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Introduction

For an analysis and forecasting of radiation-induced phenomena in structural materials of WWERs, 
PWRs and BN reactors the fast neutron fluence is usually used (for structural materials of the reactor 
cores and internals the fluence of neutrons with energy > 0.1  MeV, for WWER and PWRs vessel 
steels the fluence of neutrons with energy > 0.5 MeV in Russia and East Europe, and with energy 
>1.0 MeV in USA and France). Displacements per atom (dpa) seem to be a more appropriate 
correlation parameter, because it allows comparing the results of materials irradiation in different 
neutron energy spectra or with different types of particles (neutrons, ions, fast electrons). Energy 
spectra of primary knocked atoms (PKA) and “effective” dpa, which are introduced to take into 
account the point defect recombination during the relaxation stage of a displacement cascade, can be 
still better representation of the effect of irradiation on material properties.

In this work the results of calculating dose rates (dpa/s, NRT-model), PKA energy spectra and PKA 
mean energies in metals under irradiation in the cores of Russian reactors WWER-440, WWER-1000 
(both power thermal reactors) and BN-600 (power fast reactor) and BR-10 (test fast reactor) are 
presented. In all the reactors Fe and Zr are considered, with addition of Ti and W in BN-600. 
“Effective” dose rates in these metals are calculated. Limitations and uncertainties in the standard dpa 
formulation (the NRT-dpa) are discussed. 1PPE activities in the fields related to the TM subject are 
considered.

Calculation of damage dose characteristics

At an arbitrary location in the material the dose rate K  (dpa/s) is given by the following expression:
F
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K=  J ad{E)cp(E) d E , (1)
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where Emi„ and Emax is minimum and maximum boundaries of neutron spectrum, cp(E) is the neutron 
energy dependent flux, and Gd(E) is the displacement cross section

°A E )=  J C'<T{f ’T) v(T)dT,  (2)
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where v(T) (the cascade function) is the number of displaced atoms per PKA of the energy T,

—— is the differential cross section for the transfer of energy T to the struck atom from the
dT '

incoming particle of energy E, 7'm;ix is the maximal energy transferred to the struck atom from the 
neutron of energy E, Td is the effective displacement energy.

An analysis indicates that the main errors in dose rate calculations are introduced by uncertainties in Td 
and v(T) evaluation. Since displacement energy Td is a strong function of recoil direction [1] then 
some averaged recommended values of the effective displacement energies are used in dose rate 
calculations (see e.g. [2]). Now the NRT -  model (Norgett, Robinson and Torrens [3]) for cascade 
function (v\-rT(T) in (2)) with Lindhard’s partitioning between elastic and electronic PKA energy 
losses [4] is widely used in dpa calculations. Extensive molecular dynamics (MD) simulations of 
cascades created by PKAs with energies up to 200 keV in Fe [5-8] and other metals (see references in
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[9]) have revealed that a significant part of point defects (PD) created in the collision stage (< 0.1 ps) 
of cascade development is annihilated during the subsequent quenching stage ( - 1 0  ps) when the 
temperature of cascade region is decreased to the thermodynamical one. The cascade functions 
calculated for a number of metals using MD simulations of cascades will be denoted as 
Vmd(T) = vnrt(T)-tj(T), where rj(T) is the cascade efficiency.

The number of displacements per atom calculated with account of only defects surviving after in
cascade recombination during quenching stage will be called as “effective” dpa. Note that the low 
temperature electrical resistivity rate in a number of metals and in 300 series SS after irradiation in 
different neutron spectra [9] agrees with “effective” dpa rate. It should be noted that the value of rj(T) 
is dependent on the interatomic potentials chosen in the MD simulations. For example, MD 
displacement cascade simulations in Ref. [10] resulted in \ md\(T) = 6,2 T0,697 (E is the PKA energy in 
keV) for E ranging from 1 to 10 keV in Fe. In Ref. [11] such simulations using a different interatomic 
potential for Fe resulted in \ mdi{T) -8,25 l"'"'1 that is much closer to the result Vmi{T) = 10 E  of the 
NRT-model. At E = lOkeV v « 31, 77 and 100 according to Refs [10], [11] and NRT-model, 
respectively. At elevated temperatures some part of “effective” dpa is additionally annihilated during 
the subsequent annealing stage (> 1 ns) of cascade development because of correlated recombination 
[12]. This stage lasts until all mobile defects (PD and their clusters) escape the cascade region. Just 
these free-migrating defects determine the microstructure evolution during irradiation at elevated 
temperatures. Correlated recombination can be evaluated using kinetic Monte Carlo simulation. 
However the results could depend not only on material parameters (cascade arrangement, PD and their 
clusters diffusivities), but also on temperature, cascade producing rate, material pretreatment, 
microstructure development.

In difference with Td and v(T) the values of (p(E) and (^,T)  are jcnown now wjth much more
dT

accuracy. Changing the order of integration in the equations for the dose rate, one can find:
T  F-‘ max -^m ax 7 /  77* rT1\

K = \ d T ■ v(T)- J <p(E)------j - i - i  dE (3)
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The integral over E is the spectrum of recoil energies transferred to lattice atoms (if T > Td , then it is 
the spectrum of primary knocked atoms, PKA spectrum). Substitution of vnrt(T) or \\uJT) in (3) 
allows to calculate NRT dpa or “effective” dpa respectively.

Neutron fluxes with various lower energy boundary and primary damage characteristics: NRT-dpa, 
“effective” dpa, recoil- and PKA-spectra were calculated in different locations of the cores and 
internals of WWER-440, WWER-1000, BN-600 and BR-10. Recoil spectra were calculated using the 
SPECTER code [13] with Td = 40 eV in a-Fe, Zr and Ti and Td = 90 eV in W. Cascade efficiencies 
for these metals were taken from [9]. Calculated mean PKA energies (Tm) in Fe in the center of cores 
are as follows: BN-600 (Tm= 7.2 keV), WWER-440 (Tm= 15.6 keV), WWER-1000 (Tm= 15.9 keV) 
and BR-10 (Tm= 17.2 keV). Contrary to expectations, the mean PKA energy in the core center of the 
thermal reactors is twice of that in the power fast reactor BN-600. However it is even greater in the 
test fast reactor BR-10. Because of the reasonably high mean PKA energy in Fe the “effective” dpa 
rates comprise about 1/3 of NRT-dpa ones in these locations of the reactors considered. However this 
energy is decreased significantly with increasing the distance from the core center, so an above simple 
proportionality cannot fulfil in distant locations of the reactors. This conclusion holds to a greater 
extent for other metals considered, where mean PKA energy is less than in Fe.

IPPE activities in the fields related to the TM subject

Calculation o f neutron fluxes and primary damage characteristics in metals and structural materials 
under irradiation in different locations o f Russian reactors.

WWER-440,-1000; BN-600, -800, -1200, BREST; BR-10, BQR-60, MBIR are under consideration.

61



Calculation o f primary damage characteristics in metals and alloys along projected range under ion 
irradiation.

Irradiation with heavy metal ions leads to spatially high non-uniform radiation damage in materials. 
Comparison of NRT-dpa and “effective” dpa rates, calculation of PKA-spectra along the projected 
range under ion irradiation are important.

Irradiation with 7 MeV Ni++ ions (accelerator EGP-15, IPPE) and with 1.8 MeV Cr+3 ions (accelerator 
ESUVI, KIPT) are under consideration.

Molecular dynamics (MD) simulations to compute diffusional and energetic characteristics o f  
elements, PD and their clusters in alloys.

Diffusivities of elements, PD and their clusters in metals and alloys obtained on the base of MD 
simulations [14] are the input parameters for kinetic Monte Carlo simulation of correlated 
recombination during cascade relaxation and for modeling of radiation-induced segregation in alloys 
under neutron and ion irradiation.

Fe, Cr, Fe-Cr, Fe-C(N), Fe-Cr-W are under consideration.

Modeling o f radiation-induced segregation (R1S) in alloys under neutron and ion irradiation.

RIS during spatially uniform (in reactors) irradiation leads to significant changes in alloy composition 
near main microstructural features acting as point defect sinks, namely grain boundaries, free surfaces, 
dislocations, precipitates and voids (see e.g. [15-18]). If there is a pronounced dependence of 
displacement and gas production cross sections on the alloy content than the difference for 
displacement and gas production rates in the matrix and near PD sinks can be calculated.

Cascade efficiency and “effective” dpa rate in near surface region of alloys under ion irradiation 
depends on ion energy. Modeling of RIS in this region and comparison with experimental data could 
give some estimates on cascade efficiency in alloys.

Gas production: estimation o f (n,a) reaction cross section fo r  chromium isotopes.

The (n,a) reaction cross section of chromium isotopes is of considerable importance in radiation 
resistance of structural materials. In EXFOR there is only limited number of experimental data for this 
reaction and mainly they relate to 14 MeV. The experimental data for (n,a) reaction probability in 
fission neutron energy range are almost absent. In this work results for 50Cr(n,a) and 52Cr(n,a) reaction 
excitation function investigations are presented [19]. It is shown that ENDF/B-VII library for 50Cr(n,a) 
reaction holds estimations, which are more than 2 0  times higher than the results of our measurement. 
Furthermore, we observe irregularity in energy dependence of 50Cr(n,a) cross section which is not 
predicted by any library. The experimental data for 52Cr(n,a) reaction in reactor neutron energy region 
are obtained for the first time. Other chromium isotopes could be under consideration.
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1. Introduction

The level of damage expected in future fusion reactors conditions is such that the performance of 
materials and components under these extreme irradiation conditions is still unknown. Considering 
this scenario, the study of the effects of energetic neutrons generated in fusion reactors on materials is 
one of the most important research topics to be carried out during next years.

The effects of neutron irradiation on materials involve, from a fundamental point of view, two 
physical phenomena: i) the displacement of atoms from their equilibrium positions in the lattice, 
which creates point defects, and ii) the generation of nuclear transmutation reactions that contribute to 
the formation of impurities inside the material, with He and H as the most important ones. The ratio 
between the levels of He and H, and the amount of point defects is one of the main parameters to 
understand the effect of the radiation on materials
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