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INTRODUCTION

The threshold displacement energy (Ed) quantifies the minimum kinetic energy that a primary-knockon-atom (PKA) needs to create a permanent defect in a material under irradiation. This fundamental quantity is used to determine the number of displacements per atom (dpa), also called "dose", created in the material. While both experiments and molecular dynamics (MD) simulations can be used for determining Ed, values reported so far for graphite are extremely scattered (10-70 eV) and always obtained from short time irradiation of pristine (also termed virgin) material, following the common assumption that Ed is a constant. In this work, we use a robust statistical method, based on extensive molecular dynamics simulations of low energy PKA events, to determine Ed for graphite, irradiated graphite and up to the limit of amorphous carbon (a-C).

MATERIAL AND METHODS

Four atomistic models are considered: a monocrystal of hexagonal graphite of about 9 x 9 x 5 nm 3 , two models of irradiated graphite at 0.2 and 1 dpa, and a model of amorphous graphite, the three latter having a size of about 5 x 5 x 5 nm 3 . The two irradiated graphite models were constructed from a time series of HRTEM images of graphite under electron irradiation, using the timedependent image-guided atomistic reconstruction technique [START_REF] Farbos | A time-dependent atomistic reconstruction of severe irradiation damage and associated property changes in nuclear graphite[END_REF] and validated against various experimental data (HRTEM images, carbon K-edge electron-energy-loss spectra, dose rate, and stored energies), showing good overall agreement. The a-C model was obtained by annealing the 1 dpa graphite model at 8000 K, up to complete melting and then fast (0.1 ps) quenching to room temperature. PKA events were simulated by selecting an atom at random and assigning to it a velocity, corresponding to the PKA energy, with random orientation. Interatomic interactions are described with the Carbon EDIP potential, switched to a Ziegler-Biersack-Littmack potential at low interatomic separations. 500 hundred independent simulations are performed at each energy, for each model.

RESULTS

The main findings of this work are summarized in Figure 1, showing the evolutions of the displacement probability (DP) and average number of displacements (Nd) with PKA energy. In agreement with other recent studies, there is no single threshold above which a displacement is observed. Instead, we observe a continuous increase in DP and Nd with increasing PKA energy for all four materials. Furthermore, the presence of damage, or structural defects, considerably increases DP and Nd at a given PKA energy. For instance, the PKA energy required to have DP=50 % is 38 eV for pristine graphite, 31 eV at 0.2 dpa, 27 eV at 1 dpa and as less as 12 eV for a-C. Similarly, at a PKA energy of 100 eV, Nd reads 2.4 for pristine graphite, 4 at 0.2 dpa, 5.6 at 1 dpa and more than 14 for a-C. Despite the absence of a sharp threshold, we evaluated several possible definitions of Ed and found three consistent definitions: i) the PKA energy at which DP = 10 %, ii) the intersection of the tangent of the DP curve at the inflexion point with the energy axis and iii) a definition based on the Kinchin-Pease model [START_REF] Kinchin | Displacement of Atoms in Solid by Radiation[END_REF], predicting a linear evolution of Nd with the PKA energy (E) at large E: Nd = E/(2Ed). Predicted Ed values read 24 eV (pristine), 18 eV (0.2 dpa), 13 eV (1 dpa) and 5 eV (a-C).

CONCLUSIONS

Using MD simulations and a statistical approach we have been able to compute an accurate estimation of Ed for graphite, 24 eV, close to the most recent estimates for graphene [START_REF] Susi | Isotope analysis in the transmission electron microscope[END_REF].

We have also shown that Ed considerably decreases with increasing damage, dropping by nearly a factor of 2 at 1 dpa. While we agree that such damages can be annealed, in actual reactor graphite, this study show that the evolution of Ed with damage is an important missing element in current models of radiation dose estimations.
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 1 FIGURE 1: Evolution of (a) the displacement probability and (b) the average number of displacements as a function of the PKA energy (5-100 eV) for graphite at 0, 0.2 and 1 dpa and a-C.
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