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Abstract

Many years have been devoted to study the behaviour of solids submitted to impinging particles like ions or neutrons.
The nuclear evaluations describe more and more accurately the various neutron–atom interactions. Anisotropic neutron–
atom cross-sections are now available for many elements. Moreover, clear mathematical formalism now allows to calculate
the number of displacements per atom in polyatomic targets in a realistic way using the binary collision approximation
(BCA) framework. Even if these calculations do not take into account relaxation processes at the end of the displacement
spike, they can be used to compare damages induced by different facilities like pressurized water reactors (PWR), fast bree-
der reactors (FBR), high temperature reactors (HTR) and fusion facilities like the European Spallation Source (ESS) and
the International Fusion Material Irradiation Facility (IFMIF) on a defined material. In this paper, a formalism is pre-
sented to describe the neutron–atom cross-section and primary recoil spectra taking into account the anisotropy of nuclear
reactions extracted from nuclear evaluations. Such a formalism permitted to compute displacement per atom produc-
tion rate, primary and weighted recoil spectra within the BCA. The multigroup approximation has been used to calcu-
late displacement per atom production rate and recoil spectra for a define nuclear reactor. All these informations are
useful to compare recoil spectra and displacement per atom production rate produced by particle accelerator and nuclear
reactor.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Submitted to irradiation by energetic particles
such as ions or neutrons, atoms are displaced from
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their equilibrium positions in a crystal. These dis-
placed atoms drastically increase the concentration
of point defects in the crystal. The material is then
driven by irradiation in a metastable thermody-
namic state that can be very different from its
thermodynamical equilibrium state [1]. The over-
concentration of defects induced by irradiation is
responsible for important structural modifications
of the solid. There are many cases of interest where
.
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alloys or ceramics are maintained in such a nonequi-
librium thermodynamic state by irradiation. Typical
examples are provided by solids exposed to neutron
irradiation in nuclear reactors. The structural stabil-
ity and then the physical properties of such driven
materials are largely modified. It is now well known
that the kinetic evolution of defects, which is ulti-
mately responsible for irradiation changes in mate-
rial properties, is controlled by the irradiation
temperature and the defect production rate [1]. This
defect production rate is linked to elementary phys-
ical mechanisms associated to neutrons impinging
solids [2] in nuclear reactors. This calculation
incorporates, at least, to a first approximation, the
impact of neutrons on material at the atomic scale.
During neutron–atom collisions, a large amount of
neutrons kinetic energy is transferred to atoms of
the target. These recoils produce inside the crystal
an important amount of defects during their slowing
down. To estimate the defect production rate pro-
duced by neutrons and recoils, the dpa production
rate can be calculated. One of the most useful way
to estimate the defect production rate is to estimate
at least the displacement per atom production rate
[3].

The general topic of ion irradiation as a surro-
gate for neutron damage irradiation has been the
topic of numerous conferences and research over
the past 30 years [4–8]. As particle accelerators can
induce damage in solids over a large range of inci-
dent particles fluxes and temperatures, without acti-
vation of materials, they are efficient tools to test
different physical models able to describe the behav-
iour of materials in nuclear plants. Therefore, the
nature and the energy of incident particles produced
by accelerators need to be chosen in order to pro-
duce radiation damages similar to those produced
in nuclear reactors. To reach such a goal, it is
important to calculate and then to compare the pri-
mary and weighted recoil spectra as well as dpa pro-
duction rate due to neutron–atom collisions [9,10] in
nuclear reactors and ion–atom collisions in particle
accelerators. The primary recoil spectrum can be
exactly calculated from basic physical principles
and measured neutron cross-sections for all neu-
tron–atom interactions. Moreover, the number of
displacements produced by recoil atom is also a
key parameter to compare the behaviour of materi-
als under irradiation [3]. Therefore, such calcula-
tions, leading to the calculation of the weighted
recoil spectrum, require some models to describe
in a more realistic way, the effects of recoils on a
solid. The simplest way to calculate the weighted
recoil spectra and dpa production rate in solids is
to use the binary collision approximation (BCA)
[11]. Therefore, it is now clearly admitted that the
BCA overestimates defects in solids because the
atomic relaxation of atoms in the displacement cas-
cades is not taken into account. The correct descrip-
tion of displacement cascades implies in fact a
description of interatomic forces in defined solids
to handle the relaxation processes. The molecular
dynamics technique is now extensively used to
describe these relaxation phases in the displacement
cascades for metals and alloys [12]. However, even if
the molecular dynamics seems to be a useful tool to
compute primary damage in solids, it is not possi-
ble, until now, to simulate the impact of neutrons
on a defined solid. Moreover, the use of such a tech-
nique is more doubtful for ceramics because the
inelastic energy loss and the dynamical charge of
different ions are not taken into account [13].

In this work, a formalism describing neutron–
atoms interactions is presented in detail. This for-
malism is used to calculate the dpa production rate
and the primary and weighted recoil spectra pro-
duced in a nuclear reactor. The comparison of these
spectra computed for nuclear reactors and particle
accelerators allows to define the nature of particles
able, in an accelerator, to simulate the evolution
of solids irradiated by neutrons. These estimators
have also been calculated for different facilities
and for different ceramics which can be potential
candidates for structural materials of the new gener-
ation of nuclear reactors.

2. Description of the formalism

When a neutron impacts on an atom, recoils are
created and generate damages. The neutron–atom
interaction processes are numerous [14,15] and
create various types of recoil atoms of different ener-
gies. So, an accurate description of the neutron–
atom interactions, i.e. elastic scattering, inelastic
diffusion and charged particles emission, is essential
to obtain a precise determination of recoil energies.
The isotropic emission compound nucleus model
(IECN) is usually used to estimate the energy of
recoil atoms [16,17]. Within the IECN theory frame-
work, particles emitted by the inelastic collisions
and nuclear reactions are isotropically distributed
in space. Therefore, the important anisotropy of
emitted particles modifies drastically the energy
distribution of recoil atoms [14,18,19]. For instance,
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Fig. 1. Schematic description of the interaction between an
incident particle (for instance a neutron) and a target atom. E is
the incident particle energy, E 0 is the emitted particle energy, T is
the recoil atom energy and h is the angle between the incident
particle direction and the emitted particle direction in the
laboratory frame.
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the evaporation model used in the IECN model
does not accurately calculate the energy distribution
of emitted particles during nuclear reactions [15,17].
New nuclear evaluations [20,21] give now informa-
tion about the spectral and angular distribution of
emitted particles.

On the other hand, the determination of the
number of displacements per atom generated by
atoms can be obtained thanks to numerical simula-
tions. Therefore, the use of Monte-Carlo programs
like SRIM [11] to compute the dpa production rate
induced by neutrons within the BCA framework is
time consuming. As the variance associated to the
dpa profile is roughly inversely proportional to the
square root of the number of shoots, few minutes
are necessary to obtain accurate dpa profiles.
Within these simulations, such a calculation must
be performed for each recoil energy associated to
a define neutron–atom interaction. Because a fine
energy sampling (about 100 points) is needed to
describe a neutron–atom interaction, a long time is
necessary to compute the dpa production rate and
recoil spectra. At last, analytical approximations
like the Norgett Robinson and Torrens [22,23]
approximation (NRT) are not accurate enough to
calculate dpa in polyatomic solids such as ceramics
[24–26]. These two points lead us to use the classical
formalism defined by Lindhard [27] to calculate dpa
for polyatomic solids. Within the Lindhard’s theory
framework, few seconds are needed to compute dpa
versus recoil energy. With this calculation, the dpa
production rate and recoil spectra can then be com-
puted in few minutes for a fission reactor.
2.1. The neutron–atom interactions

The treatment of neutron–atom interactions
needs a mathematical description of interactions
[15] like elastic scattering (n,n), inelastic scattering
(n, n 0), charged particle emission such as (n,p),
(n, d), (n, t), (n,a), (n, 3He) and multiple particle
emission such as (n, 2n). In such reactions, the
energy of recoil atoms, T, depends on the angle h
between the incident and emitted particles, the
energy of the incident particle E and, the energy
of the emitted particle E 0 in the laboratory frame
(Fig. 1). Defining l as the cosine of h, the cross-
section describing the neutron–atom interaction is
written as

rðl;E;E0Þ ¼ rðEÞf ðl;E;E0Þ=2p; ð1Þ
where r(E) is the reaction cross-section and charac-
terizes the intensity of the interaction and f(l,E,E 0)
is the normalized distribution function which de-
fines the angular and energetic spectrum of the emit-
ted particles. Such a function describes the spatial
anisotropy of the considered interaction. The
neutron–atom differential cross-section v(E,T) can
be written as

vðE; T Þ ¼ rðEÞKðE; T Þ

¼ rðEÞ
Z þ1

0

dE0
f ðl;E;E0Þ

2p
1

oT ðl;E;E0Þ
ol

���
��� . ð2Þ

The normalized distribution function f(l,E,E 0),
which describes the anisotropy of the interaction,
appears explicitly in the definition of the PKA
differential cross-section v(E,T).

Fig. 2 presents the comparison between K(E,T)
for the neutron-58Ni inelastic diffusion calculated
taking into account the anisotropy of the reaction
and within the IECN model framework [16] for 10
and 14 MeV neutron. For 14 MeV neutrons, the
anisotropy of this interaction induces a spread of
the energy of recoil atoms below the energy broad-
ening estimated by the IECN model. Such a broad-
ening of the recoil energy modifies the shape of
recoil spectra and then dpa production rate.

Even if such a treatment of the inelastic interac-
tions induces minor improvement in the calculation
of v(E,T) and then the determination of dpa
production rate and recoil spectra for nuclear fission
reactors, this correction is important for fusion
facilities like the European Spallation Source
(ESS) and the International Fusion Material Irradi-
ation Facility (IFMIF).

For multiple particle emission reactions, proper
conservation laws for the momentum and kinetic
energy are used to derive mathematical relations
between T, E, E 0 and l (cf. Appendix A). Fig. 3
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Fig. 2. Comparison of normalized differential cross-sections
K(E,T) associated to neutron 58Ni inelastic continuum interac-
tion computed taking into account anisotropy and within the
IECN model framework. For 10 MeV neutrons, the IECN model
(black diamonds) and the anisotropic model (dotted line) give
similar results. For 14 MeV neutrons, the anisotropy of the
reaction (line) becomes important and induces drastic changes of
K(E,T) compared to its valuation extracted from the IECN
model (circles).
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shows the comparison between K(E,T) versus the a
particle energy, T, calculated according to the IECN
model (dashed line) and to the formalism presented
in this paper (full line) for the 6Li(n, t)He reaction.
The mean value of the recoil energy and the shape
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Fig. 3. Comparison of different functions K(E,T) computed taking in
framework (dashed line) associated to the 6Li(n, t)He nuclear reaction
describe the nuclear reaction, the energy of emitted particles are very d
of the two functions are very different. The gauss-
ian-like shape of the normalized function calculated
from the IECN model is replaced by a window func-
tion in the formalism presented here. The shape and
the range of the recoil energy associated to this win-
dow function agrees quite well with measured and
simulated values [28].

The detailed analysis of the shape of v(E,T) for
inelastic scattering and multiple particle emission
reactions then shows that the formalism presented
is able to describe more efficiently than the IECN
model these interactions. Damage produced in
absorbing materials or in particular ceramics such
as B4C, HfB2 and LiAlO2 can then be efficiently
computed in fission nuclear reactors.

2.2. The calculation of the damage production

within the BCA framework

To estimate the number of displaced atoms gen-
erated by incident particles in a medium, a model
describing the multiple collisions between incident
particles and recoils inside a solid must be
introduced.

The BCA formalism is able to describe damage
induced by the slowing down of particles inside a
material as long as the mean free path of the moving
particles remains larger than the characteristic
length in the solid. The BCA breaks down for
particles with mean free paths of the same order
10
6

10
7

lpha particle T (eV)

to account anisotropy (solid line) and within the IECN model
induced by a 0.1 MeV neutron. Depending on the model used to
ifferent.
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of magnitude than this characteristic length. In this
case, the number of displaced atoms computed
within this formalism overestimates the real amount
of defects produced by irradiation. Therefore, such
a formalism requires only a description of inter-
atomic potentials accurate at distances less than
equilibrium distances in a defined solid. As the
screening of nuclear charges is not negligible in the
velocity regime considered here, the Thomas Fermi
statistical model for Coulomb potential describes
accurately this interaction. The main interest of
such a model is to treat all atoms as identical aside
from scaling factors. Following the seminal work
of Lindhard on the subject [29,30], an universal
cross-section function derived from the Thomas
Fermi potential describes the interaction cross-
section between an incident particle and an atom
of the medium. As collisions can be considered
as binary encounters, the sample size is always
much larger than the particles mean free path.
Neglecting the crystal state of the material, a
one-dimensional integral equation [30], is able to
handle the evolution of energetic particles in the
medium. In a polyatomic target composed of p

elements, within the BCA framework [24,25],
(p + 1) integro-differential equations allow to
define the number of displacements per atom mij

versus the energy E:
SjðEÞ
dmijðEÞ

dE
¼ cj

Z kijE

Edj

v�ijðE; T ÞRijðT ÞdT

þ
Xp

l¼1

cl

Z kilE

Edl

v�ilðE; T ÞmljðT ÞdT ; ð3Þ
where mij is the number of displacements of atoms j
generated by atoms of type i, Sj(E) is the nuclear
and electronic stopping power, cj is the atomic con-
centration of the atom j, Edj is the displacement
threshold associated to atom j, kijE is the maximum
energy transferable in a head collision between the
atoms i and j, v�ijðEÞ is the elastic differential cross-
section between atoms i and j. This differential
cross-section is obtained from the Lindhard’s uni-
versal cross-section. Rij is a probability function
describing the replacement of an atom i by an atom
j. The interest of such a formalism, compared to the
classical NRT formula, is that displacement thresh-
old energies associated to each sublattice are
correctly taken into account, i.e. subthreshold dis-
placements can be computed [26]. The displacement
threshold energy values used in this paper are
extracted from previous works [31] and presented
in Table 1.

Fig. 4 presents the number of displaced atoms in
ZnAl2O4 as a function of Zr incident energy. The
number of displaced atoms is calculated from
Monte-Carlo simulations (SRIM-2003), the analyt-
ical NRT formulation and the resolution of
Eq. (3). The NRT formulation always underesti-
mates the number of displacements per atoms
whereas the Lindhard’s formulation slightly overes-
timates the number of displacements per atoms.
This example justifies the use of the Lindhard’s for-
mulation for the calculation of the number of dis-
placement per atoms for polyatomic solids.
2.3. Calculation of recoil spectra and the dpa

production rate

To compare different irradiations produced by
different projectiles, the primary recoil spectrum
must be computed. This primary recoil spectrum is
the probability distribution which describes the
ability of a recoil atom to be ejected with a kinetic
energy in the range [T,T + dT] for a defined kth
interaction. The calculation of the primary recoil
spectrum is achieved by the following formula:

SpðE; T Þ ¼ 1

CðEÞ
X

k

Z T

Ed

vkðE; SÞdS

¼ 1

CðEÞ
X

k

Z þ1

0

dE0

�
Z lkðEd ;E;E0Þ

lkðT ;E;E0Þ
dlrkðl;E;E0Þ; ð4Þ

where the function lk(T,E,E 0) is the inverse func-
tion of Tk for the kth interaction (cf. Appendix
A). C(E) is the normalization constant associated
to the primary recoil spectrum.

The primary recoil spectrum is thus able to define
the averaged amount of energy transferred to recoils
in a material by a given irradiation. To handle
the total number of displaced atoms, a model of
displacement per atom must be introduced. The ele-
mentary interactions between projectiles and atoms
must then be weighted by a defined number of dis-
placement per atoms. A more realistic comparison
of different kinds of irradiation can then be obtained
from the calculation of the weighted recoil spec-
trum. This spectrum is expressed as



Table 1
Values of displacement threshold energies of different elements of solids studied in this work

Element C Zr Si Al O Zn Ti Ni Nb Li

Ed (eV) 31 40 25 27 30 30 40 40 40 10

Fig. 4. Evolution of the number of displaced atoms induced by a
Zr projectile in a polyatomic target the spinel ZnAl2O4. The
number of displaced atoms is calculated from the SRIM-2003
Monte-Carlo program (dots), the NRT analytical formulation
(dotted line) and the Lindhard’s equations (full line). The insert
presents the relative errors (SRIM taken as the reference) on the
number of displaced atoms calculated with the NRT (black
squares) and Lindhard’s equation (open dots). The Lindhard’s
equation calculates a number of displacements closer to the one
extracted from Monte-Carlo simulations.
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W ðE;T Þ¼ 1

DðEÞ
X

k

Z T

Ed

vkðE;SÞmkðSÞdS

¼ 1

DðEÞ
X

k

Z þ1

0

dE0

�
Z lkðEd ;E;E0Þ

lkðT ;E;E0Þ
dlrkðl;E;E0ÞmkðT kðl;E;E0ÞÞ;

ð5Þ
where vk(E,T) characterizes the kth interaction and
mk(T) is the number of displacements created by the
recoil of energy T by the kth interaction and can be
directly given by the resolution of Lindhard’s equa-
tions. D(E) is the normalization constant associated
to the weighted recoil spectrum.

Whatever the nature of impinging particles, ions
or neutrons, the production rate of displacements is
linked to the particle flux via the total displacement
per atom cross-section. Each interaction between a
neutron and an atom of the medium, generates a
displacement per atom cross-section. The computa-
tion of the total displacement cross-section is then
achieved by summing all displacement cross-sec-
tions associated and can be computed as

rdðEÞ ¼
X

k

Z T max

0

vkðE; T ÞmkðT ÞdT

¼
X

k

Z þ1

0

dE0

�
Z lkðEd ;E;E0Þ

1

dlrkðl;E;E0ÞmkðT kðl;E;E0ÞÞ.

ð6Þ
The energy Tmax is the maximum energy which can
be transferred to the recoil atom.

The neutron–atom cross-section r(l,E,E 0) is
responsible for the energy distribution of recoil
and then the shape of recoil spectra and the dis-
placement cross-section. A description of neutron–
atom cross-sections, taking into account anisotropic
effects, allows then to compute accurate recoil spec-
tra and dpa production rate.

3. Calculation of the damage functions

To compare the damage induced in a material by
different nuclear plants, the displacement cross-
section and recoil spectra have to be weighted by
neutron fluxes, i.e. the number of incident neutron
per surface, time and energy unit. To compute the
dpa production rate, the product of the differential
flux, /(E), by the displacement cross-section,
rd(E), must be integrated over the energy spectrum
of the flux. Fig. 5 presents neutron fluxes produced
in PWRs, FBRs and HTRs [32]. As the cross-sec-
tions describing nuclear interactions present very
sharp resonances versus the neutron energy, the
multigroup approximation is used to compute dis-
placement cross-section and different recoil spectra
taking into account neutron flux associated to a
define nuclear plant.

3.1. The multigroup approximation

To describe the sharp resonances associated to
particular nuclear reactions, the ponctual nuclear



Fig. 5. Typical neutron flux spectra per lethargy unit, u

(u ¼ logð E
E0
Þ where E0 = 1 MeV) versus the neutron kinetic energy

for three types of nuclear plants (dots for PWR, dashed line for
HTR and solid line for FBR).
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cross-section must be averaged. The multigroup
approximation [33], allows to calculate accurate
cross-sections over an important energy range with
an accurate precision. The energy domain is splitted
into groups ([Eg,Eg+1]). Following such a proce-
dure, the displacement cross-section is sampled in
distinct energy groups ([Eg,Eg+1]) labelled g and
calculated for each group as:

rg
d ¼

R Egþ1

Eg
rdðEÞ/ðEÞdE

/g
; ð7Þ

where /g ¼
R Egþ1

Eg
/ðEÞdE.

Integrating Eq. (6) in the group g gives:

rg
d ¼

X
k

Z 1

�1

dl
Z þ1

0

dE0
Z Egþ1

Eg

dE/ðEÞrkðEÞ

� f kðl;E;E0Þ
2p

mkðT kðl;E;E0ÞÞ=/g. ð8Þ

Expanding the function fk in terms of Legendre
polynomials to describe the anisotropy of the reac-
tion, gives the general formula for the total displace-
ment cross-section:

rg
d ¼

X
k

X
h

Xnl

l¼0

2lþ 1

2
alðkÞ

g!h

�
Z 1

�1

dlmkðT kðl;Eg;EhÞÞP lðlÞ ð9Þ

the terms alðkÞ
g!h are the coefficients of the multigroup

matrix extracted from the nuclear evaluation and
averaged thanks to a multigroup procedure
[34,35]. Eg is the mean energy of the group g.

In a similar way, primary and weighted spectra
can be obtained following the same procedure.
The dpa production rate P, becomes the sum of
the total displacement cross-section multiplied by
the neutron flux /g in a defined group (P ¼P

grg/g). These estimators integrate all informa-
tions associated to the physical nature of the solid,
the description of neutron–atom interactions as well
as the characteristic of the nuclear plant.

Fig. 6 illustrates the effect of the flux on recoil
spectra. The total primary (left) and weighted recoil
(right) spectra associated to neutron 93Nb interac-
tions have been plotted versus the recoil energy of
93Nb atoms for PWR, FRB and HTR. Increasing
the number of neutrons with a kinetic energy above
100 keV leads to a shift towards high kinetic energy
of the primary recoil spectrum. This effect is less
important for the weighted recoil spectrum as the
number of displaced atoms are of the same order
of magnitude for all reactors.

Fig. 7 presents the comparison of the multigroup
displacement cross-section rk

g associated to the con-
tinuum inelastic interaction between a neutron and
a 58Ni atom. The full line represents the multigroup
displacement cross-section obtained from Eq. (9)
and the dotted line is computed from the IECN
model. The anisotropy of the interaction has clearly
an impact on the displacement cross-section. As
expected, this impact is important for neutrons with
a kinetic energy above 3 MeV in agreement with
results presented in Fig. 2.

3.2. Application to ceramics

Figs. 8 and 9 show the comparison of the total
multigroup displacement cross-sections as a function
of the neutron energy in two polyatomic targets, SiC
and LiAlO2. These displacement cross-sections are
calculated within the formalism developed here
(solid line) and from the IECN model (SPECOMP
program [31]) (dotted line). The differences between
these two programs lie in the models used to estimate
the number of displacements per atom and in the
treatment of neutron atom interactions. Below
4 MeV, only elastic collisions occur in SiC. The use
of the NRT formula in SPECOMP to calculate the
number of dpa in polyatomic solids is responsible
for the difference between different cross sections
(cf. Fig. 8). Above 4 MeV, the anisotropy of inelastic
nuclear collision is mainly responsible for the large



Fig. 6. Comparison of primary recoil spectra induced by 1 MeV neutron on 93Nb by typical neutron fluxes produced in HTR (dashed
line), PWR (dotted line) and FBR (full line). The nature of the neutron flux modifies drastically the shape of the primary recoil spectra.
The weighted recoil spectra are not largely modified by the neutron fluxes.

Fig. 7. Comparison of the multigroup displacement cross-section
associated to the continuum inelastic interaction between neu-
trons and 58Ni atoms. The multigroup cross-section taking into
account the anisotropy (full line) and derived from the IECN
model (dotted line) are plotted versus the kinetic energy of
neutrons. The anisotropy of the interaction cross-section modifies
drastically the multigroup displacement cross-section.

Fig. 8. Comparison of multigroup displacement cross-section
computed taking into account anisotropy of nuclear reaction (full
line) and within the classical IECN framework (dotted line) in
SiC. The difference between two displacement cross-sections is
due to the calculation of the displacements per atoms induced by
recoils in this polyatomic solid below 4 MeV. Above 4 MeV, the
difference between two displacement cross-sections is due to the
anisotropy of the inelastic neutron–atom cross-section.
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variation of displacement cross-sections. These
two points are highlighted in LiAlO2. Fig. 9 exhibits
the impact of the neutron–atom cross-section on the
displacement cross-section and then on the dpa
production rate. As the 6Li(n, t)He reaction is
not accurately modelized in the evaporation model
(cf. Fig. 3), the energy of recoil atoms is overesti-
mated, the displacement cross-sections are then
largely different over an important range of neutron
energy. This effect is important in actual nuclear
plants.

Three main factors control the form of displace-
ment cross-section and recoil spectra: the displace-
ment threshold energies, the relative atomic mass
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Fig. 9. Comparison of multigroup displacement cross-sections computed from the formalism developed for particle emission reaction (full
line) and within the evaporation model framework (dotted line) in LiAlO2. The calculated displacement cross-sections are different all over
the neutron energy spectrum. The difference between the displacement cross-sections is mainly due to the different treatments of the
6Li(n, t)He interaction.

Fig. 10. Impact of the relative atomic mass and the neutron–
atom cross-section on the shape of the primary recoil spectra of
different materials (dots for TiC, dashed line for ZrC and full line
for SiC) irradiated in an HTR.
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and the intensity of the interaction cross-section.
The shape of the recoil spectra do not vary signifi-
cantly when the displacement threshold energies
varies. To study the effect of the two other parame-
ters on recoil spectra associated to a HTR facility,
these spectra have been plotted for three different
ceramics: ZrC, TiC and SiC (Fig. 10). As the neu-
tron–atom cross-section of Si is quite different from
those associated to Zr and Ti, it explains the shape
of the primary recoil spectrum associated to SiC.
The difference between ZrC and TiC primary recoil
spectra is mainly due to the relative mass effect
between Zr and Ti. Heavier the element, smaller
the energy transfer from neutron to atom.

Fig. 11 presents displacement cross-sections
versus incident particle energy calculated in order
to compare radiation damage in SiC produced by
HTR and particle accelerators (800 keV Bi and
150 keV Ne). The order of magnitude of these dis-
placement cross-sections spreads over 10 decades.
The dpa production rate is roughly equal to
10�8 dpa/s for HTR and 10�6 dpa/s for 800 keV
Bi and 150 keV Ne irradiations with a typical flux /
equal to 1010 cm�2 s�1. Therefore, depending on the
material behaviour at the mesoscopic scale [36],
these two dpa production rates may generate the
same microstructural evolution of solid. Fig. 12 pre-
sents the primary recoil spectra induced by these dif-
ferent projectiles in SiC. The analysis of the primary
recoil spectra clearly shows that heavy ions are not
able to produce a primary recoil spectrum similar to
the one produced in a HTR. However, the weighted
recoil spectra induced by 800 keV Bi ions and neu-
trons produced in HTR are similar (Fig. 13). This
analysis clearly shows that particle accelerators
can at least qualitatively simulate radiation damage
induced by nuclear reactors.
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Fig. 11. Displacement cross-sections induced on SiC by 150 keV Ne (dashed-dotted line), 800 keV Bi ions (dotted line) and neutron flux of
HTR (solid line).
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Fig. 12. Primary recoil spectra induced in SiC by 150 keV Ne (dashed-dotted line), 800 keV Bi ions (dotted line) and neutron flux of HTR
(solid line). These primary recoil spectra are different.
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4. Conclusion

A formalism has been introduced to describe the
neutron–atom interaction taking into account infor-
mation available in recent nuclear evaluations.
Within this framework, the angular anisotropy of
the neutron–atom interactions can easily be intro-
duced. No models, like for instance the IECN
model, are needed to compute neutron–atom cross-
sections. Accurate energetic distributions of recoils
produced in solids by a neutron flux, the so-called
primary recoil spectra, can be calculated. Within
the BCA framework, a method based on the Lind-
hard’s works is coupled with this formalism to calcu-
late the number of displacements per atom induced
by recoils in a polyatomic target. A unique mathe-
matical formulation permits then to calculate the
weighted recoil spectrum and dpa production rate.
The multigroup approximation is used to compute
multigroup recoil spectra and displacement cross-
section able to take into account the specific neutron
flux in a defined nuclear plant. Examples of these
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Fig. 13. Weighted recoil spectra induced on SiC by 150 keV Ne (dashed-dotted line), 800 keV Bi ions (dotted line) and neutron flux of
HTR (solid line). These weighted recoil spectra are similar.
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spectra have been plotted to compare the efficiency
on the dpa production rate in particle accelerators
and HTR in SiC. The knowledge of these spectra is
a step to simulate damages due to neutrons in
nuclear plant with particle accelerators.

A more precise estimation of the defect produc-
tion rate can be obtained coupling the dpa obtained
within the BCA frameworks with molecular dynam-
ics simulations [37]. Work is now in progress to esti-
mate the defect production rate in a defined solid
within a more general framework [38,39].
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Appendix A. Distribution functions and recoil

energy for neutron–atom interactions

A.1. Elastic scattering and discrete inelastic

scattering

For these reactions, the application of kinematic
laws lead to an expression for the kinetic energy T

of recoils :

T ðl;E;E0Þ ¼ 1

Aþ 1
ðE� � 2l

ffiffiffiffiffiffiffiffiffiffi
E�Ea

p
þ EaÞ;
where m1 and m2 are respectively the neutron and
atom mass, A ¼ m2

m1
is the mass ratio, Q is the energy

of the reaction (0 for elastic scattering), E� ¼
Aþ1�A0

Aþ1
E and Ea ¼ Qþ A

Aþ1
E are the initial and final

energies associated to the reaction in the center of
mass frame.

In these reactions, recoils possess an unique
energy and the spatial distribution function is

f ðl;E;E0Þ ¼ f ðl;EÞdðE0 � fÞ.

For elastic scattering, Legendre polynomials Pl(l)
are used to expand the function f(l,E)

f ðl;EÞ ¼
Xnl

l¼0

2lþ 1

2
alðEÞP lðlÞ;

where the coefficients al(E) are obtained from the
ENDFB6 nuclear evaluations.

For discrete inelastic scattering, f(l,E,E 0) is
directly obtained from the ENDFB6 nuclear
evaluation.

A.2. Continuum inelastic scattering and (n,2n)

interaction

The conservation of momentum and kinetic
energy leads to the following equation for T

T ðl;E;E0Þ ¼ 1

A
ðE � 2l

ffiffiffiffiffiffiffiffi
EE0
p

þ E0Þ.

The function f(l,E,E 0) is directly obtained from
nuclear evaluation.
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A.3. Charged particle emission

For charged particle emissions (reactions: (n, p),
(n,d), (n, t), (n,a), (n, 3He)), two approximations
are used for the spectrum of the emitted particle.
Emitted particles possess an unique energy and
are uniformly distributed in space. The distribution
function is thus reduced to

f ðl;E;E0Þ ¼ 1

2
dðE0 � /Þ

and the recoil energy is

T ðl;E;E0Þ ¼ 1

Aþ 1
ðE� � 2l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A0E�Ea

p
þ A0EaÞ;

where A 0 is equal to the mass ratio of the ejected
particle over the incident particle and Ea is the
Coulomb energy barrier.
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