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1. Introduction

The JENDL PKA/KERMA File is prepared from the evaluated nuclear data file, for radiation damage 
calculations used to support programs such as the International Fusion Material Irradiation Facility 
(1FM1F) [1], The file contains primary knock-on atom (PKA) spectra, KERMA factors and 
displacement per atom (DPA) cross sections in the energy range between 10"5 eV and 50 MeV. Table 
1 shows physical quantities included in PKA/KERMA File as well as MF number defined in the 
ENDF-6 format. The processing code system, ESPERANT, was developed to calculate quantities of 
PKA, KERMA and DPA from evaluated nuclear data for medium and heavy elements by using an 
effective single particle emission approximation (ESPEA). The PKA/KERMA File will contain the 
data for 78 isotopes of 29 elements in the energy region up to 50 MeV. A trial task of ESPERANT, 
which is file production of PKA spectra for 69 nuclides from 19F to 209Bi in the energy region up to 20 
MeV for fusion application from the JENDL Fusion File [2] in order to supply the PKA data to the 
FENDL project [3], was presented at the Ninth International Symposium on Reactor Dosimetry. The 
JENDL PKA/KERMA File has been enlarged up to 50 MeV based on JENDL High Energy File for 
1FM1F [4] by means of the same methods as the trial work below 20 MeV. In this report, the ESPEA 
reliability is checked in the higher energy region.

Table 1 Physical Quantities Included in the PKA/KERMA File (En=105 eV - 50 MeV)

MF Quantities

3 Cross sections and KERMA factor
4 Angular distributions for discrete levels
6 Double-differential light particles and PKA cross sections
63 DPA cross sections
66 Damage energy spectra

2. A Calculation Method of PKA, KERMA and DPA from Evaluated Nuclear Data

2.1 Effective Single Particle Emission Approximation (ESPEA)

It is often impossible to calculate PKA spectra exactly for reactions emitting two or more particles 
from an evaluated nuclear data file, which usually has no separated spectrum of each reaction step and 
channel above threshold energy of multi-particle emission reaction. The effective single particle 
emission approximation (ESPEA) has been developed for these cases with the assumption that the 
particles are emitted from sequential reactions, which cannot emit the particles simultaneously, and 
only the first emitted particle contributes to determination of energy and angular distributions of PKA. 
Basic notations are shown in Fig. 1, where superscripts of C and L mean center-of-mass (CMS) and 
laboratory (LAB) systems, subscripts of p, 1, t, 2 and G show incident and emitted particles, target and 
residual nucleus, and CMS-point, and symbols of E, V, m and 0 are energy, velocity, mass and emitted 
angle (|x= cos 0).
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Fig. 2. Schematic diagram of s jm,n> determination.

Double-differential cross section (DDX) of emitted particle in CMS, DDXxc(E^,EXC,\ixc), is assumed 
to be given in evaluated nuclear data files. PKA spectrum in CMS, DDX2C(EPL,E2 is directly 
calculated by using energy and momentum conservation laws. That for particle emission reaction is 
written

) = ̂ - D D X f ( E Lp, £ f , Ac )
m ,

c c 
Mi = - A

(1)

and that for y-ray emission reaction is

D D X c2 {E Lp ,E c2 y 2 ) = m^

(2)

DDX (El E ^ i )
(3)
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where c is light speed. In order to apply ESPEA, the sum of particle production cross sections (MT = 
201, 203-207 in ENDF-6 format, similar as following) must be equal to the total reaction cross 
section. Hence some re-normalization is necessary to maintain a number of recoil nuclei. A 
normalization factor, R, for ESPEA is given as follows.

R =
S i  (min) X | d M x ° x  ( E p  >£ X ’ M X )

(5)

where ciR and r>:: indicate cross sections of total reaction and each particle emission channel, and ex(mm) 
is the lower limit of the energy for spectrum considered. It means the first emitted particles are 
distributed in a higher energy region in the emitted spectra. A schematic diagram is shown in Fig. 2. 
The lower energy limit, £x(mm), is determined from the following equation of average energy for light 
particle emitted from the reaction .v.

f s f  (s )ds - [J£(min) XJ X V x /  X L
m,

rJo

m n + m tF 1

f x(sx)dsx =\

^ + e j / [ i + ( — )2]m2x (6)

(7)

where Qx is Q-value of reaction x, and fx  the normalized DDX] of reaction x.
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DDX of PKA in LAB, Z?ZXYdl (£’dl ,£’2L,/M2L), is obtained after conversion from CMS to LAB, then the 
damage energy spectra, erD, can be given by

<7* (ELp ,El 2,jul2) = Ed(El2)- DDXl2 (ELp,EL2,/uL2) (8}

where ED is given by Lindhard-Robinson model [7] with unit of E~l in eV as following.

El;Ed(El2)= 2
1 + k - g ( e ) (9)

k = 0.13372 -Z 2/3 / A1/2 (10)

g(e) = 3.48008^1/6 + 0.40244^3/4 + e (1

s  = E2 /&6.931Z7/3 (12)

The DPA Cross Section, «rDPA, can be obtained by using the damage energy spectra, 

°dpa(Elp) = If v(EL2)aD(ELp,EL2,ML2)dEL2d/uL2 (13)

v(El2) = — Ed(El2)
2  s d , K  =  0.8 (14)

where ed is the threshold energy for knock-on atom displaced from lattice point, and its amount 
strongly depends on materials. The kerma factor for .v-reaction, KERMAx(Er! ), is also calculated by 
using double differential PKA spectrum as following.

KERMA, (£ ,')  = | |  (£,‘  + E i  )DDXf, (Elp, Ei, , mL )dEi_Mx

For neutron and photon emission reactions, the term of EXx is eliminated.

2.2 Test Calculations

The test calculation has been done by processing from the JENDL Fusion File [2] below 20 MeV. 
Considered reactions are elastic (MT=2) and discrete inelastic scattering (MT = 51-90), continuum 
neutron emission reaction (MT = 201), and charged particle emission reactions (MT = 203-207).

The processed PKA spectra were compared with those calculated with the Monte-Carlo exciton model 
code, MCEXCITON [6]. For example, PKA spectra for 27A1 and 56Fe at incident neutron energies of 
10 and 20 MeV are shown in Figs. 3 and 4. The results are in good agreement with each other, 
considering the large secondary particle energy meshes of the processed one. In Fig. 3(a), the PKA 
spectra given by Doran [7] at incident energies of 9 and 11 MeV are also indicated. Doran processed 
the PKA spectra from ENDF/B-IV [8] by assuming evaluation spectra for charged particles, since 
ENDF/B-IV does not have charged particle spectrum. However, the results of his processing are 
similar to the present results.

The DPA cross sections for 27A1 and 56Fe are also compared with calculations by RADHEAT-V4 [9] 
and Doran [7] as a function of incident neutron energy in Fig. 5. Results of ESPERANT are in good 
agreement with other calculations. The KERMA factors for 27A1 and 56Fe are compared with 
Howerton’s calculation [10] in Fig. 6. The displacement energies for 27A1 and 56Fe were selected here 
as 10 and 30 eV, respectively. Howerton’s results have a resonance-like structure. Results of 
ESPERANT show the averaged kerma factor, since they have full resonance structure.

Trial calculations for neutron incident energy from 20 to 50 MeV also have been done with a 
preliminary version of JENDL High Energy File for IFMIF. The calculated PKA spectra are shown in 
Fig. 7. It seems that the processed PKA spectra have reasonable shapes and distributions. It is
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concluded that ESPEA can be applied at least below 50 MeV. More benchmark tests might be 
necessary to estimate accuracy of the data in the JENDL PKA/KERMA File at this energy region.

Fig. 3 .27A1 PKA spectra compared with calculations by MCEXCITON [6] at (a) En= 10 MeV 
and (b) En = 20 MeV.

P artic le  Energy [MeV] P artic le  Energy [MeV]

Fig. 4 .56Fe PKA spectra compared with calculations by MCEXCITON [6] at (a) En = 10 MeV 
and (b) En = 20 MeV.

Neutron Energy [eV] Neutron Energy [eV]

Fig. 5. 27A1 and 56Fe DPA cross sections compared with calculations by RADHEAT-V4 [9] and 
Doran [7].
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Fig. 6 .27A1 and 56Fe KERMA factors compared with calculations by Howerton [10].

Fig. 7. PKA spectra related to reactions emitting neutrons and alpha-particles at the incident neutron 
energies of 20, 30, 40 and 50 MeV for 56Fe.

3. Radiation damage model in PHITS

3.1 Overview

High-energy ions traveling a target lose their energy in three ways; nuclear reactions, electron 
excitations and Coulomb scattering. The lower projectile energy leads higher energy transfer to the 
target atom via Coulomb scattering. The target atom directly hit by the projectile has usually much 
lower energy than the projectile itself and therefore has a larger cross section for Coulomb scattering 
with other target atoms. Thus the target PKA creates localized cascade damage where many target
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atoms are displaced from their original lattice site leaving same number of interstitials and vacancies. 
These point defects and their clusters affect the macroscopic material properties, such as hardness.

The conditions of various irradiations are described by using the damage energy to characterize the 
displacement cascade. This is defined as the initial energy of target PKA, corrected for the energy lost 
to electronic excitations by all of the particles composing the cascade. There are mainly three parts of 
calculations in the improved PHITS as shown in Fig. 8: 1) Transport calculation including nuclear 
reactions, 2) Coulomb scattering, and 3) Cascade damage approximation. We describe the main 
features of the calculation in the following sections.

3.2 Transport calculation including nuclear reaction

There are mainly two flows in the transport calculation to produce the target PKA as shown in Fig. 8. 
One is the Coulomb scattering due to PKA’s directly created by the projectile, and the other is that due 
to PKA’s created by the secondary particles. The energy of the secondary charged particles is 
obtained with PHITS calculations using a nuclear reaction model. In the event generator mode using a 
nuclear reaction, the conservation law on the energy and the momentum is sustained in each event. 
For proton-induced collisions, we use the simulation model JAM [11] above 1 MeV up to 10 GeV, 
whereas we only consider the ionization for charged particles below 1 MeV until they stop. PHITS 
can also transport nuclei in the materials. Below 10 MeV/c, we only take into account the ionization 
for nucleus transport, whereas above 10 MeV/u we describe heavy ion induced collisions up to 100 
GeV/u with the simulation model JQMD [12]. JAM and JQMD calculations are stopped once it can 
be assumed that equilibrium has been achieved. After equilibration is reached, the Generalized 
Evaporation Model (GEM) [13] is applied to account for the process of the de-excitation and the 
associated particle emission from the highly excited nucleus remaining after the JAM and JQMD 
calculations.
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Fig. 8. Overview of radiation damage model calculations in PHITS.

In the transport of low energy neutrons the "Event Generator Mode" has been used. In this mode, the 
evaluated nuclear data for neutrons and a special evaporation model are combined so as to trace all 
correlations of ejectiles keeping the energy and the momentum conservation in a collision. For the 
ionization process of the charge particles and nucleus, we have used the SPAR code [14] for the 
average stopping power dE/dx. For the total nucleus-nucleus reaction cross sections, the Tripathi’s 
formula [15-17] has been adopted in PHITS.

3.3 Coulomb scattering with target atom

The Coulomb scattering part, which alone leads to the deflection of the projectile and secondary 
charged particles, is described with classical scattering theory using the screening functions f( t1/2). A
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universal one-parameter differential scattering cross section equation in reduced notation is expressed 
by J. Lindhard, et al. [18] as:

_  na.jF /( t2 )  

sc 2 t 3/ 2 (16) 

where t is a dimensionless collision parameter defined by

T n „ (0,

T,
7 9 . 9t = s ——  = £ sin 1) (17)

T  is the transferred energy to the target, and Tnvix is the maximum transferred energy as

— "L
(18)

where Ep is the projectile energy, s is the dimensionless energy as

CLrp p  ^ T F  E
£ =

dc Z1Z2e2 (19)

In the above expression, dc is the unscreened (i.e., Coulomb) collision diameter or distance of closest 
approach for a head-on collision (i.e., b = 0), and aTf is the screening distance.

Lindhard et al. [18] considered the screening function, f ( t12), to be a simple scaling function and the 
variable t to be a measure of the depth of penetration into the atom during a collision, with large 
values of t representing small distances of approach. The function of f( tI/2)  can be generalized to 
provide a one parameter universal differential scattering cross section equation for interatomic 
potentials such as screened and unscreened Coulomb potentials. The general form is

= At?~m [1 +  (2At1- m) ‘? r 1/ ‘7 
V ’ (20)

where 1, m, and q are fitting variables, with X = 1.309, m = 1/3 and q = 2/3 [19] for the Thomas-Fermi 
version of f( t1/2). Figure 9 shows a plot of the Eq.(20) for the Thomas-Fermi potential and the 
Rutherford scattering potential with respect to the dimensionless collision parameter t1'2. We can see 
that the shape of the screening function is better than that of Rutherford scattering at low t12. For high- 
energy collisions, at large tl/2, screening effects are minimal since interactions primarily involve the 
inner parts of the atom, and f( t1/2)  decreases with increasing t [20]. The value of t1'2 increases with 
increasing dimensionless energy e, scattering angle in the CM system, and impact parameter.

3.4 Cascade Damage Approximation

To estimate the displacement cross sections the “NRT” formalism of Norgett, Robinson, and Torrens
[21] is employed as a standard to determine that fraction of the energy of the target PKA producing 
damage, e.g., further nuclear displacements. The displacement cross sections can be evaluated using 
the following expression:

f t  max

^damage — I d(T/ ( I t  X v ( Z targe|- , ^targgt > "^target
J t d (21)

where Ztarget, AUlget are the numbers for the recoil target atom and 7'l;irgct is the target PKA energy . 
Equation (21) indicates the scattering cross section multiplied by the number of defects. ?max> which is 
dimensionless, is equal to s2 from Eq. (17) when 0  = n. td is the displacement threshold energy, also
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dimensionless, given by Eq.(19). The displacement threshold energy 7'lhrcshoid is typically in the range 
between 20 and 90 eV for most metals [22].

Based on the Kinchin-Pease formula [23] modified by Norgett et al.[21] and the Lindhard slowing- 
down theory, the number of defects produced in irradiated material is calculated by

’{ ^ la r g e t^ la r g e l> Ttarget)  RT (22)

where Nnrt is the number of defects calculated by

0.8 ■ 7’c|amane
N nrt =  -----------—

^ 'threshold (23)

The constant 0.8 in the formula (23) is the displacement efficiency given independently of the PKA 
energy, the target material, or its temperature. The value is intended to compensate for forward 
scattering in the displacement cascade of the atoms of the lattice. The damage energy, r damage, is the 
energy transferred to the lattice atoms and is reduced by the losses from electronic stopping in the 
atom displacement cascade and is given by [21 ]:

_  T
^damage

1 ""f” ̂ cascade ■g(£) (24)

where T  is the transferred energy to target atom given by Eq. (17) as

tT  — T  y   1 1 max ^  9F
" (25)

where sv is the dimensionless projectile energy given by Eq.(19) and the projectile energy Ep. The 
parameters £caScade, and g(s) are as follows:

l
■̂cascade 0.1337Zt6arget (Ztarget /Atavget )!/2

g ( s )  =  £ +  0 .4 0 2 4 4  ■ £3/ 4 +  3 .4008  ■ s 1' 6 (27)

The dimensionless transferred energy, s, is given by Eqs. (19) and (25). The following equation was 
then derived using Eqs. (21), (23), and (24):

Lmax ^ sc a t. 0.8f t  n

damage 2 ' r threshold 1 +  / ĉascade ' d ( £) ^ 8 )

Figure 10 shows a displacement cross section (Eq. (28)) with displacement threshold energy of 90 eV 
for the Ge + W scattering as a function of Ge ion beam energy. As the cross section for Coulomb 
scattering (T > td) is much larger ( ~107 -  109 b) than the nuclear reaction cross section (of the order of 
~ mb) treated in PHITS, it is difficult to calculate the DPA values using full Monte Carlo calculation 
with Coulomb scattering in PHITS because of significant calculation times. Therefore, only the 
energies of the projectile and secondary are calculated by using the dE/dx and nuclear reaction models 
in PHITS. The transferred energy to the target, T, is calculated using Eq. (25), and displacement cross 
section is estimated with Eq. (28).
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Fig. 9. The screening function f( t12) of Coulomb 
scattering cross section is shown as a function 
of t12 for the Thomas-Fermi potential and the 
Rutherford scattering potential.

Fig. 10. Calculated displacement cross-sections 
are shown as a function of incident energy 
for Ge ions incident on a W target.

4. Summary

The displacement calculation method from evaluated nuclear data file has been developed by using 
effective single-particle emission approximation (ESPEA). The ESPEA can be used effectively below 
about 50 MeV, because of since multiplicity of emitted particles. These are also reported in the 
Ref. 24.

The displacement calculation method in PH1TS has been developed. In the high energy region 
(> 20 MeV) for proton and neutron beams, DPA created by secondary particles increase due to nuclear 
reactions. For heavy-ion beams, DPA created by the primaries are dominant to total DPA due to the 
large Coulomb scattering cross sections. PHITS results agree with FLUKA ones within a factor of 
1.7. In the high-energy region above 10 MeV/nucleon, comparisons among codes and measurements 
of displacement damage cross section are necessary.
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Background

Radiation damage in materials is caused by the transfer of energy from an incident particle to the 
target atoms, which results in the redistribution of target atoms. During the nuclear reactor operation, 
various kinds of radiation are produced, including fast neutron, gamma, beta, high-energy ions etc. 
These radiations may affect the properties of reactor structural materials in a direct and/or indirect 
way. It is well known that fast neutrons have an effect on the degradation of materials. Whereas the 
impact of fast neutrons (En > 1 MeV) on material property changes is clearly recognized, the impact of 
gamma ray damage to materials is usually not significant. However, there has been some interest in 
gamma ray damage in metals in promoting accelerated embrittlement of reactor pressure vessel steels 
in the HF1R (High Flux Isotopes Reactor) [1,2]. In situations where there is a large water gap between 
pressure vessel and fuel assembly, gamma damage can become comparable to that produced by 
neutrons, on the basis of displacements per atom (dpa) parameter. A recent analysis of gamma ray 
displacement damage in the RPV of the General Electric Advanced Boiling Water Reactor (ABWR) 
indicated that the ratio of calculated gamma- to neutron-induced displacement damage rates is over 
100% at the RPV inner diameter [3]. Under a high gamma dose environment, embrittlement can be 
accelerated by radiation-enhanced mass transport mechanism. Because gamma rays are much more 
efficient than neutrons at producing freely-migrating defects [1], any radiation enhanced or induced 
processes that depend on the magnitude of defect fluxes to sinks, can be disproportionately affected by 
gamma. The direct evaluation of the contribution of gamma ray to damage in materials, quantified as a 
parameter of dpa, is made possible once the displacement damage cross section due to gamma rays are 
known. In this work, we present calculations for gamma ray displacement cross sections in various 
materials in the energy range from 0 to 14 MeV.

Neutrons can react with nuclei by neutron capture or simply by elastic scattering. During elastic 
scattering, neutrons transfer energy to atoms in the solid, creating energetic recoils which can interact 
with other atoms causing further displacements. Following neutron capture, the nucleus can
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