascade efficiency and the annealing of the cascades [START_REF] Domain | Simulation of radiation damage in Fe alloys: an object kinetic Monte Carlo approach[END_REF]) (Xu et al. 2012b) (Nandipati et al. 2015a) (Nandipati et al. 2015b). Depending on the material, the most mobile defect is the SIA or the vacancy, and it was shown that the relative point defect clustering trends versus temperature in addition to the disparate mobilities of SIAs versus vacancies, changes the annealing efficiency i.e. (the ratio of the number of defects after and before annealing). In W, it exhibits an inverse U-shape curve as a function of temperature (Nandipati et al. 2015a). In some very specific cases, it is possible to neglect some of the point defect reactions thus speeding up the calculations as was shown by [START_REF] Pelaz | Multiscale modeling of radiation damage and annealing in Si[END_REF]) in ion implanted Si, but in general one must account explicitly for both point defect populations. Furthermore, the very recent study by [START_REF] Jourdan | On the transfer of cascades from primary damage codes to rate equation cluster dynamics and its relation to experiments[END_REF] shows that the cascade annealing depends on the point defect concentrations and must thus be evaluated on-the-fly or for different point defect concentrations unlike it has been typically done. The main outcome of all these studies is to point out as in the previous section that it is necessary to have a better understanding of how the point defect and point defect clusters mobilities are affected by solutes, temperatures and other point defects.

IV-2 Precipitation, segregation and phase transformations

Point defect fluxes in the materials along with ballistic mixing can lead to phase transformations or segregations at extended defects. In the case of phases predicted by thermodynamics, the irradiation will just accelerate the phase transformation in what is referred to as irradiation enhanced phase transformation, a typical example is the formation of Cu precipitates in Fe. In other cases, the irradiation induces the transformation into a non-equilibrium phase by changing for instance the solubility limit as has been observed in the FeCr system [START_REF] Miller | Effect of neutron-irradiation on the spinodal decomposition of Fe-32% Cr model alloy[END_REF]. kMC, and more precisely AKMC has been used to study phase transformations for more than twenty years first in binary ferritic alloys (FeCu and FeCr), then in more complex ones such as dilute Fe based alloys representative of RPV steels. Austenitic steels are much more complicated to model because they are paramagnetic and in metastable states. Deriving cohesive models of paramagnetic and / or metastable states is much more difficult, this probably explains why, at the moment, not that many KMC studies have been devoted to these alloys even though RIS is frequently observed at grain boundaries. For ferritic alloys, the historic case is the modelling of copper rich precipitates (CRPs) in bcc α-Fe. Cu is of primary importance in the embrittlement of the neutron-irradiated RPV steels. It has been observed to segregate into copper-rich precipitates within the ferrite matrix under irradiation. Since its role was discovered more than 50 years ago [START_REF] Hornbogen | A Metallographic Study of Precipitation of Copper from Alpha Iron[END_REF], Cu precipitation in -Fe (Figure 5) has been observed by tomography, small angle neutron scattering, and high resolution transmission electron microscopy. Numerical simulation techniques such as rate theory or AKMC methods have also been used to investigate this problem [START_REF] Soisson | Monte Carlo simulations of copper precipitation in dilute ironcopper alloys during thermal ageing and under electron irradiation[END_REF] [START_REF] Wirth | Kinetic Lattice Monte Carlo simulations of diffusion and decomposition kinetics in Fe-Cu alloys: Embedded atom and nearest neighbor potentials[END_REF] [START_REF] Domain | Kinetic Monte Carlo simulations of FeCu alloys[END_REF] [START_REF] Schmauder | Atomistic computer simulation of the formation of Cu-precipitates in steels[END_REF] [START_REF] Khrushcheva | Copper precipitation in iron: a comparison between metropolis Monte Carlo and lattice kinetic Monte Carlo methods[END_REF] [START_REF] Djurabekova | Artificial intelligence applied to atomistic kinetic Monte Carlo simulations in Fe-Cu alloys[END_REF]) [START_REF] Monasterio | Kinetic Monte Carlo modeling of cascade aging and damage accumulation in Fe-Cu alloys[END_REF]) [START_REF] Castin | Modelling radiation-induced phase changes in binary FeCu and ternary FeCuNi alloys using an artificial intelligence-based atomistic kinetic Monte Carlo approach[END_REF]) [START_REF] Pascuet | Stability and mobility of Cu-vacancy clusters in Fe-Cu alloys: A computational study based on the use of artificial neural networks for energy barrier calculations[END_REF]) for a review see [START_REF] Soisson | Atomistic Kinetic Monte Carlo studies of microchemical evolutions driven by diffusion processes under irradiation[END_REF]. Other solutes present in RPV steels were more recently found to segregate and have been studied. In agreement with experimental observations, the addition of Ni has been found to promote the formation of a higher density of smaller CRPs in binary Fe-Cu alloys, and copper-shell microstructures have been observed in Fe-Cu, Mn, Si [START_REF] Vincent | Solute interaction with point defects in α Fe during thermal ageing: A combined ab initio and atomic kinetic Monte Carlo approach[END_REF][START_REF] Bonny | Ternary Fe-Cu-Ni many-body potential to model reactor pressure vessel steels: First validation by simulated thermal annealing[END_REF]). Very recently it was found that Ni promotes the nucleation of Cu clusters and delays the precipitation kinetics during the coarsening stage because it slows down the Cu clusters [START_REF] Wang | Precipitation kinetics in binary Fe-Cu and ternary Fe-Cu-Ni alloys via kMC method[END_REF]) that are otherwise more mobile than isolated Cu atoms [START_REF] Soisson | Cu-precipitation kinetics in α-Fe from atomistic simulations: Vacancytrapping effects and Cu-cluster mobility[END_REF]. More complex RPV based alloys have also been investigated [START_REF] Liu | A lattice Monte Carlo simulation of nanophase compositions and structures in irradiated pressure vessel Fe-Cu-Ni-Mn-Si steels[END_REF] (Vincent et al. 2008a) [START_REF] Ngayam-Happy | Formation and evolution of MnNi clusters in neutron irradiated dilute Fe alloys modelled by a first principle-based AKMC method[END_REF] [START_REF] Bonny | On the thermal stability of late blooming phases in reactor pressure vessel steels: An atomistic study[END_REF], in particular to investigate the formation of the so-called late blooming phases [START_REF] Odette | Predictive reactor pressure vessel steel irradiation embrittlement models: Issues and opportunities[END_REF], phases that are supposed to start to form above a threshold incubation dose in low-Cu, high-Ni (and/or high-Mn) RPV steels, thereby causing additional hardening. The second binary system most widely investigated is FeCr, model material for high-Cr ferritic/martensitic steels. This system is quite complex as depending upon Cr concentration, precipitation or spinodal decomposition can take place and numerous AKMC simulations have been proposed [START_REF] Wallenius | Simulation of thermal ageing and radiation damage in Fe-Cr[END_REF]) [START_REF] Pareige | Short-and long-range orders in Fe-Cr: A Monte Carlo study[END_REF]) [START_REF] Pareige | Kinetic study of phase transformation in a highly concentrated Fe-Cr alloy: Monte Carlo simulation versus experiments[END_REF] [START_REF] Soisson | Radiation-accelerated precipitation in Fe-Cr alloys[END_REF]) [START_REF] Soisson | Atomistic modeling of α' precipitation in Fe-Cr alloys under charged particles and neutron irradiations: Effects of ballistic mixing and sink densities[END_REF]). Senninger et al. (Senninger et al. 2016) found that the diffusion of vacancies toward sinks leads to a Cr depletion, whereas the diffusion of self-interstitials causes an enrichment of Cr in the vicinity of sinks. The enrichment or depletion of Cr near sinks result from the balance of these two mechanisms and depend thus in a non simple manner on concentration and temperature. Avery recent study by [START_REF] Soisson | Atomistic modeling of α' precipitation in Fe-Cr alloys under charged particles and neutron irradiations: Effects of ballistic mixing and sink densities[END_REF]) (Figures 6 and7) pointed out the impact of the sink density on the delicate balance that exists between ballistic mixing and accelerated diffusion on the ' transformation. In W, the formation of Re and Os through transmutation has inspired a few KMC (AKMC and OKMC) studies that show that Re and Os impact on the migration of the SIAs [START_REF] Suzudo | Migration of rhenium and osmium interstitials in tungsten[END_REF] [START_REF] Huang | Mechanism of nucleation and incipient growth of Re clusters in irradiated W-Re alloys from kinetic Monte Carlo simulations[END_REF]. They control the nucleation and the growth of Re-rich clusters and also have a positive impact on swelling and void lattice formation (Bonny et al. 2018). Radiation induced segregation near extended defects (sinks) such as grain boundaries has also been investigated using KMC.

Other systems have been modeled to study phase transitions or precipitations. We can mention ZrSiO 4 [START_REF] Heinisch | Computational model of alpha-decay damage accumulation in zircon[END_REF], FeCrAl [START_REF] Ejenstam | Microstructural stability of Fe-Cr-Al alloys at 450-550°C[END_REF], Cu 83.5 Ag 15 W 1.5 . [START_REF] Zhang | Precipitate stability in Cu-Ag-W system under hightemperature irradiation[END_REF], Cu-Nb-W [START_REF] Bellon | Self-organization reactions under irradiation: Toward the design of radiation-resistant materials[END_REF] Cu-W [START_REF] Zhang | Precipitation kinetics of dilute Cu-W alloys during lowtemperature ion irradiation[END_REF]. For a recent review of precipitation modelling by AKMC approaches see (Becquart and Soisson 2018). Note that a few studies have also been dedicated to investigate the stability of nanoparticles under irradiation and characterize their dissolution [START_REF] Vu | On the evolution of the steady state in gold-silica nanocomposites under sustained irradiation[END_REF] [START_REF] Vu | Effect of the size of nanoparticles on their dissolution within metal-glass nanocomposites under sustained irradiation[END_REF].

The fate of point defect fluxes towards sinks and their coupling with solutes is one of the most important issue of microstructure evolution under radiation and twenty years of AKMC studies have led to significant results such as the motion of Cu clusters [START_REF] Soisson | Cu-precipitation kinetics in α-Fe from atomistic simulations: Vacancytrapping effects and Cu-cluster mobility[END_REF] and the synergy between solutes [START_REF] Vincent | Solute interaction with point defects in α Fe during thermal ageing: A combined ab initio and atomic kinetic Monte Carlo approach[END_REF][START_REF] Bonny | Ternary Fe-Cu-Ni many-body potential to model reactor pressure vessel steels: First validation by simulated thermal annealing[END_REF]) [START_REF] Wang | Precipitation kinetics in binary Fe-Cu and ternary Fe-Cu-Ni alloys via kMC method[END_REF]. Synergy between solutes makes these studies very difficult as one must find good cohesive models for complex alloys which need not only to be accurate regarding the formation energies of the solute / point defect clusters but also for the migration energies of the point defects in these complex environments. Different approaches are currently being pursued (Becquart et al. 2018b) using for instance machine learning, but the task is not trivial, especially for multi-component alloys such as steels. For more simple alloys such as W-Re, or Fe-Cr, AKMC based on a large DFT data base, has really helped in unveiling mechanisms and explain experimental observations.

IV-3 Typical damage accumulation / microstructure evolution: impact of dose, temperature, impurities …

Many KMC studies has also been dedicated to characterize damage accumulation in various materials to model specific experiments such as ion implantation in Si for instance [START_REF] Hobler | Status and open problems in modeling of as-implanted damage in silicon[END_REF] or to investigate the impact of various parameters: the irradiation technique (ions versus neutrons (Castin et al. 2018), ions versus protons [START_REF] Fluss | Temperature-dependent defect properties from ion-irradiation in Pu(Ga)[END_REF], continuous versus pulsed [START_REF] Perlado | Time-Dependent Neutronics in Structural Materials of Inertial Fusion Reactors and Simulation of Defect Accumulation in Pulsed Fe and SiC[END_REF])), the neutron spectrum [START_REF] Soneda | Modeling the microstructural evolution in bcc-Fe during irradiation using kinetic Monte Carlo computer simulation[END_REF] [START_REF] Choi | Multiscale simulation of neutron induced damage in tritium breeding blankets with different spectral shifters[END_REF] (Figure 8), the dose, and dose-rate [START_REF] Soneda | Modeling the microstructural evolution in bcc-Fe during irradiation using kinetic Monte Carlo computer simulation[END_REF] (Chiapetto et al. 2016a), the temperature [START_REF] Soneda | Modeling the microstructural evolution in bcc-Fe during irradiation using kinetic Monte Carlo computer simulation[END_REF] [START_REF] Arévalo | Temperature dependence of damage accumulation in αzirconium[END_REF]) (Chiapetto et al. 2016a) [START_REF] Castin | Object kinetic Monte Carlo model for neutron and ion irradiation in tungsten: Impact of transmutation and carbon impurities[END_REF], impurities or solute atoms [START_REF] Alonso | Simulation of damage production and accumulation in vanadium[END_REF] [START_REF] Gámez | Kinetic Monte Carlo modelling of neutron irradiation damage in iron[END_REF]) [START_REF] Castin | Object kinetic Monte Carlo model for neutron and ion irradiation in tungsten: Impact of transmutation and carbon impurities[END_REF], the effect of annealing (Caturla et al. 2000b) [START_REF] Fluss | Temperature-dependent defect properties from ion-irradiation in Pu(Ga)[END_REF] or to compare materials (Caturla et al. 2000a). The irradiation is typically modeled using cascade databases obtained either through MD [START_REF] Perlado | MD simulation of high energy cascades and damage accumulation in β-SiC in inertial fusion conditions[END_REF]) (Caturla et al. 2000a) (Caturla et al. 2000b) [START_REF] Wirth | Mechanical property degradation in irradiated materials: A multiscale modeling approach[END_REF] [START_REF] Marian | Direct comparison between modeling and experiment: An α-Fe ion implantation study[END_REF] [START_REF] Arévalo | Temperature dependence of damage accumulation in αzirconium[END_REF]) (Chiapetto et al. 2016a) [START_REF] Warrier | Multi-scale Modeling of Radiation Damage: Large Scale Data Analysis[END_REF] [START_REF] Castin | Object kinetic Monte Carlo model for neutron and ion irradiation in tungsten: Impact of transmutation and carbon impurities[END_REF] or the BCA method [START_REF] Hobler | Status and open problems in modeling of as-implanted damage in silicon[END_REF] [START_REF] Otto | Coupled BC/kLMC simulations of the temperature dependence of implant damage formation in silicon[END_REF]) [START_REF] Hobler | Multiscale approach for the analysis of channeling profile measurements of ion implantation damage[END_REF]) [START_REF] Becquart | Effect of displacement cascade structure and defect mobility on the growth of point defect clusters under irradiation[END_REF] [START_REF] Valles | A multiscale approach to defect evolution in tungsten under helium irradiation[END_REF] [START_REF] Payet | Damage accumulation during cryogenic and room temperature implantations in strained SiGe alloys[END_REF]. The effect of pulsed irradiation has been studied in [START_REF] Caturla | Multiscale modeling of radiation damage: applications to damage production by GeV proton irradiation of Cu and W, and pulsed irradiation effects in Cu and Fe[END_REF]) and showed that, in Cu, the impact of the pulse depends on the frequency. Studying the effect of flux, [START_REF] Diaz | Defect production and annealing kinetics in elemental metals and semiconductors[END_REF] showed that damage accumulation can be, in certain instances (room temperature and light ion implantation), reduced by decreasing the dose rate. The delicate balance between dose-rate and temperature has also been pointed out by [START_REF] Soneda | Modeling the microstructural evolution in bcc-Fe during irradiation using kinetic Monte Carlo computer simulation[END_REF]. This truly underlines the power as well as the weakness of KMC as the fate of the point defects injected by the irradiation cannot be simply deduced from the knowledge of their migration energies and many aspects must be considered. For instance, long term simulations of accumulation of cascades reveal the sensitivity of the system to the properties of the displacement cascades (their spatial extent, morphology and the spatial correlation of defects) in the evolution of point defect cluster size distributions and it was shown that the sensitivity can be low or strongly dependent on other parameters such as the mobility of defects, the type of interactions, the presence of impurities and the temperature [START_REF] Becquart | Effect of displacement cascade structure and defect mobility on the growth of point defect clusters under irradiation[END_REF]) [START_REF] Souidi | On the correlation between primary damage and long-term nanostructural evolution in iron under irradiation[END_REF]. A more recent study, comparing the damage accumulation in W obtained using BCA cascades or MD cascades finds that in the case of ion irradiation, BCA results can lead to good OKMC results despite the fact that BCA calculations do not take into account correctly the low energy events taking place in the cascades [chapter 00028]. However in the case of neutron irradiation, the study predicts that problems may arise when using the BCA cascades as this method overestimates the amount of FP created by high energy PKA [START_REF] Valles | A multiscale approach to defect evolution in tungsten under helium irradiation[END_REF] and it is thus mandatory to have proper ways of estimating the primary damage.

In the case of semiconductors, the materials are usually simpler, i.e. they do not contain as many alloying elements as structural materials such as steels. However, one has to take into account how electrons and holes distributions evolve along with the point defects. One possibility is to include them in an indirect manner as proposed in [START_REF] Hehr | Analysis of radiation effects in silicon using kinetic monte carlo methods[END_REF]. In this approach, vacancies, interstitials, impurities, and reactionderived species (e.g. impurity/vacancy complexes) are treated as distinct species that are tracked individually as part of the KMC algorithm. Electrons and holes are assumed to exist in certain background concentrations (which depend on position in the device, operating characteristics, etc.), and their interaction rates with defects are quantified through analytic expressions that are functions of the carrier concentrations. These interaction rates are then included in the KMC event selection process, so that defect migration and carrier interaction are both taking place in the simulation. Electrons and holes are thus included in the simulation, but they are not tracked as individual particles that are subject to stochastic behavior. The method was used to model annealing of electron Irradiation of p-Type Silicon and good agreement between the model and the experiment was obtained.

IV-4 Solute or impurity / gas atoms diffusion and the formation of gas bubbles

Another topic which has been investigated for some time using KMC approaches is the modeling of H and He atoms in structural materials such as Fe and W. This topic is quite important for fusion as structural materials that will be close to the plasma will be bombarded by He and H isotopes. In the case of H and H isotopes, the major concern is to obtain effective diffusion coefficients in the presence of extended defects [START_REF] Ramasubramaniam | Effect of atomic scale plasticity on hydrogen diffusion in iron: Quantum mechanically informed and on-the-fly kinetic Monte Carlo simulations[END_REF] [START_REF] Ito | Automatic kinetic Monte-Carlo modeling for impurity atom diffusion in grain boundary structure of tungsten material[END_REF], hydrogen concentration [START_REF] Yang | Kinetic Monte Carlo simulation of hydrogen diffusion in tungsten[END_REF] or impurities [START_REF] Oda | Modeling of diffusivity of tritium interacting with F centers in Li2O[END_REF] in Li 2 O. Diffusion of H has also been investigated on a W (001) reconstructed surface [START_REF] Yang | Kinetic Monte Carlo simulation of hydrogen diffusion on tungsten reconstructed (001) surface[END_REF]. In the case of helium, the goal is often to model the formation of helium vacancy clusters that will be nuclei for voids and bubbles leading to swelling, formation of pores, blistering or exfoliation of the surface and embrittlement. He is a very mobile element in metals and forms very stable clusters which are also very mobile unless they are trapped by vacancies or other elements of the microstructure, dislocations, grain boundaries, solute atoms … [chapter 00006]. Predicting the evolution of microstructures implanted by He atoms or containing He atoms is not straightforward as it depends on temperature, point defect and helium implantation rates, doses [START_REF] Martínez | Helium segregation to screw and edge dislocations in α-iron and their yield strength[END_REF] as well as the way they are implanted (at the same time, or in successive events, continuously or pulsed) or where they are implanted (close or not to free surfaces, i.e. in stress free material or in stress gradients). KMC simulations have investigated the fate of He during co-implantation in Fe and showed that at most 3 % end up in vacancies (thus becoming substitutional) in typical implantation set ups [START_REF] Erhart | Calculation of the substitutional fraction of ion-implanted He in an α-Fe target[END_REF]. Another study demonstrated the occurrence of different regimes of He clusters nucleation in W, one dominated by He self-trapping (at low temperatures and high implantation rates), the other one, at high temperatures and low implantation rates, where the trapping of helium by vacancies is predominant (Yang et al. 2017). Stress gradients due to the presence of surfaces were found to drive collective bubble populations towards the free surface or up the stress gradient [START_REF] Sharafat | A description of stress driven bubble growth of helium implanted tungsten[END_REF]) (Figure 9). Comparing continuous He implantation and pulsed He implantation, Rivera et al. found that the pulsed modes lead to a higher He retention at high temperature because they produce a higher concentration of defects [START_REF] Rivera | Effect of ion flux on helium retention in helium-irradiated tungsten[END_REF].

Other simulations underline the role of point defects, and in particular the vacancies, and impurities (C for instance) that can trap the He atoms and thus impact on the size distribution of He clusters or on the rate of He desorption [START_REF] Morishita | Thermal Stability of Helium-Vacancy Clusters and Bubble Formation -Multiscale Modeling Approach for Fusion Materials Development[END_REF] [START_REF] Caturla | Modeling microstructure evolution of f.c.c. metals under irradiation in the presence of He[END_REF] [START_REF] Bringa | Metals far from equilibrium: From shocks to radiation damage[END_REF] [START_REF] Wirth | A kinetic monte carlo model for helium diffusion and clustering in fusion environments[END_REF]) [START_REF] Deo | Helium bubble nucleation in bcc iron studied by kinetic Monte Carlo simulations[END_REF]) [START_REF] Caturla | Helium and point defect accumulation: (ii) kinetic modelling[END_REF] [START_REF] Becquart | An object Kinetic Monte Carlo Simulation of the dynamics of helium and point defects in tungsten[END_REF] [START_REF] Guo | KMC simulation of helium bubble formation in alpha-Fe[END_REF] [START_REF] Backer | Modeling of helium bubble nucleation and growth in austenitic stainless steels using an Object Kinetic Monte Carlo method[END_REF] [START_REF] Perez | The mobility of small vacancy/helium complexes in tungsten and its impact on retention in fusion-relevant conditions[END_REF]. Based on the same ideas that He interacts quite strongly with point defects, other studies focus more on the impact of He atoms on the long term evolution of the primary damage and the formation of voids [START_REF] Bringa | Metals far from equilibrium: From shocks to radiation damage[END_REF] [START_REF] Galloway | Molecular dynamics and object kinetic Monte Carlo study of radiation-induced motion of voids and He bubbles in bcc iron[END_REF]Ackland 2013) (De et al. 2013). All these studies underline the complex balance between point defect and helium clustering, cluster growth, trapping and detrapping reactions that lead to different microstructure evolutions. Most of these investigations have been done in bcc Fe and W, but a few studies in fcc metals (Figure 10) and even austenitic steels are available [START_REF] Caturla | Modeling microstructure evolution of f.c.c. metals under irradiation in the presence of He[END_REF] [START_REF] Gámez | Object Kinetic Monte Carlo calculations of electron and He irradiation of nickel[END_REF][START_REF] Backer | Modeling of helium bubble nucleation and growth in austenitic stainless steels using an Object Kinetic Monte Carlo method[END_REF]. A preliminary study comparing the formation of mixed He vacancy clusters in bcc and fcc Fe seems even to find no major difference in clustering behavior [START_REF] Suzudo | Multiscale modeling of helium-vacancy cluster nucleation under irradiation: A kinetic Monte-Carlo approach[END_REF]. Finally KMC has been used to elucidate the formation of fuzz in W, this peculiar nanostructured morphology, that was shown to result again from the balance between clusters formation and detrapping reactions [START_REF] Suzudo | Multiscale modeling of helium-vacancy cluster nucleation under irradiation: A kinetic Monte-Carlo approach[END_REF] [START_REF] Suzudo | Multiscale modeling of helium-vacancy cluster nucleation under irradiation: A kinetic Monte-Carlo approach[END_REF] [START_REF] Suzudo | Multiscale modeling of helium-vacancy cluster nucleation under irradiation: A kinetic Monte-Carlo approach[END_REF] (Valles et al. 2017a). From [START_REF] Caturla | Kinetic Monte Carlo simulations applied to irradiated materials: The effect of cascade damage in defect nucleation and growth[END_REF] In fuel materials, and particularly in UO 2 it is the diffusion of oxygen and other gases which is mostly being investigated [START_REF] Oaks | Kinetic Monte Carlo model of defect transport and irradiation effects in La-doped CeO2[END_REF] [START_REF] Behera | Diffusion of oxygen interstitials in UO2+x using kinetic Monte Carlo simulations: Role of O/M ratio and sensitivity analysis[END_REF] [START_REF] Maillard | Why a steady state void size distribution in irradiated UO2? A modeling approach[END_REF]. See [START_REF] Bertolus | Linking atomic and mesoscopic scales for the modelling of the transport properties of uranium dioxide under irradiation[END_REF] for a review paper on the subject. Fission products, such as Ag in TRISO fuels (Méric de Bellefon and Wirth 2011) has also been studied, though not really extensively it seems.

The formation and diffusion of gas bubbles has a large impact on structural as well as fuel materials and despite an already quite large amount of studies dedicated to this, more work is needed because of the delicate balance between point defect and gas atom clustering properties that depend, of course, on the matrix and all its solutes or alloying elements but also on internal pressure, to which they will contribute. In that regard, elastic interactions must be accounted for in the models when bubbles start to grow which adds another level of complexity to the models.

IV-5 Investigating solutions to eliminate the point defects or trap gas atoms.

Radiation damage in metallic alloys consists, as already mentioned, mostly in a large amount of point defects that will diffuse, leading to many changes such as RIS, the formation of solute clusters, the formation of voids and dislocation loops etc. All these features decrease the mechanical properties of the components and solutions are thought to trap or eliminate the point defects. In that search, KMC has been used to evaluate the impact of grain boundaries on the fate of point defects in Ni and a Ni-Cr alloy showing that both vacancies and SIAs are attracted to the grain boundaries (Al [START_REF] Tooq | Modelling radiation damage at grain boundaries in fcc Nickel and Nibased alloy using Long Time Scale Dynamics Techniques[END_REF]. A later study, showed that, in Fe, both near GB and at GB, low-energy-barrier/barrier-free regions form around the interstitials, promoting the annihilation of vacancies [START_REF] Li | Radiation resistance of nano-crystalline iron: Coupling of the fundamental segregation process and the annihilation of interstitials and vacancies near the grain boundaries[END_REF]). Comparing single crystal tungsten and mono crystal tungsten, Valles et al (Valles et al. 2017b) confirm the impact of GB on the on the amount and distribution of vacancies as well as on the migration and retention of H and propose that GB act as preferential path for H. Another study, in Al, showed, on the other hand, that diffusion of H was decreased by more than one order of magnitude in GBs [START_REF] Pedersen | Simulations of hydrogen diffusion at grain boundaries in aluminum[END_REF]. In UO 2 , it was found that certain types of grain boundaries enhanced the mobility of U vacancies (Uberuaga and Andersson 2015) (Figure 11). An increase of the diffusivity of Ag and Cs in Tristructural-Isotropic (TRISO) fuel particles in high energy GB as compared to the bulk was also found by [START_REF] Ko | Ag diffusion in SiC high-energy grain boundaries: Kinetic Monte Carlo study with first-principle calculations[END_REF] [START_REF] Ko | Cs diffusion in SiC high-energy grain boundaries[END_REF]. The apparent contradictions in these results stem from the fact that depending on several factors such as the grain size, the GB energy, angle, the probability of GB connectivity, and the excess of free volume, GB can be diffusion enhancer or diffusion slower as shown recently in the case of H diffusion in Ni [START_REF] Oudriss | Grain size and grain-boundary effects on diffusion and trapping of hydrogen in pure nickel[END_REF]. Martensite laths was investigated using OKMC simulations and was found not to be the reason for the different nanostructural evolution under neutron irradiation of ferrite and martensite in FeCrC alloys (Chiapetto et al. 2016b).

Figure 11: Example trajectories at each temperature considered (2500 K, 5000 K, 7500 K, and 10,000 K) for a vacancy diffusing at the R5 tilt GB. There is a clear transition from one-dimensional to twodimensional motion as the temperature is increased. The direction along the tilt axis is indicated for clarity. The time scale for each simulation is also indicated in the upper left corner of each frame. From [START_REF] Uberuaga | Uranium vacancy mobility at the Σ5 symmetric tilt and Σ5 twist grain boundaries in UO2[END_REF].

Directly related to the issue of trapping / eliminating point defects or gas atoms in extended defects is the determination of the sink strength, a parameter typically used in the Mean Field Rate Theory (MFRT) [chapter 00022] to describe the interaction of migrating defects with the features characterizing the microstructure of the material (e.g. voids, dislocations, grain boundaries). Because KMC approaches explicitly take into account spatial correlations between the elements of the physical system, they are expected to implicitly reproduce the effect of sinks or traps for migrating species. They have thus been used for more than twenty years to determine the sink strength of various extended defects and compare them to analytical approaches [START_REF] Heinisch | Kinetic Monte Carlo studies of the reaction kinetics of crystal defects that diffuse one-dimensionally with occasional transverse migration[END_REF]) [START_REF] Malerba | Object kinetic Monte Carlo study of sink strengths[END_REF]) [START_REF] Jansson | Sink strength calculations of dislocations and loops using OKMC[END_REF] [START_REF] Hou | Modification on theory of sink strength: An Object Kinetic Monte Carlo study[END_REF]) (Ahlgren and Bukonte 2017) [START_REF] Carpentier | Effect of saddle point anisotropy of point defects on their absorption by dislocations and cavities[END_REF] [START_REF] Sivak | Effect of external stresses on efficiency of dislocation sinks in BCC (Fe, V) and FCC (Cu) crystals[END_REF] [START_REF] Vattré | Non-random walk diffusion enhances the sink strength of semicoherent interfaces[END_REF]) [START_REF] Martínez | Role of Sink Density in Nonequilibrium Chemical Redistribution in Alloys[END_REF].

The results summarized above highlight one strength of KMC methods: its capacity to investigate mechanisms at the atomistic level in microstructures containing extended defects on time scales longer than MD. Despite the fact that the results depend on the point defect and point defect clusters mobility, and / or on the cohesive model used, they show where more precise studies should concentrate on. A typical example is the impact of grain boundaries which is more complicated than initially thought as grain boundaries can be seen as containing a large population of defects with rich and largely not understand behavior and impact. Off lattice on-the-fly AKMC should be able to provide valuable information, for systems for which a good cohesive model and a lot of computing time are available. They could help build databases of grain boundary families useful to be integrated in mean-field approaches.

Another family of extended defects which has been barely considered are surfaces probably because of the difficulty to model, even at the atomistic scale, the complexity of real surfaces (their roughness, the oxide layers, the strain gradients…). Furthermore, reactions occurring at surfaces take place at quite different time scales, which is a problem for KMC techniques similar to the low barrier problem mentioned in section II-2 On-the fly kMCs. For some problems, such as the formation of solute clusters under irradiation, surfaces may not be important, for others such as the formation and diffusion of gas bubbles, it will be difficult not to investigate this issue.

V Comparison of models

The formation and growth of point defect and solute clusters through all stages of cluster evolution, from their nucleation to growth and coarsening has been extensively simulated by two alternate methods, mean field reaction rate theory (MFRT) [chapter 00022] and kinetic Monte Carlo at the mesoscale level, i.e. OKMC. In principle, these two methods should predict essentially the same behavior when used to solve the same problem, if the problem is well posed as shown in [START_REF] Stoller | Mean field rate theory and object kinetic Monte Carlo: A comparison of kinetic models[END_REF]) but that the comparison is not straightforward and needs to be done very carefully. One important conclusion of the work by [START_REF] Stoller | Mean field rate theory and object kinetic Monte Carlo: A comparison of kinetic models[END_REF]) is that, because of computational limitations, for the time being, one immediate application of OKMC simulations is to improve the parameterization of the MFRT models as shown in section IV-2. A similar conclusion was drawn by [START_REF] Rottler | Kinetic Monte Carlo study of radiation-induced segregation in model metallic alloys[END_REF]) who compared AKMC and MFRT in the modeling of RIS. This situation may evolve as a recent development allowing to speed up KMC simulations enabled Xu et al. (Xu et al. 2012a) to model the entire radiation process of molybdenum nanofoils irradiated in a transmission electron microscope.

VI Coupling with other methods

To model radiation damage, the different codes necessary to go from the neutron spectra to the evolution of the mechanical or thermal properties of the material [START_REF] Becquart | Modeling microstructure and irradiation effects[END_REF] are typically used independently. In that scheme, one code provides the input data as shown in section IV-3 or in [START_REF] Sharafat | A description of stress driven bubble growth of helium implanted tungsten[END_REF] or parameters (DFT and / or MD results concerning the stability and migration of point defects and point defect clusters in KMC models for instance) for the next, in a coarse graining multiscale approach [START_REF] Jumel | Simulation of irradiation effects in reactor pressure vessel steels: The reactor for virtual experiments (REVE) project[END_REF]. However, a few attempts at using different approaches in the same model have been developed. For instance, the OKMC approach is sometimes used within a lower scale method as proposed in [START_REF] Castin | Modeling the first stages of Cu precipitation in α-Fe using a hybrid atomistic kinetic Monte Carlo approach[END_REF]) and later [START_REF] Pannier | Towards the prediction of microstructure evolution under irradiation of model ferritic alloys with an hybrid AKMC-OKMC approach[END_REF] where the AKMC is coupled with the OKMC in the same code, thus producing an hybrid AKMC-OKMC code [START_REF] Domain | Object Kinetic Monte Carlo (OKMC): A Coarse-Grained Approach to Radiation Damage[END_REF].

VII Locks / things that need to be investigated / improved further

In MD, the determining parameter is the quality cohesive model that controls the validity of the thermodynamic and dynamic properties [START_REF] Becquart | Influence of the interatomic potentials on molecular dynamics simulations of displacement cascades[END_REF]. As a consequence, MD simulations are far from being capable of representing real microstructures that always contain impurities that are not described properly by current force fields. With the help of KMC models, many studies have demonstrated that the mobility of point defects, the stability of the various objects that can form (point defect clusters, mixed He point defect clusters, dislocations and dislocations loops etc) as well as their mobility, the trapping or slowing down capability of impurities as well as the impact of grain boundaries have tremendous effects. These models are thus capable of providing relevant information that closer to real materials. However, these simulations require that a large number of parameters (and the way they evolve with temperature) be known accurately, not to mention the impact of surfaces [START_REF] Aliaga | Influence of free surfaces on microstructure evolution of radiation damage in Fe from molecular dynamics and object kinetic Monte Carlo calculations: Influence of free surfaces on microstructure evolution of radiation damage in Fe[END_REF]) [START_REF] Duan | Clustering and segregation of small vacancy clusters near tungsten (0 0 1) surface[END_REF] or the source term, as recently shown in [START_REF] Jourdan | On the transfer of cascades from primary damage codes to rate equation cluster dynamics and its relation to experiments[END_REF]. This means that considerable effort must go into choosing the level of details to enter in the models to minimally perturb the results. For instance a recent study showed that the additional complexity of size dependent vacancy emission rates from voids had little effect on the defect concentrations (Hoffman et al. 2016). The authors conclude thus that a constant barrier should be sufficient for simulations of voids in bcc metals.

Nevertheless, even if KMC allows to model the nucleation and growth of larger defects than MD, comparing with experimental data is still a challenge and it is necessary to build tools that link the experimental observations to the objects formed in the simulations. A typical example is the electrical resistivity (ER) method which can provide valuable information on the migration, clustering and dissociation of radiation defects, which are essential for the behavior of materials under irradiation. The ER method has been widely employed due to its high sensitivity, reliability and experimental convenience. Despite the importance of the ER method for radiation damage studies, the quantitative analysis of experimental results is still hindered by the lack of detailed knowledge on the specific contributions from different types of radiation defects, e.g., point-defects, point-defect clusters or defectimpurity complexes to the total resistivity. So far, the crude assumption is made that each point defect (isolated or in cluster) has the same contribution to the electrical resistivity. This is clearly a strong approximation and a better estimate of point defect and point defect cluster residual resistivity will be very helpful to compare the results of KMC and RE models with experiments.

If better experimental data is needed at the atomic level, a number of issues limit the applications of AKMC. First, the description of the basic kinetic steps, be it from ab initio or empirical description or fully phenomenological. At the moment, no approach provides a general answer, either because costs are too large or the information is not available. There a number of efforts to improve the various levels of description, many involving machine-learning, but the problem remains largely open today. A second and related issue focuses on computing rates accurately, a challenge even with accurate force fields. Given the cost of this step, a number of different approximations have been proposed. Recent simulations suggest that these rates could vary even more than previously thought, which forces a reexamination of many of those used until now. More technically, the reachable simulation time is an important third challenge: many phenomena take place on time scales that are beyond current methods, even if one is ready to wait for days or weeks. To overcome this limitation, efforts have gone, for example, into parallelizing time evolution for large KMC simulations (Martínez et al. 2008) [START_REF] Terentyev | Evolution of dislocation loops in iron under irradiation: The impact of carbon[END_REF] [START_REF] Wu | Optimizing Parallel Kinetic Monte Carlo Simulation by Communication Aggregation and Scheduling[END_REF]) (Jiménez and Ortiz 2016). These approaches are technically complex and are limited to relatively system problems. Other approaches have focused on managing flickers, i.e., the low-energy barrier mechanisms, to allow rare events to take place. Different methods are being developed to boost the simulation by solving analytically part of the time evolution, see for instance [START_REF] Donev | A First-Passage Kinetic Monte Carlo algorithm for complex diffusion-reaction systems[END_REF]), (Athènes and Bulatov 2014) or (Danielson et al. 2017). A final challenge is linked to the capacity at describing a system in its full complexity, or, at least, with all the complexity needed to address a specific challenge. Although progress has been made in understanding the role of impurities, defects, surfaces, strain, etc., introducing structures at many different length scales remains challenging.

Another issue that slows done the simulations is the calculation of the transition rates. Machine learning can speed up these calculations as proposed in [START_REF] Domingos | Artificial intelligence applied to simulation of radiation damage in ferritic alloys[END_REF] [START_REF] Djurabekova | Kinetics versus thermodynamics in materials modeling: The case of the di-vacancy in iron[END_REF] [START_REF] Castin | Calculation of proper energy barriers for atomistic kinetic Monte Carlo simulations on rigid lattice with chemical and strain field long-range effects using artificial neural networks[END_REF], as well as be used to help building better cohesive models [chapter 00019] [START_REF] Brommer | Classical interaction potentials for diverse materials from ab initio data: a review of potfit[END_REF] [START_REF] Behler | Perspective: Machine learning potentials for atomistic simulations[END_REF] [START_REF] Messina | Introducing ab initio based neural networks for transition-rate prediction in kinetic Monte Carlo simulations[END_REF].

VIII Conclusions

KMC approaches are techniques useful to study generic as well as realistic problems. It provides the link between MD and MFRT (Figure 12); the AKMC being close to the former, whereas OKMC and EKMC are close to the later. The same algorithm (time residence) can provide different information depending upon the method chosen and the approximations. A typical example is the impact of solutes and alloying elements. In the AKMC approach, solutes are introduced explicitly (a recent review of the different ways of doing so can be found in (Becquart et al. 2018b)) and the impact of radiation on the solute distribution can be estimated, and the structure and content of the phases or clusters formed can be obtained. If one choses the OKMC or EKMC with a grey alloy approach, the structure of the clusters is an entry of the model and not a result and it will not be possible to study phase transitions, whereas it will be possible to study the behavior of point defect fluxes in these alloys on longer time scales than when using AKMC.

The technique has been applied to investigate many issues in the radiation damage community, the most important ones being radiation induced or accelerated phase transformations, the annealing as well as the accumulation of the primary damage with or without gas atom diffusions and the search for solutions to remedy to the damage. The development of KMC approaches is continuing strongly at the moment at all approximation levels, with advances in the calculation of prefactors, the coupling of various approximations and attempts to use machine learning to facilitate event catalog building, strengthening the capacity of KMC methods to address a wider range of fundamentally and technologically relevant materials questions.

Yet, one of the main outcome of this chapter is to underline that using KMC techniques to their best abilities requires that one finds a good compromise between methods (lattice / of lattice ; atomic / object) and precision required (for the cohesive model / parameterization) and calculation time. This is indeed similar to many modelling techniques, however because KMC is more flexible and offers a richer set of approximations and tools to choose from than, let's say, MD and MFRT, the expertise of the researcher is more crucial. This efforts, as we have shown in this chapter, is well worth it: well used, KMC techniques can clearly provide unique and essential understandings that cannot be achieved with other simulation methods at the moment.
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 1 Figure1: AKMC supercell (left) vs OKMC supercell (right). The AKMC considers atoms and point defects whereas the OKMC considers objects. In the AKMC a 5 vacancy cluster is made of 5 vacancies that behave independently from one another, whereas in the OKMC a 5 vacancy cluster is a single object. In both approaches, the irradiation consists in the introduction of point defects, isolated or in clusters depending on the irradiation type [chapter 00020].
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 34 Figure3: Cluster size distributions predicted at the end of 0.1 dpa irradiation as obtained with four sets of OKMC parameters using MD cascades with energies from 10 keV to 200 keV as input. The results obtained with cascades generated by 20, 30, and 40 keV, not represented, are undistinguishable from those obtained at 50 keV..From[START_REF] Souidi | On the correlation between primary damage and long-term nanostructural evolution in iron under irradiation[END_REF] 

Figure 5

 5 Figure 5 Representative vacancy (red circles) and clustered Cu atom (blue circles) evolution in an Fe-0.3% Cu alloy during the aging of a single 20 keV displacement cascade, at (a) initial (200 ns), (b) 2 ms, (c) 48 ms, (d) 55 ms, (e) 83 ms, and (f) 24.5 h. From (Monasterio et al. 2007).
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 67 Figure6: Evolution of the average radius and density of ' precipitates, and of the total sink strength and irradiation intensity in a Fe-15%Cr alloys under ion irradiation at 5.2 ×10 -5 dpa. s -1 and 300 °C. Comparison between APT observations and AKMC simulations. CD1 and CD2 are two sets of parameters for the cluster dynamic method, used to compute the evolution of the sink density / sink strength. From[START_REF] Soisson | Atomistic modeling of α' precipitation in Fe-Cr alloys under charged particles and neutron irradiations: Effects of ballistic mixing and sink densities[END_REF] 
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 8 Figure 8: DPA and time evolution of total cluster density for different spectral shifters. From (Choi and Joo 2013)
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 910 Figure 9: Snap shots of the time sequence of the KMC simulation results of the IEC facility at UW-Madison helium implantation condition at T = 730 °C, 1.6× 10 18 He/m 2 s, E He = 30 keV; (light colored spheres represent matrix or bulk bubbles; dark spheres represent surface pores or bubbles that have penetrated the top surface). From[START_REF] Sharafat | A description of stress driven bubble growth of helium implanted tungsten[END_REF] 
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 12 Figure 12: summary of the different KMC approaches compared to DFT and MD with empirical potentials.