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The number of Displacement per Atom (DPA) in the fuel cladding is a key quantity for determining the operation lifetime of fuel assemblies in Sodium-cooled Fast Reactor (SFR). Since the cladding is directly irradiated by Fission Products (FPs), the present work evaluates the FPs-induced atomic displacements in the Fe-14Cr cladding. Three degrees of freedom (the yields of FPs, energy distribution, and angular distribution of each FP) are reduced using the assumptions proposed in this paper. Two additional approximations are proposed to obtain the reasonable upper and lower limits of DPA in the cladding so that the computation burden is largely reduced. Numerical results show that the proposed approximations can give a reasonable estimate of the FPs-induced DPA in the fuel cladding. The FPs-induced damage is limited in the range of few microns but can be 5 times more important than the neutron-induced one in the cladding of ASTRID inner core. Along with the depth in the cladding, the FPs-induced damage rate becomes less important than the neutron-induced one at penetration deeper than 5 μm and smaller than 1/10 of neutron-induced DPA at penetration larger than 7 μm. A subsequent question of whether the FPs-induced damage should be taken into account in the cladding needs to be discussed for SFRs.

Introduction

Fast neutron Reactors (FRs) are proposed as candidates for Gen IV reactors (GEN IV International Forum, 2018;[START_REF] Pioro | Handbook of Generation IV Nuclear Reactors[END_REF]. One of the most important advantages of FRs is their highly efficient use of uranium sources. Among different FRs, the technology of Sodium-cooled Fast Reactor (SFR) [START_REF] Ohshima | 5 -Sodium-cooled fast reactor[END_REF] is the most developed one. The constructed SFRs in the worldwide include a series of BN SFRs (Russia), Experimental Breeder Reactor II and Fast Flux Test Facility (US), Prototype Fast Reactor (UK), SNR-300 (Germany), Joyo and Monju (Japan), China Experimental Fast Reactor (China), Fast Breeder Test Reactor (India), etc. In France, we had Rapsodie, Phenix, and SuperPhenix experimental SFRs. France also studied another demonstration SFR, called as the Advanced Sodium Technological Reactor for Industrial Demonstration (ASTRID) [START_REF] Beck | Conceptual design of ASTRID radial shielding sub-assemblies[END_REF].

The neutron-induced irradiation damage is one of the most important challenges for the Reactor Pressure Vessel (RPV) of current Light Water Reactors (LWRs) [START_REF] Zinkle | Materials challenges in nuclear energy[END_REF]. However, the neutron irradiation is not so important for the vessel of SFRs due to the shielding of neutron by liquid sodium, reflector, and fertile layer (and in-vessel neutron shielding in some reactors, such as ASTRID) (Chen et al., 2019a). On the other hand, because of the high neutron flux density in the reactor core, the neutron-induced irradiation damage is the major issue of the lifetime of fuel assemblies in SFRs. One of the most important factors determining the operating lifetime of fuel assembly in SFRs is the neutron-induced number of Displacement per Atom (DPA).

Since the fuel cladding can be directly irradiated by Fission Products (FPs), the FPs-induced DPA should be important for determining the operating lifetime of fuel assembly in SFRs. Because heavy ions generally have small ranges in materials, FPs-induced damage should be found only near the inner surface of the cladding, where fuel pellets and cladding are in contact and Fuel-Cladding Chemical Interaction (FCCI) [START_REF] Fee | Fuel-cladding chemical interaction in uranium-plutonium oxide fast reactor fuel pins[END_REF] may occur. In this region, the irradiation damage may be not as important as the FCCI. However, it is still of interest to investigate the FPs-induced irradiation damage in the fuel cladding because the DPA in the fuel cladding of SFRs is an important quantity "beyond" the concept of atomic displacements. At least, it is important to quantitatively compare the current "DPA level" used in SFRs and the "real" number of DPA.

The present work studies the FPs-induced damage in the fuel cladding of FRs. The investigated material is Fe-14Cr Oxide Dispersion-Strengthened (ODS), which is developed by CEA as a cladding material for Gen IV SFR [START_REF] Dubuisson | ODS Ferritic/martensitic alloys for Sodium Fast Reactor fuel pin cladding[END_REF] and also could be considered as a potential cladding material for LWR Accident Tolerant Fuel (ATF) (Chen et al., 2020(Chen et al., , 2019d;;[START_REF] Chen | Neutronic Analysis on Potential Accident Tolerant Fuel-Cladding Combination U3Si2-FeCrAl[END_REF][START_REF] Dryepondt | Development of low-Cr ODS FeCrAl alloys for accident-tolerant fuel cladding[END_REF][START_REF] Gamble | An investigation of FeCrAl cladding behavior under normal operating and loss of coolant conditions[END_REF]. The simulations of FPs-induced atomic vacancies are carried out with SRIM-2013 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] full cascade simulations. The methods of modeling are presented in Section 2.1. The details for computing FPs-induced irradiation damage using simulated data are summarized in Section 2.2. Section 3 illustrates the results and discussion on both simulated results and deduced FPs-induced irradiation damage in the fuel cladding. Section 3.3 compares the FPs-induced damage rate with the neutron-induced one in the ASTRID inner core. The main conclusions are given in Section 4.

Methods

This section presents the methods and the hypotheses for computing the number of atomic displacements in the fuel cladding induced by the irradiation of FPs. The methods proposed in this section and the corresponding numerical results given in Sections 3.1 and 3.2 are general for any type of nuclear reactor. The numerical results shown in Section 3.3 are mainly for the ASTRID inner core but the proposed methods are not restricted for FR applications.

Description of the model

Figure 1 shows the cross-section view of a fuel rod. The dotted curve in the fuel pellet illustrates the outermost position where FPs can reach the cladding inner surface, whereas the dotted curve in the fuel cladding points out the deepest position where FPs can propagate. The right figure in Figure 1 is the zoom of the region where the FPs have contributions to atomic displacements. FPs produced within the dotted curve-enclosed region in the fuel have no contribution to the atomic displacements for the cladding. The boundary of this region depends on FPs and is determined by SRIM-2013 using 30 000 ions quick calculation. The quick calculation option is chosen because it is much faster than the full cascade simulation and we focus mainly on the spatial migration range of ions.

Since the gap is filled with gas, it is treated as void in the present work. Therefore, for ion transport simulations, it is equivalent to the case that the fuel pellet is directly enclosed by the fuel cladding. Because FPs have limited depth of penetration in the fuel cladding (illustrated by the dotted curve in Figure 1), the FPs-induced atomic displacements are only limited in the accessible region. Since both the range of ions and the number of atomic displacements should be determined, the present work uses 3000 ions full cascade simulations to determine the distribution of atomic displacements in the cladding. The full cascade simulation rather than the quick calculation option is chosen for computing the number of atomic displacements because the former is more physically grounded [START_REF] Crocombette | Quick calculation of damage for ion irradiation: implementation in Iradina and comparisons to SRIM[END_REF][START_REF] Weber | Predicting damage production in monoatomic and multi-elemental targets using stopping and range of ions in matter code: Challenges and recommendations[END_REF]. In general, a nuclear fission reaction produces two FPs and (~ 2.4 for 235 U) neutrons. The fission reaction of a heavy nucleus X, e.g. 235 U and 239 Pu, can be expressed by: n X → FP FP n (1) where the subscript h and l respectively represent the heavy and the light FPs. Different to most neutron-induced reactions, there are hundreds of FPs rather than a few determined products of other reactions. Therefore, the FPs-induced damage rate should be calculated by:

= ∑ , , Ω, , ! " # , #Ω# (2)
where Ek,i, Ω, r, and respectively represent the kinetic energy, emitted angle, emitted position, and fission yield of each specific FP $% .

The main fissionable nuclei in thermal reactors and FRs are 235 U and 239 Pu, respectively. Because the relative fission yields (on atomic mass, charge, and energy) of 235 U and 239 Pu are not so different and the present work provides an approximate estimate of FPs-induced damage in the cladding, all fission reactions are approximately treated as the fission of 235 U here. In addition, the nuclear fuel is assumed to be a pure UO2 when simulating the penetration and slowing down of FPs in the fuel for calculating the FPs-induced DPA rates in the fuel cladding. The simulation results are thus useful for both FRs and thermal reactors with Fe-14Cr cladding.

Figure 2 shows the fission yields as a function of atomic mass for 235 U of JEFF-3.3 (NEA, 2017). The average kinetic energies of FPs computed with FIFRELIN [START_REF] Litaize | Fission modelling with FIFRELIN[END_REF] are shown together with fission mass yields in Figure 2. The largest fission yields correspond to A = 95 and A = 139 for light and heavy FPs, respectively. A = 139 is chosen for heavy FP rather than the peak value A = 134 because the former is more representative of heavy FP (i.e. second hump of fission yield in Figure 2). As shown in the lower subplot of Figure 2, the most probable atomic numbers for the light and the heavy FPs are respectively Z = 38 (Sr) and Z = 54 (Xe). For the sake of simplification, the present work supposes that the FPs are 100% 95 Sr and 139 Xe, the most probable light and heavy FPs. The corresponding mean kinetic energies are respectively 100 MeV and 70 MeV. It is noteworthy that even if 95 Sr and 139 Xe are beta decay unstable nuclei, the corresponding 23.9 s and 39.7 s half-lives are relatively large compared with atomic displacement cascade (about several tens picoseconds [START_REF] Nordlund | Primary radiation damage: A review of current understanding and models[END_REF]). 

Estimate of fission products-induced atomic displacements in the cladding

Table I gives the chemical compositions of Fe-14Cr ODS alloys developed by CEA [START_REF] Dubuisson | ODS Ferritic/martensitic alloys for Sodium Fast Reactor fuel pin cladding[END_REF]. Since the FPs-induced irradiation damage cannot be simply calculated as the neutron-induced (Chen et al., 2019c;[START_REF] Macfarlane | Methods for Processing ENDF/B-VII with NJOY[END_REF], the photon-induced [START_REF] Alexander | Defect production considerations for gamma ray irradiation of reactor pressure vessel steels[END_REF]Chen et al., 2019b;[START_REF] Fukuya | Calculation of Gamma Induced Displacement Cross-sections of Iron Considering Positron Contribution and Using Standard Damage Model[END_REF], or the nuclear disintegration-induced one (Chen and Bernard, 2020a;[START_REF] Gilbert | PKA distributions: Contributions from transmutation products and from radioactive decay[END_REF] owing to the heterogeneous and anisotropic spatial distribution of FPs in the cladding, SRIM-2013 simulation is used in the present work. To accelerate the convergence of Monte Carlo simulations, only Fe, Cr, and W in Fe-14Cr are considered for SRIM calculations. The threshold displacement energies used in the present work are given in Table II. Because the FPs have quite limited ranges in the fuel and cladding, their contributions to atomic displacements in the cladding depend on their initial positions and angular distributions. As the two cases of incident 139 Xe shown in Figure 3, different initial positions lead to different ranges and different numbers of atomic displacements in the cladding. Figure 4 illustrates a FP produced at the depth of # '( in the fuel and emitted with an angle ) towards the fuel cladding. Because a SRIM-2013 full cascade simulation with 3000 ions takes about 10 hours for 100 MeV 95 Sr and 15 hours for 70 MeV 139 Xe in an i5-7200U CPU, the computation burden is too heavy to simulate both the position-dependence and angular distributions. In order to avoid too many simulations to estimate the role of FPs on the irradiation damage in cladding, the present work assumes that:

(i) All light and heavy FPs are 95 Sr and 139 Xe, respectively.

(ii) Kinetic energies of FPs are 100 MeV and 70 MeV for 95 Sr and 139 Xe, respectively. (iii) The gap between the fuel and cladding is void. (iv) FPs are isotropically emitted in the fuel. (v) For FPs emitted with the angle towards the cladding ) ∈ +) , , ) -., where ) , and ) -are angles simulated by SRIM, the induced atomic displacements are supposed to be the same as ) = ) , (or ) = ) -for estimating the lower limit). (vi) For atomic displacement in the cladding induced by FPs produced at depth # '( ∈ +# , , # -., where # , and # -are depths simulated by SRIM, we directly take the distribution obtained at the depth # = # , (or # = # -for estimating the lower limit). Assumptions (i) and (ii) are explained in Section 2.1 and should be a good approximation for our studies. It is noted that the default SRIM effective charge of ion Zeff (Zeff 2 is proportional to the ratio of the stopping power of the ion to that of proton [START_REF] Ziegler | The Stopping and Range of Ions in Matter[END_REF]) is used, whereas the average charge of FP is 20+. (iii) is reasonable because of the low atomic concentration in the gap. (iv) is true in FR core where the neutron flux is quasi-homogeneous and isotropic. (v) overestimates (underestimates, resp.) the atomic displacement because FPs emitted with angle ) ∈ +) , , ) -. generally induce less (more, resp.) vacancies than that with ) = ) , () = ) -, resp.). (vi) also overestimates (underestimates, resp.) the atomic displacement because the irradiation damage reduces with the thickness of fuel where the FPs should pass through. The histogram distribution assumption is used for (v) and (vi) to conservatively estimate the real vacancies induced by FPs. Consequently, the six assumptions can give a reasonable upper limit (or lower limit) for the number of atomic displacements in the fuel cladding.

The isotropic angular distribution (i.e. assumption (iv)) of produced FPs implies:

#Ω = sin ) #)#1 = -24#5
(3) where Ω is the solid angle, ) is the colatitude angle, 1 is the longitude, and 5 = cos ) . Consequently, the isotropic angular distribution leads to equiprobable distribution on 5 from -1 to 1. Moreover, the probability density for the variable 5 (8(5) ≡ 8) satisfies:

8(5)#5 , <, = 28 = 1 (4)
Therefore, the probability density for the distribution of 5 is 8(5) = 1/2. For a specific FP produced at depth # '( ∈ ?# @ , # @A, B, the angle-integrated number of atomic vacancies is computed by: (# '( ) = (# '( , 5) 

Therefore, assumptions (v) and (vi) imply that the upper limit of the FPs-induced atomic vacancies in the fuel cladding is:

̅ (# '( ) = , - ∑ #5 D D EF # @ , 5 GH = , - ∑ (5 -5 <, ) # @ , 5 GH (6) 
where (5 , , 5 -, 5 I , ⋯ ) are cosines of the simulated angles and 5 H ≡ 5 K . 5 K = cos ) K is the cosine of the maximum angle that the FP can leave the fuel. As the schematic illustrated in Figure 5, the maximum angle ) K is determined by: 5 K ≡ cos ) K = # '( /L M (7) where Rf is the maximum range of the FP in fuel.

On the other hand, the expectation of the vacancies (i.e. volume-averaged vacancies) in the fuel cladding induced by a FP is calculated by:
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where L is the radius of the fuel pellet. Supposing the ranges of FPs are largely smaller than the radius of fuel pellet (i.e. L M ≪ L), one can deduce that:

= - S (# '( )## '( S V H (9)
Consequently, assumption (vi) implies that the vacancies in the fuel cladding are overestimated by: ̅ = -S ∑ # @A, -# @ ̅ # @ @ (10) where # @W X ≡ L M . Inserting Eq. ( 6) into Eq. ( 10), one can deduce that the upper limit of the vacancies in the fuel cladding induced by a specific FP is calculated by: ̅ = , S ∑ # @A, -# @ ∑ (5 -5 <, ) # @ , 5 GH @ (11) Using the same reasoning, the lower limit of the vacancies produced by FPs can be determined by: = , S ∑ # @A, -# @ ∑ (5 -5 <, ) # @A, , 5 <, @ (12) Since the FPs-induced damage in the cladding for ) = ) K is quasi-null, it is neglected in the present work to reduce the cases of simulations. Moreover, this additional assumption leads to a smaller value of the lower limit . The number of atomic displacements induced by FPs is thus included in + , ̅ .. For simplification, the quantities associated with the calculations of ̅ ( resp.) are called maximum (minimum resp.) estimate and noted by the same symbol ̅ ( resp.).

It is noteworthy that the inner radius of the cladding L K is a little larger than the fuel diameter L. On the other hand, L M ≪ L and L K ≪ L K for FPs (can be verified in Section 3.1). Therefore, if one uses the simulation that the fuel is directly enclosed by the cladding, the atomic displacement should be corrected by:

# @ , 5 = S S Y Z[\] # @ , 5 (13) 
The present work uses a numerical approximation L K /L ≈ 1.03 deduced from several SFRs. If L K /L ≠ 1.03 for any specific case, the accurate value of L K /L can be directly used.

In the present work, the SRIM-2013 full cascade simulations are performed every 1 μm for the depth # '( from 0 to # @W X<, . Each 1/6 of 5 from 1 to 5 K are simulated for the angular distributions. One can do simulations in finer meshes so that the computed lower and upper limits are closer to the real value. It is always the choice between accuracy and computation burden. The proposed criterion is whether the difference between ̅ and is smaller than the acceptable accuracy.

Results and discussion

Ranges of fission products in fuel and cladding

In order to intuitively show the ion distributions in materials, Figure 6 illustrates the 3D ion distribution of 100 MeV 95 Sr into UO2. Again, we remark that the effective charge in SRIM is used, whereas the average charge of FPs is 20+. The averaged migration range is 8.43 μm and the maximum depth (i.e. Rf mentioned in Section 2.2) is 9.90 μm. Consequently, light FP produced in UO2 fuel deeper than 9.90 μm does not influence the damage calculation of the fuel cladding. The ranges and maximum depths of 100 MeV 95 Sr and 70 MeV 139 Xe in both fuel and cladding are summarized in Table III. For the sake of comparison and verification, Table III also gives the data obtained with 50 000 ions full cascade simulations with Iradina code [START_REF] Borschel | Ion beam irradiation of nanostructures -A 3D Monte Carlo simulation code[END_REF]Ronning, 2011) (CEA version (Crocombette and[START_REF] Crocombette | Quick calculation of damage for ion irradiation: implementation in Iradina and comparisons to SRIM[END_REF]). One can find that SRIM-2013 and Iradina globally give similar results on the ranges and the maximum depths of penetration (Rf and Rc). According to the values of Rf summarized in Table III, the initial positions for the simulations of 100 MeV 95 Sr and 70 MeV 139 Xe are restrained in the regions of which the distances to the surface of fuel are smaller than 9.9 μm and 7.8 μm, respectively. In addition, these data verify the assumptions that L M ≪ L and L K ≪ L K given in Section 2. 

Atomic displacements induced by fission products

Figure 7 shows the distributions of atomic vacancies in Fe-14Cr with SRIM-2013 full cascade simulations for 70 MeV 139 Xe (upper) and 100 MeV 95 Sr (lower) from different depths in UO2 fuel with emitted angle ) = 0. It is observed that the peak values of the atomic displacements are not so sensitive to the initial position of FPs for # '( smaller than the range in the fuel pellet. In the case where # '( is larger than the range, the peak value quickly decreases with increasing depth in the fuel due to the decrease in the total number of ions that can reach the cladding. Consequently, the consideration of FPs only with # '( smaller than the range in the fuel pellet could also be a good approximation. 8 shows also the upper limit ̅ and lower limit , noted by Max. and Min., respectively, for # '( = 0 and # '( = 3 μm. From Figure 8, one can find the 1/6 division of 5 can give a reasonable angle-averaged value. The only problem shown Figure 8(a) is that the atomic displacements at depth smaller than the position of the peak for 5 = 1/6 (which is about 1 μm) are unrealistically small when compared with data at depth > 1 μm. The explanations of such small values and their influence on the total displacement damage calculations are given as follows. For the upper limit, because the results for 5 = 1/6 are used for 0 ≤ 5 ≤ 1/6, the expectation of atomic displacements is smaller than the real case at depth smaller than the peak-position of 5 = 1/6 . For the lower limit, because the atomic displacements are supposed to be null for 5 < 1/6, the same problem as the upper limit is observed. However, this unrealistically small estimate is much less important for # '( > 0 than for # '( = 0 (shown in Figure 8(a)) because (i) h i /6 -5 K ≡ min ∈ℕ,( /k<D Y )GH (h/6 -5 K ) < 1/6, which implies the probability that the cosine of emission angle included in +5 K , h i /6. (i.e. h i /6 -5 K ) is smaller than 1/6 for # '( > 0; (ii) for a larger emission angle ), the larger mean free path of ion in the fuel leads to fewer atomic displacements in the cladding. For the second reason, one can imagine that if 5 is very close to 5 K , even though the atomic displacements are quite important near the surface of cladding, its contribution to the expectation or angle-average of total vacancies is quite negligible. It is more obvious if FPs are produced at a deeper position. This reasoning can be verified by Figure 8(b), which illustrates the results for 100 MeV 95 Sr from 3 μm deep UO2. Consequently, the approximations using 1/6 division of 5 can give a reasonable estimate of FPs-induced atomic displacements in the sense of vacancy attenuation in the cladding.

Since the results shown in Sections 3.1 and 3.2 are for FPs emitted from UO2 into Fe-14Cr cladding without adding any constraint on neutron flux spectrum, the corresponding conclusions are the same for the Fe-14Cr cladding used in other reactor types.

Comparison with neutron-induced damage in cladding

The operating lifetime of fuel assembly in SFRs is mainly determined by the DPA level (~ 200 DPA [START_REF] Yvon | Structural materials challenges for advanced reactor systems[END_REF] based on the Norgett-Robinson-Torrens formula [START_REF] Norgett | A proposed method of calculating displacement dose rates[END_REF]). The current status for determining the lifetime is based on the neutron-induced DPA. On the other hand, the present studies show that the FPs can induce irradiation damage in the cladding from the inner surface up to the first microns. Therefore, it is of interest to compare the neutron-induced DPA rate and the FPs-induced one. In a nuclear reactor, the FPs-induced damage rate per unit of depth RD in the cladding is computed by: is the volumetric fission reaction rate, and ~Q,K && yƒ is the atomic concentration of the cladding. " /"… is the so-called vacancies per ion per unit of depth that can be directly deduced with SRIM calculations. In the present work, = ̅ and = for maximum and minimum estimates, respectively. For SFRs, we remark again that L K /L = 1.03. Figure 9 shows the quantity L" ̅ /"… for 70 MeV 139 Xe and 100 MeV 95 Sr. Moreover, Figure 9 points out both the maximum estimate L" ̅ /"… (noted by Max.) and minimum estimate L" /"… (noted by Min.) for the total FPs-induced damage. Figure 10. 1/3 view of ASTRID core CFV v4 [START_REF] Beck | Conceptual design of ASTRID radial shielding sub-assemblies[END_REF] In order to quantitatively compare the neutron-induced DPA rate with FPs-induced damage rate, the present work takes the example of the ASTRID reactor, of which the layout is shown in Figure 10 ( [START_REF] Beck | Conceptual design of ASTRID radial shielding sub-assemblies[END_REF]. Using the total fission rate L Q,M ii y of the ASTRID inner core from ERANOS [START_REF] Ruggieri | ERANOS 2.1: International Code System for GEN IV Fast Reactor Analysis[END_REF][START_REF] Tommasi | Status of ERANOS-2 code system validation for sodium fast reactor applications[END_REF] calculation (with self-shielding correction), one obtains LL Q,M ii y /2L K ~Q,K && yƒ = 6.40 ‡ 10 <,, s <, = 2.02 ‡ 10 <I year <, .

L l ≡ Q Vmno S p,V
Since the number of vacancies from SRIM full cascade simulations is almost two times that of the NRT formula [START_REF] Bratchenko | Comments on DPA calculation methods for ion beam driven simulation irradiations[END_REF]Chen and Bernard, 2020b;[START_REF] Stoller | On the use of SRIM for computing radiation damage exposure[END_REF], one uses L OE l = L l /2 to compare with the NRT-based neutron-induced damage rate. The peaks of Max and Min shown in Figure 9 lead to L OE l = 128 DPA/year and L OE l = 109 DPA/year, respectively. These values are much larger than the neutron-induced one, which is about 25 DPA/year (Chen et al., 2019a). It is observed that L OE l is larger than the neutron-induced damage rate when the depth is smaller than 5.0 μm (3.2 μm, resp.) according to the maximum estimate ̅ (minimum estimate resp.). The depths corresponding to 1/10 of the neutron-induced damage rate are 7.4 μm and 5.4 μm, respectively. Table IV shows the average damage rate from the inner surface to different depths of penetration in Fe-14Cr cladding. The average FPs-induced damage rates in the whole irradiated region, i.e. 0 ~ 7.9 μm, are about 54 and 30 NRT-DPA/year with the maximum and minimum estimates, respectively. The corresponding averaged value in the first 10 μm are respectively 43 and 23 NRT-DPA/year. One may use the mean value = ̅ /2 to roughly determine the average FPs-induced damage rate.

Consequently, the averaged FPs-induced damage in the first 10 μm (≈ 33 NRT-DPA/year) is slightly larger than the neutron-induced one. The ratio of FPs-induced damage to the neutron-induced one in the whole region or investigated region of Fe-14Cr cladding is approximately equal to 13.4 μm/• K , where • K > 7.9 μm is the thickness of cladding or the investigated region starting from the inner surface. However, it is noteworthy that only the peak values or the average values shown in Table IV are significant for studying the FPs-induced irradiation damage in the cladding.

Because the FPs-induced damage is much more important than the neutron-induced damage in the first few microns cladding facing the fuel pellet, subsequent questions should be discussed. (i) Should we pay more attention to the FPs-induced radiation damage in the innermost few microns of the fuel cladding? (ii) The FPs-induced damage should be taken into account for the determination of the operating lifetime of fuel assemblies in SFRs? The second one could be important for SFRs. At least, it gives a quantitative comparison between the current "DPA level" used in SFRs (i.e. neutron irradiation-induced DPA) and the "real" number of DPA (i.e. the DPA induced by both neutron and FPs).

Conclusions

The present work investigates the FPs-induced atomic displacements in the Fe-14Cr fuel cladding. Four basic assumptions are proposed to simplify the simulations. Except for the treatment of the fuel-cladding gap, three degrees of freedom are reduced using the corresponding assumptions, including the yields of FPs, energy distribution and angular distribution of each FP. In addition to the four basic assumptions, two approximations are proposed to obtain the upper and lower limits of atomic displacements in the cladding so that the cases of simulations can be largely reduced.

SRIM-2013 quick calculations (full cascade simulations, resp.) show that the maximum penetrations of 100 MeV 95 Sr (i.e. light FP) and 70 MeV 139 Xe (i.e. heavy FP) in UO2 fuel (Fe-14Cr cladding, resp.) are respectively 9.9 μm and 7.7 μm (7.9 μm and 6.3 μm, resp.). These data are verified with Iradina full cascade simulations.

Consequently, the efficient fuel region where FPs can displace atoms in the cladding and the irradiated cladding region by FPs are quite small. Simulations restrained in the efficient regions using 1 μm division of depth in the fuel and 1/6 division of the cosine of emission angle gives reasonable upper and lower limits of the number of FPs-induced atomic displacements in the cladding.

Compared with 25 NRT-DPA/year neutron-induced irradiation damage in the cladding of ASTRID inner core, the FPs-induced maximum damage rate is about 5 times larger. Along with the depth in the cladding, the FPs-induced damage rate is larger than the neutron-induced one at depth smaller than 5.0 μm (3.2 μm, resp.) using the maximum estimate (minimum estimate, resp.) and lower than 1/10 of the neutron-induced DPA deeper than 7.4 μm (5.4 μm, resp.). Therefore, the question of whether the FPs-induced damage should be taken into account in the cladding of SFRs needs to be discussed.
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 1 Figure 1. Schematic of FPs transport near the periphery of the fuel pellet. The dotted curve in the fuel pellet illustrates the outermost position where FPs can reach the inner surface of cladding, whereas the dotted curve in the fuel cladding points out the deepest position where FPs can propagate.

Figure 2 .

 2 Figure 2. Fission yields on atomic mass and the average kinematic energy of FPs (upper) and the charge yields (lower (NEA, 2017)). The red squares, blue triangles, and green circles in the lower figure represent the total charge yields, the charge yields for A = 95 and 139, respectively.

Figure 3 .Figure 4 .

 34 Figure 3. SRIM-2013 full cascade simulation of perpendicularly injected 70 MeV 139 Xe into 5 μm (left) and 1 μm (right) UO2 and subsequent Fe-14Cr. Green, cyan, purple, blue, and pink points respectively stand for the displaced U, O, Fe, Cr, and W atoms.

Figure 5 .

 5 Figure 5. Possible angular directions that a FP produced at a distance # '( to the surface of the fuel pellet can leave to the fuel. The sphere determines the boundary of the migration of a FP. The plan (cylindric surface of which the radius is much large than Rf) is the surface of the fuel pellet.
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 6 Figure 6. 3D ion distribution of 100 MeV 95 Sr into UO2 (SRIM-2013 quick calculation).

Figure 7 .

 7 Figure 7. Distribution of vacancies in Fe-14Cr with SRIM full cascade simulations for 70 MeV 139 Xe (upper) and 100 MeV 95 Sr (lower) from different deep UO2 fuel with ) = 0.

Figure 8

 8 Figure 8 illustrates an example of the angular dependence of the atomic displacements in the cladding induced by FPs.Figure8shows also the upper limit ̅ and lower limit , noted by Max. and Min., respectively, for # '( = 0 and # '( = 3 μm. From Figure8, one can find the 1/6 division of 5 can give a reasonable

  Figure 8 illustrates an example of the angular dependence of the atomic displacements in the cladding induced by FPs.Figure8shows also the upper limit ̅ and lower limit , noted by Max. and Min., respectively, for # '( = 0 and # '( = 3 μm. From Figure8, one can find the 1/6 division of 5 can give a reasonable

  Distribution of vacancies in Fe-14Cr induced by 100 MeV 95 Sr from the surface of Fe-14Cr (a) and 3 μm deep UO2 (b) with different incident angles and corresponding maximum and minimum averages.

Figure 9 .

 9 Figure 9. Integrated vacancies L" ̅ /"… in Fe-14Cr induced by 70 MeV 139 Xe and 100 MeV 95 Sr and the corresponding maximum and minimum estimates.

Table I

 I 

		. Chemical compositions (in wt%) of Fe-14Cr ODS alloy developed by CEA
			(Dubuisson et al., 2012)		
	Cr	W	Mn	Ni	Si	Ti	Y2O3
	14	1	0.3	0.15	0.3	0.3	0.3

Table III .

 III SRIM-2013 simulation of 95 Sr and 139 Xe maximum depths into UO2 fuel and Fe-14Cr cladding

	FP	Energy	Fuel (quick calculation) Range (μm) Rf (μm)	Cladding (full cascade) Range (μm) Rc (μm)
	95 Sr	100 MeV	8.43 (8.31) a	9.90 (9.96)	7.17 (7.06)	7.95 (7.85)
	139 Xe	70 MeV	6.07 (5.78)	7.74 (7.76)	5.30 (5.26)	6.35 (6.25)
	a Values in parenthesis are from Iradina 50 000 ions full cascade simulations

Table IV .

 IV Average FPs-induced damage rates (SRIM/2 DPA/year) in different intervals Unit is in μm; 5.3, 7.1, 6.3, and 7.9 μm are respectively the ranges of 139 Xe,95 Sr and maximum penetrations of 139 Xe, 95 Sr in Fe-14Cr.

	Interval a	Peak	[0, 5.3]	[0, 7.1]	[0, 6.3]	[0, 7.9]	[0, 10]
	Max.	128	77.6	60.4	67.4	54.5	43.0
	Min.	109	44.0	33.0	37.1	29.6	23.4

a
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