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Abstract

The primary radiation damage due to interaction of neutrons in structural materials of
nuclear systems is quantified through the estimation of the four metrics viz. primary knock-on
atom (PKA) spectra, displacements per atom (dpa) cross sections, gas production cross sections
and heating cross sections by using the basic evaluated nuclear data libraries. There has been a
significant improvement in the evaluation of nuclear data and modeling of the primary radiation
damage phenomena in the recent times. An indigenous computer code CRaD (Computation of
Radiation Damage) is developed to study the effects of these improvements on the estimation of
primary radiation damage. The dependence of the damage metrics on the incident neutron
spectrum is investigated by estimating the corresponding spectrum-integrated quantities such as
PKA rate, dpa, concentration of gas, heating rate, etc. The application of improved nuclear data
and atom-displacement damage models may necessitate rescaling of the observed damage in
materials with the improved values of dpa. It is justified that such a rescaling can be done in
order to be consistent with the improved estimations and it will not affect the design time limits
of operations of the materials in the radiation environment. A new method is proposed to
compute dpa in polyatomic materials using the self-ion simulations in SRIM-2013, where the
PKAs estimated by CRaD code are considered as the incident ions on the target. The advantages
of this method towards more realistic estimations are discussed and it is shown that the dpa in
both neutron and ion irradiation environments can be determined equivalently. The use of
different basic evaluated nuclear data libraries give rise to differences in the estimated values of
the damage metrics. The nuclear data uncertainties in the damage metrics are quantified by using
the Total Monte Carlo methodology of uncertainty propagation. The damage metrics are often
found to be correlated and exhibit non-Gaussian distributions. A number of future directions of

the study are also outlined.
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Chapterl

Introduction

1.1  Primary radiation damage and its metrics

The structural materials in nuclear systems such as fission and fusion reactors face high
levels of irradiation doses from different kinds of particles such as neutrons, protons, gammas,
electrons, etc. during the period of their operation. The incident radiation induces a phenomenon
of continuous dislodging of atoms from the pristine structures of these materials. A long-term
endurance of this state of extreme condition leads to detrimental changes in the physical and
mechanical properties of the materials. This is generally referred as the radiation damage of
structural materials. Therefore, it is vital to estimate the radiation damage in these structural
materials, during design stage itself of such systems. Among all other particles, due to the high
flux of neutrons involved in fission and fusion reactors, the major concern is about the radiation
damage induced by these particles. Especially in fusion reactors, the radiation damage
phenomena and their quantifications are more complex with the increased chances for the

production of different particles via threshold reactions of neutrons.

The radiation damage of materials involves phenomena which are multi-scale in both
length and time. It starts from the interaction of a particle like neutron with a material nucleus
creating a primary knock-on atom (PKA) within a few femtoseconds, the primary displacement
damage evolving in the material up to a few hundreds of picoseconds and finally the
displacements-induced microstructures develop within the material from nanoseconds to longer
times [1]. The effects of these microstructures can be observed in millimeter and larger lengths

after a period of irradiation time. The evolution of damage subsequent to the primary
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displacement processes depends strongly on the environment and operating conditions of the
material. Hence the radiation damage phenomena can be divided into two main stages depending
on the time scale of its observation. The phenomena from its initiation, i.e. from the
impingement of the radiation on the material, its interactions with the material atoms and up to
the formation of stable vacancy-interstitial (Frenkel) defects due to the displacements and
replacements of the atoms in the collision cascades is called primary radiation damage (~ 107%).
The evolution of the primary defects into microstructures under the influence of various external
conditions which lead to the changes in the structural properties of the materials comes under the
study of secondary effects of radiation damage (> 10-%s). The occurrences of these phenomena

with approximate time scales are presented in Table 1.1 [1, 2].

Table 1.1: Production of defects in metals upon particle irradiation with approximate time scales

Time (s) Event Result
1018 Energy transfer from incident particle Creation of a PKA
1018 Displacement of lattice atoms by PKA Displacement cascade
1041 Energy dissipation, spontaneous Stable Frenkel pairs (single interstitial atoms (SIA)
recombination and clustering and vacancies) and defect clusters
5104 Defect reactions by thermal migration SIA and vacancy recombination, clustering,

trapping, defect emission

The primary radiation damage due to interactions of neutrons in structural materials is
quantified through the estimation of four metrics, namely, spectra of primary knock-on atoms
(PKAs), cross sections for displacements of atoms, production of transmutation gases and
deposition of heat by the charged reaction products. The primary damage caused due to
displacements of atoms is quantified by the first two metrics, i.e. PKA spectra and displacements

per atom (dpa) cross section. The unit dpa is defined as the average number of times each atom
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has been displaced from its lattice site during the period of irradiation [3]. The metric, gas
production, deals with the estimation of gas species such as hydrogen, deuterium, tritium,
helium-3 and helium which are accumulated in the material due to the creation of light charged
particles such as proton, deuteron, triton, He and alpha respectively, via the transmutation
reactions of neutrons with the target nuclei. These gas species can interfere with the formed
defects, thereby affecting the evolution of microstructures and are known to lead to the
degradation of materials through phenomena such as void swelling, grain-boundary
embrittlement, etc. The fourth quantifying parameter of primary radiation damage deals with the
estimation of the energy that is deposited locally in the material by the charged products formed
in the neutron reactions and it is referred as neutron heating, in short. The determination of
heating of materials due to radiation is essential in order to ensure their safe operation and

efficient thermo-mechanical performance.

There exist well established experimental techniques and measured data to quantify the
gases produced [4-7] and the heating of the materials [8-11] as a result of interactions with
neutrons of some distinct energies. However, rigorous quantification of primary radiation
damage phenomena occurring due to the displacements of atoms in terms of parameters such as
dpa cross sections and PKA spectra depends on their estimation by theoretical calculations, as
there is lack of well-proven experimental techniques and measured data for the required
completeness. Nevertheless, prior to establishing an experimental setup to perform irradiation
programs for varied nuclear researches, it is necessary to have the knowledge of the parameters
of primary radiation damage for efficient and safe designing of the structural materials. The
correct prediction of these parameters helps to decide the maximum permissible irradiation dose

on the materials and the effective time available for their useful operation in the system.
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1.2 Ashortsurvey of literature

The present study has been made possible only by the understanding acquired from a
large set of research works carried out by different groups and individual researchers. An
account of the survey of the related literature is presented here. This survey is not complete and
plenty of important literatures exist which could not be covered in this part. However, it is
ensured that all the literatures that formed the background of the present study are noted at

relevant stages in the subsequent chapters.

The initial attempts to quantify primary damage of materials due to the displacements of
atoms upon interactions by energetic particles have been made by Seitz [12], Snyder and Neufeld
[13]. Kinchin and Pease [14] have developed the first analytical model (came to be known as K-
P model) to calculate the dpa in target elements. This model is based on the assumption that the
kinetic energy is transferred from PKA to lattice atoms by hard sphere collisions and there would
be displacements if this energy is above threshold lattice displacement energy. A high energy
limit of the PKA (called cutoff energy) is assumed beyond which energy would be dissipated in
electronic excitations, not causing displacements of atoms. Lindhard et al. [15, 16] have
calculated the sharing of PKA energy between electronic (ionization) processes and nuclear
interactions during the atomic collision phenomena. The PKA energy, excluding that which goes
into electronic processes, is expended in displacing further atoms in the lattice. This fraction of
the PKA energy is called as damage energy. Robinson [17], based on the energy-partition theory
of Lindhard et al., has formulated the concise analytical expressions to compute this damage
energy, by using computer simulations. Subsequently, Norgett, Robinson and Torrens [18] have
proposed an improved version of atom-displacement model (came to be known as NRT model)

that included the correction for the damage energy of PKA instead of the simple Kinetic energy
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transfer mechanism given by K-P model. As improvements, NRT model also considered realistic
potentials rather than hard sphere potential in atomic collisions and removed the sharp cut-off
energy (used in K-P model) between nuclear and electronic energy losses. The NRT model is
currently accepted as ASTM (American Society for Testing and Materials) [19] standard in
assessing the dpa. The measured radiation damage (like the change in hardness, electrical
properties, swelling, etc.) in the structural materials after being subjected to irradiations is

correlated to the NRT dpa [2] for design purposes.

However, it has been observed [[20] and related references therein] that the NRT dpa
over-predicts the primary damage (in metals and other materials).lt is inadequate to capture the
observations as made in realistic Monte Carlo (MC) [21] and molecular dynamics (MD)
simulations [20], where the in-cascade behavior viz. formation of heat spike zone, recombination
of defects, replacements of atoms, etc. occurring within the picoseconds time range are very
important in order to have a more complete description of the primary displacement damage
phenomena. Nordlund et al. [20, 22, 23] have reviewed a large number of works on MD
simulations and irradiation experiments to present the nature of displacement damage cascades
and the defects produced in metals, semiconductors, ionic materials and carbon-based materials.
One of the important outcomes of their study is the improved atom-displacement model called
athermal recombination corrected — dpa (arc-dpa). The arc-dpa model has been introduced with
an additional damage efficiency term which is parameterized such that the nonlinear nature of
defect production, their recombination and saturation behavior are adequately described. In a
recent work, the limitations of simulations and analytical models are discussed and further
improvements of the arc-dpa model are also provided [23]. Broeders et al. [24] have evaluated

the Frenkel pair resistivity for metals by deriving the systematics of the resistivity values based
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on the available data and experimental damage resistivity rates. They have also calculated the
efficiencies of defect production for various neutron spectra by using the binary collision
approximation (BCA) model. Based on this work, Konobeyev et al. [25] have estimated the
parameters of arc-dpa model for a large number of elements from sLi to 92U by deriving
systematics for threshold energies in materials from the compiled data on various physical
quantities. These developments in the modeling of primary displacement damage beyond the
NRT formalism genuinely inspire a researcher to review their effects in the designing of

structural materials for nuclear reactors.

Several computer codes have been developed to estimate primary radiation damage by
using the evaluated nuclear data. Gabriel et al. [26] have developed the RECOIL code;
Greenwood et al. [27] have developed the SPECTER code and Greenwood [28] has developed
the SPECOMP code to estimate primary damage in materials. The SPECOMP code has been
developed to compute displacement damage in polyatomic materials. The RECOIL and
SPECTER codes work on the in-built databases from ENDF/B-1V and ENDF/B-V libraries to
compute the dpa cross sections. The SPECTER code also computes gas production and PKA
spectra for incident neutron spectra. MacFarlane et al. [29] have developed the NJOY-2016 code
system, and Harada et al. [30] have developed the PHITS code to process basic evaluated nuclear
data and estimate the metrics of primary radiation damage, among many other diverse
applications. Gilbert et al. [31] have developed the code SPECTR-PKA which reads the output
of GROUPR module of NJOY code to give the PKA spectra in required energy group structure
and also computes the dpa in materials for any facility neutron spectra [32]. Sublet et al. [33]
have developed the FISPACT-II code system to perform the detail nuclear inventory calculations

among many other useful capabilities like estimation of primary radiation damage, activation and

6|Page



transmutation radio-nuclide prediction, uncertainty propagation, etc. Abdou et al. [34] have
investigated the calculation of nuclear heating (neutron fluence-to-kerma coefficients) from the
available nuclear data by developing a computer code called MACK. They have also examined
the validity of the calculated kerma coefficients by checking the conservation of energy between
basic neutron interaction and gamma-ray production data. Zhang et al. [35] have developed a
computer code called MAZE to estimate neutron and gamma kerma coefficients from both
energy balancing and energy-momentum balancing principles. They have compared the
computed kerma coefficients with measurements carried out using a 14 MeV D-T neutron source
and generated a library, called MAZE-LIB containing kerma coefficients for many fusion-related
materials. The results from these modern codes from various research units form the sources for
validation and benchmarking exercises towards developing a suitable computational tool to

estimate the primary radiation damage in structural materials for the Indian fast nuclear reactors.

Mazey [36] and Abromeit [37] have critically surveyed the methodologies to simulate
neutron radiation damage using ion irradiations, their advantages and disadvantages, nature of
the damages produced by these two types of irradiations and how to correlate them. David et al.
[38] and Was et al. [39] have performed the simultaneous implantation of helium ions along with
heavy or self-ion irradiation to simulate the effects of helium that is produced in the operating
conditions of a nuclear reactor and determine its role in the micro-structural evolution of the
radiation induced material. The SRIM code [40], employing MC simulations of displacement
cascades of radiation particles in materials, is widely used by experimentalists to obtain the
estimates required for planning these irradiation experiments. Stoller et al. [41] have given the
guidelines for using the SRIM code to estimate NRT dpa in materials. Devanathan et al. [42]

have performed MD simulations in SiC to investigate the threshold displacement energies for C
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and Si PKAs. Their study suggests that the effective displacement energy in SiC averaged over
both sub-lattices is about 25 eV. Heinisch et al. [43] have estimated the total displacement cross
sections due to irradiation of SiC with neutrons in hundred energy group structure by using the
SPECOMP code and computed the dpa for various reactor spectra. The SPECOMP code solves
the Parkin-Coulter coupled integro-differential equations [44-47] to find the number of
displacements in the interactions among different sub-lattices of the polyatomic material. There
is a limitation on the maximum number of elements (up to four) in the polyatomic target for
which the SPECOMP can compute the dpa cross sections by this method. It is hence worthwhile

to search for a suitable method to estimate the dpa in multi-component alloys.

Greenwood [48] has calculated the displacement damage occurring due to reactions of
thermal neutrons in *°Ni, i.e. ®*Ni (n, a) *Fe, where very high energy (~ 340 keV) °°Fe recoils
produced can increase the number of displacements significantly in the nickel-bearing materials
used in thermal neutron fluences above 10%° n/cm?and mixed-spectrum reactors like HFIR.
Greenwood et al. [49] have calculated the helium produced in nickel using the cross sections
from ENDF/B-VI and compared the estimated values with the measured data obtained from
irradiations performed in various reactors. The calculations and measurements in this work have
shown quite accurate agreements. Gopalakrishnan et al. [50] have theoretically investigated the
production of helium in two different samples of steel by using cross sections from different
evaluated nuclear data libraries (ENDL/84-V [51], ENDF/B-IV [52], KEDAK-4 [53], ENDF/B-
VI [54] and JENDL-2 [55]). They have also compared these estimations with an earlier
experiment by Nandedkar et al. [5], which has shown differences by factors of 2 to 3 due to both
limitations in the accuracy of measurements and knowledge of accurate cross sections for *°Ni.

Mansur et al. [56] have illustrated the possibility to manipulate the ratio of helium production to
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the displacements of atoms by artificially altering the relative isotopic abundances of the stable
isotopes of Ni. This would help to tailor-make the alloys with necessary requirements for
applications in fusion reactors. The incident neutron spectrum plays an important role on the
integrated damage metrics which are obtained by performing neutron spectrum-averaging of the
PKA spectra, dpa cross sections, gas production cross sections and heating cross sections. It is
always intriguing to investigate the final effects of the newly modeled and evaluated primary
radiation damage cross sections on the structural materials under the neutron spectra at the exact

locations of applications.

There have been recently significant efforts towards making the nuclear data more
complete and improving the estimations of nuclear data covariances [57, 58]. Koning et al. [59]
have used the TALYS [60] nuclear reaction code (a part of T6 code package) to generate the new
evaluated nuclear data library called TENDL. Smith [61] and Koning et al. [62] have developed
the Total Monte Carlo (TMC) methodology to propagate the uncertainties in nuclear data to the
uncertainties in the derived parameters of reactor physics. They have introduced this concept to
determine the uncertainties in the derived parameters by using the knowledge of the uncertainties
in nuclear physics model parameters [63] and experimental data [64]. Using the information on
theoretical and experimental uncertainties on the nuclear model parameters and neutron
interaction cross sections in the T6 code system, they have generated a large number of random
evaluated nuclear data files so as to propagate the uncertainties in nuclear data to the
uncertainties in derived parameters. Rochman et al. [65-69] have applied the TMC methodology
to estimate the nuclear data uncertainties in the parameters of nuclear reactors such as sodium
void reactivity coefficient, Kkerr, radio-toxicity, etc and compared these results with the

uncertainties calculated by the traditional perturbation method [70]. It has been observed that due
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to ignoring various possible correlations among nuclear reaction variables, the perturbation
method often underestimates the uncertainties in nuclear data and the TMC approach is more
suitable for the non-linear propagation of uncertainties by including correlations among various
parameters. Griffin et al. [71] have estimated the uncertainties in the damage metrics of Si which
arise due to both nuclear data and material physics model parameters associated with the
calculation of damage energy and number of displacements in materials. Simakov et al. [72]
have demonstrated the use of TMC methodology in the estimation of uncertainties in dpa, gas
production and kerma coefficients of *®Fe. The uncertainties contributed by material physics
model parameters to the displacement damage are also quantified in their study by following a
similar methodology. The IAEA-CRP [73] has presented numerous recent developments by
various research groups on the modeling and experiments performed to determine primary
radiation damage in materials. In particular, new databases of dpa cross sections (JEFF-3.3 dpa
data base [74]) have been generated by applying the improved modeling techniques such as
combined MD-BCA and arc-dpa models alongside the NRT dpa cross sections; the PKA spectra,
dpa and heating cross sections due to neutron and charged particle radiation have been compared
with available experimental data; and advantages and short comings of different codes, modeling
techniques and basic evaluated nuclear data libraries have been identified through extensive
comparisons among different estimations. The works presented in this CRP have formed one of
the major sources of information and motivation for the present study. Along with the above
mentioned reasons for its suitability, the TMC methodology has been found to be feasible also in
the present study because it is simple to apply within a well-framed approach requiring lesser
number of specialized codes and in-between steps as compared to the requirements in the

perturbation method of uncertainty propagation.
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1.3 Objectives of the thesis

The needs and the areas requiring investigations are identified from the above survey of

literature. The following objectives are hence set for the present study:

The metrics of primary radiation damage due to neutrons are estimated by using the data
for their interactions with the material nuclei from the basic evaluated nuclear data libraries [75],
such as ENDF/B-VI11.0 [58], JENDL-4.0 [76], TENDL-2017 [59], etc. In the recent times, there
has been a significant advancement in the evaluation of basic nuclear data with the development
of state-of-the-art experimental facilities and theoretical modeling and improvement in the
measured values of the nuclear reaction variables. Particular emphasis has been given towards
making the evaluations more complete and general purpose, including also the effect of
covariances of nuclear model parameters as well as the experimental data. The aim of the present
study is to investigate the effects of improved nuclear data on the metrics of primary radiation

damage.

Apart from the neutron reaction data in basic evaluated nuclear data libraries, the
estimated dpa cross sections depend on the application of different models of atom-displacement
damage [14, 18, 22] which are derived from simulations and experiments in materials physics.
The present study aims to apply and investigate the effects of recent atom-displacement damage
models [18, 22] in the predictions of primary radiation damage in materials. It also aims to
provide a solution to the problem of rescaling the measured damage with dpa that can naturally
arise as a result of the improvements in nuclear data, atom-displacement models and computer

codes.
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The dpa cross sections in polyatomic target materials are generally computed by
weighted addition of dpa cross sections for each of the constituent elements [77, 78] and also by
using the Parkin-Coulter method [44-47]. The first method may not be realistic sometimes, but
there is no alternative way when the target material is an alloy of several elements. The second
method treats the problem more realistically by considering physical parameters in terms of
different stopping powers, sub-lattice interactions of the constituent elements, etc., but it has
some limitations and can be applied for materials with a less number of elements [28]. The
present study aims to investigate the calculation of displacement damage in polyatomic materials
through feasible computational means which can be easily extended for any number constituent

elements.

The metrics of primary radiation damage generally differ when different basic evaluated
nuclear data are used for their estimations. This is due to the spread in the data obtained from
different basic evaluated nuclear data libraries. These derived parameters are uncertain due to the
uncertainties in evaluated nuclear data, which arise due to the uncertainties in the parameters of
nuclear physics models [63] and experimental nuclear data [64] and differences in the subjective
assessment and various computational tools used in the evaluation procedure. The present study
aims to determine the mean values of the parameters of primary radiation damage and quantify
their nuclear data uncertainties by following the TMC methodology, which should be useful to

achieve the desired target accuracy in the designing of structural materials for reactor systems.
14 Major challenges and motivation of the thesis
The diverse nature and demand of versatility of the set objectives indicate that a

dedicated computational tool is the primary requirement to perform such a study. This code
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should have the capability to handle the improvements of nuclear data formats and data
representations in the recent ENDF-6 [79] libraries. The computer codes that have been
developed by researchers to compute the parameters of primary radiation damage from evaluated
nuclear data libraries can be listed as follows: RECOIL, SPECTER, NJOY-2016, SPECOMP,
PHITS, FISPACT-II, etc. The RECOIL code is based on an in-built database from ENDF/B-IV
(1974) library and the SPECTER code from ENDF/B-V (1979) library. These codes can
calculate the production of gases, PKA spectra and dpa cross sections in energy multigrouped
formats. These codes perform satisfactorily and although they are continued to be used at
IGCAR [80] for estimating neutron primary radiation damage, they have limitations with respect
to handling the newer, state-of-the-art evaluations of nuclear data and versatility of energy group
structures of the calculated results as per requirement. The SPECOMP code is popularly used
among the radiation research community; but still has the drawback of being limited to using
data based on only ENDF/B-V and in certain pre-defined energy group structures. The NJOY-
2016 is a versatile code system to process the latest ENDF-6 format nuclear data libraries and
can calculate all four metrics of primary radiation damage in elemental targets in both point
(energy-cross section) data form and in any chosen energy-group structure for applications.
However, at present there is less flexibility with regard to applying different models of atom-
displacements damage to compute dpa cross sections using NJOY-2016. This code has been
made available as open-source [81] for the users only in February, 2017. The earlier versions of
NJOY nuclear data processing code system were not licensed to India. PHITS is also a general-
purpose Monte Carlo particle transport simulation system that can calculate the radiation dose in
materials due to a large variety of particles and has wide applications. It has been applied to

predict material damage due to very high energy radiations which are of importance in the
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accelerator driven systems [82]. FISPACT-II, as mentioned earlier, also has versatile capabilities
for transmutation, activation and damage calculations. However, these two codes are also not
licensed to India. Hence, a long-standing need has been identified to develop a computer code
for the estimation of primary radiation damage in the structural materials that will be used in the
upcoming fast breeder reactors (FBRs) in India. The foremost aim of this study is consequently
outlined from this necessity and a code, named as CRaD (Computation of Radiation Damage)
[78, 83, 84], is developed to estimate the four metrics of primary radiation damage occurring due
to irradiation of neutrons on the structural materials of fast reactors, by using neutron reaction
data from the latest evaluated nuclear data libraries. Even though NJOY-2016 has been released
as open source software, the development of the indigenous code CRaD is continuously pursued
in order to have better understanding of the procedures of estimation of primary radiation
damage, and also, it is believed that, by this way we shall be able to develop the methods for

processing evaluated nuclear data and verify the uses of the traditional processing systems.

1.5  Works performed and organization of the thesis

The works performed in this study are organized into six chapters as follows:

In Chapter 2, the methodologies adapted towards the development of the indigenous
computer code, CRaD (Computation of Radiation Damage), to estimate the PKA spectra, dpa
cross sections, gas production cross sections and heating cross sections in the structural materials
by using the neutron interaction cross sections from basic evaluated nuclear data libraries are

described. The salient working description of the CRaD code is also given.

In Chapter 3, the results of CRaD code on the neutron induced primary damage metrics

in structural materials obtained using different ENDF-6 [79] files are discussed, including its
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validation. The cross sections of dpa, neutron heating and gas production from CRaD code are
compared with the NJOY-2016, NJOY21 [85] codes and the discrepancies observed are also
discussed. The neutron spectrum dependence of PKAs, dpa, gas production and heating rates in
structural materials are estimated using the CRaD code. The neutron spectra-integrated quantities
such as the dpa, concentrations of gases and heating rates are compared with available codes and
literature. The arc-dpa model is implemented in CRaD code and the results are compared with
the predictions from the NRT model. The necessity to rescale the measured radiation damage
with the improved values of dpa, which are estimated using improved data and models, without
affecting the irradiation time limits of the materials, is discussed. The productions of gas species
such as hydrogen, deuterium, tritium, helium-3 and helium in various materials is investigated by
applying the single-step and two-step processes of transmutations in fission and fusion spectra.
The transmutation of %®Ni to *°Ni and the consequent production of gases are investigated in
detail by using different basic evaluated nuclear data libraries and in different neutron spectra.
The spectra-integrated neutron heating rates in structural materials are determined by the direct
method and the differences observed with respect to the heating values from the energy balance

method (NJOY-2016) are discussed.

In Chapter 4, a novel method to compute dpa from NRT model in elemental and
polyatomic target materials and from arc-dpa model in elemental target materials, based on the
estimation of average energies of the PKAs with CRaD code and simulating self-ion irradiations
with the SRIM-2013 [40] software is described, with examples in Fe, SiC, etc. The potential of
this method to compute dpa cross sections in other polyatomic materials and the usefulness of
the PKA energies estimated by the CRaD code to perform more realistic simulations using the

MD and BCA methods are also highlighted. The self-ion simulated integrated dpa in various
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materials are compared with the values obtained by the standard method and it is shown that dpa

can be equivalently determined in both the methods.

In Chapter 5, the propagation of nuclear data uncertainties to the metrics of primary
radiation damage is discussed. The metrics of primary radiation damage estimated using
different sources of nuclear data are found to be non-unique and sometimes show significant
variations. The uncertainties of nuclear data in these derived parameters are quantified by
applying the TMC methodology [61, 62] of uncertainty propagation in the CRaD code. A large
number (~ 300 to 500) of random ENDF-6 files available in TENDL-2015 and TENDL-2017
nuclear data libraries are used to determine the mean values, uncertainties, nature of the resulting
random distributions, covariance and correlation matrices of each these parameters. The mean
values of these parameters along with their uncertainties obtained using the random files are also

compared with the estimates obtained using other basic evaluated nuclear data libraries.

In Chapter 6, the salient conclusions of this study are summarized and the possible works

that can be performed in future are outlined.
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Chapter 2

Methodologies to Compute the Primary Radiation Damage Metrics

2.1 Introduction

In this chapter, the methodologies used in the CRaD code to compute the metrics of
primary radiation damage induced by the interactions of neutrons in structural materials viz.
PKA spectra, dpa cross sections, gas production cross sections and heating cross sections are
discussed in detail. The ENDF-6 [79] basic evaluated nuclear data files containing the
information on the neutron-nucleus interactions form the starting point in the quantification of
these metrics. In the first part of this chapter, the data in a basic evaluated nuclear data file which
are necessary to compute these metrics shall be described briefly. In the second part of this
chapter, the general methodologies that are applied to estimate these metrics by using the ENDF-
6 nuclear data shall be described. The third part is devoted to a short working description of the
indigenously developed code CRaD, where an overview of the code shall be given to illustrate

how it performs the estimations of these metrics by using the ENDF-6 files.

2.2 Necessary data from ENDF-6 files to quantify primary radiation damage

The full information of interaction of a neutron with a target nucleus is represented by the
cross sections; multiplicity, energy and angle of emission of secondary particles and recoil
nucleus; excited levels of the compound nucleus; the emission of y-rays from excited nucleus
and various other data in the ENDF-6 files. These data are arranged in various Files (denoted by

MF), sections and subsections of the ENDF-6 data file for the target nucleus. The relevant data in
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an ENDF-6 file for a structural nucleus which are necessary for the estimation of primary

radiation damage due to neutrons are discussed in the subsequent sections.
2.2.1 Cross sections of neutron interaction in File 3

The energy-wise neutron interaction cross sections are given in File 3 (MF = 3) of the
ENDF file for the material. There are various possible ways by which a neutron can interact with
a target nucleus. The mode of interaction depends on the energy of the neutron and the target
nucleus. The cross sections of interaction via different channels are given in different sections
(MT) of the ENDF file. For example, the cross sections for elastic scattering (n, n) are given MT
= 2, total inelastic scattering (n, n”) in MT = 4, radiative capture (n, y) in MT = 102, one proton
production in exit channel (n, p) in MT = 103, etc. The (n, n") cross sections in MT = 4 are sum
of the cross sections for discrete / resolved inelastic levels (MT = 51 to 90) and the continuum
(MT = 91). Likewise, there can also be discrete level plus continuum cross sections for reactions
where only one charged particle is produced in the exit channel, like (n, p) in MT = 600 — 648
and 649; (n, d) in MT = 650 — 698 and 699; (n, t) in MT = 700 — 748 and 749; (n, *He) in MT =
750 — 798 and 799 and (n, a) in MT = 800 — 848 and 849. The energy-wise sum of all the cross
sections which are not given explicitly under any particular neutron reaction MT is given in MT
= 5. The neutron interaction cross sections are dependent on the temperature of the target nucleus
and are represented in various parameterized forms in an evaluated nuclear data file. The
evaluated cross sections are always given at 0 K temperature of the target nucleus. The
temperature-dependent point cross sections can be generated with the help of nuclear data pre-
processing codes, like NJOY-2016 [29], PREPRO [86], etc. These are then referred to as the pre-

processed point cross sections, which are arranged in specific ENDF-6 formats [79] with
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increasing neutron energy. The data for each reaction is given against their particular MT

number and the reactions are arranged in an increasing order of the MT.

In addition to the energy and cross section data, the other important information given in
File 3 and used in the calculation of the energy transfer kernels for various reactions are the Q-
values. These are QM, known as the mass-difference Q-value and QI, known as the reaction Q-
value. QM is defined as the total mass of the target and the neutron (projectile) minus the total
mass of the residual nucleus in ground state and all the other products of reaction. QI value is
given in case of a simple two-body reaction or a breakup reaction, for the lowest energy state that
is defined by the reaction MT number. It is defined as the QM for the ground state of the residual
nucleus (or the intermediate system before breakup) minus the energy of the excited level in this
system. The value of QI is equal to QM, if there are no intermediate states in the residual nucleus

for a reaction and, also if the reaction proceeds without complex breakup.

2.2.2 Angular distribution data of secondary particles in File 4

The angular distribution of secondary particles in the exit channel of neutron reactions
are given in MF = 4 of the basic ENDF-6 data file. These distributions are usually given for
discrete level reactions where a neutron or a charged particle is produced in the exit channel.
These may also be given for other neutron emitting continuum reactions like (n, n’continuum), (N,
2n), etc. For a particular reaction (MT), the angular distributions are given for a series of incident
neutron energies, in order of increasing energy. The data for different reactions are given in the

increasing order of MT.

The angular distributions of the scattered particles are expressed as normalized

probability distributions given by f(u, E) such that
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1

j f(u,E)du=1

-1

(2.1)

Here, E is the energy of the incident neutron and p is the cosine of the scattering angle of the
emitted particle. f(u, E)du is the probability that a reaction initiated by a neutron of energy E
will lead to emission of the secondary particle in the angular range du about the angle whose
cosine is W. It is assumed that the angular distribution of the emitted particles is azimuthally

symmetric. So it can be represented as series of Legendre polynomials P, (p) as follows:

NL
f (4 E) =ZZ' “La @R
1=0

2 (2.2)

Here, ai (E) is the I Legendre polynomial coefficient and NL is the highest order of Legendre

polynomial.

For different incident energies, the angular distribution data are given either in the form of
tabulated p vs. f(u, E)distributions or in terms of the Legendre polynomial coefficients [79], in
MF = 4. These data have to be processed correctly to take into account the energy transferred to

the target nucleus due to reactions proceeding through the emission of particles at various angles.

2.2.3 Energy distribution data of secondary particles in File 5

The energy distribution data of secondary particles are given as normalized probability
distributions in File 5 [79]. The data for (n, n"continuum), (N, Xn), MT = 649, 699, etc. reactions can
be given in this File, if they are not given in File 6. The data can be represented in different
forms indicated by the distribution law. Among the several possible laws [79], the arbitrary

tabulated function and evaporation spectrum are implemented in the present study. The energy
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distributions of all the products are represented preferably by the use of File 6 when several
charged particles are emitted and also when the angular and energy distributions of the particle
are strongly correlated.

2.2.4 Angular and energy distribution data of products in File 6

The energy and angular distribution data of the reaction products, i.e. neutrons, photons,
charged particles and residual nuclei are given in MF = 6. The data for a particular reaction are
given in this file when it is necessary to couple the energy and angular information of the emitted
particles and when a concurrent description of the scattered neutrons, emitted particles and the
residual nucleus are important. Data are given for some incident neutron energies in an
increasing order. For a given incident energy, the information on the distribution of the product
is also arranged in increasing order of its energy. The data for each product is given in separate

sub-sections in the following sequence:

a) Particles (n, p, d, t, *He, ) are arranged in increasing order of their ZAP and LIP values. The
ZAP is called product identifier, defined as 1000 x Z + A, with Z = 0 for photons and A= 0
for electrons and positrons. The LIP is called product modifier flag, mainly used to identify
the isomeric state of a product nucleus. In this case, LIP = 0 identifies the ground state, LIP =
1 for the first isomeric state, etc. This flag may also be used to distinguish subsections with
same value of ZAP for light particles, for example, in case of sequence of neutron emission,
LIP = 0 can denote the first emitted neutron, LIP = 1 the second neutron and so on.

b) The residual nuclei and isomers in order of increasing ZAP and LIP. The average recoil
energy and spectrum for an elemental target can be represented in a subsection with A = 0.

c) Photons

d) Electrons
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The energy-angle distribution in each sub-section is represented in different forms based
on the flag LAW. There are eight different representations that can be identified from the value
of LAW [79]. The most common LAW dependent structures that are dealt with in this study are

as follows:

1: Continuum energy-angle distributions — By this law, the data can be represented in the
following ways [79]: Legendre coefficients representation; Kalbach-Mann systematics

representation; tabulated function representation.

2: Discrete two-body reaction angular distributions — By this law, the two-body scattering data is

represented in terms of the coefficients of Legendre polynomials [79].

3: Isotropic discrete emission — By this law, the data is given for isotropic angular distribution in

the centre of mass system [79].

The details of these and the remaining LAW dependent structures can be found in Ref. [79].

2.2.5 Energy distribution data of emitted photons in Files 12 and 15

The calculation of energy of the recoil nucleus in (n, y) reaction requires the knowledge
of the energy distribution of the photons with incident neutron energy. For this, Files 12 and 15
together provide complete information on the discrete as well as the continuous photons. The
production of discrete photons (for the corresponding cross sections in File 3) is represented in
File 12 by giving the multiplicities / yields of the photons at different neutron energies. The
yields for continuum photons at various neutron energies may be given in File 12 and / or File
15. If these yields are present, then the energy distributions of continuum photons at different

neutron energies are always given in File 15 as normalized probability distributions. As
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mentioned in previous Section, File 6 also has provisions for giving the energy spectra of emitted
photons in (n, y) reaction. In that case, the discrete and continuum photons are represented in a

more compact manner [79].

2.3 Computation methodologies of the metrics
2.3.1 The spectra of primary knock-on atoms

The energy spectra of the primary knock-on atoms (PKAs), produced after a lattice atom
is knocked off its lattice position by the impingement of the energetic neutron, is a fundamental
quantity in the estimation of primary radiation damage. The PKA spectra give quantitative
information on the energy distribution of the PKAs formed as a result of different kinds of
neutron interactions. The PKA spectra are computed from the models developed within nuclear
physics and applying the kinematics of nuclear reactions. These spectra form the basis for the
estimations of dpa and neutron heating cross sections.

The PKA spectra can be defined as the probability to form a PKA in the energy range of
Er to Er + dEr after the interaction of a neutron of energy E. It is expressed as follows:

do(E,E ) .

%zZa'(E)K'(E,ER). 23)
Here, ¢'(E) is the cross section for interaction of the neutron of energy E via reaction channel i.
KI(E, Er) is called the kernel of reaction i which proceeds with the transfer of energy E to Er
from the neutron to the recoil nucleus. The total PKA spectrum is obtained by adding the
contributions from all partial interactions of neutron with the nucleus, such as, elastic scattering
(n, n), inelastic scattering reaction (n, n”), (n, 2n), (n, p), (N, ), etc. In the present study, the PKA
spectra have been calculated from all the reactions based on the kinematics relations of the

energy and angular distributions of emitted secondary particles and the recoiling nucleus by
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using the data given in the ENDF-6 file for the target material. However, the PKA spectra
resulting in the radiative capture of neutrons are not determined explicitly in the study. The
energy of the nucleus recoiling after (n, y) reaction is calculated by using the ENDF-6 data given
in Files 3, 6, 12 and 15.

2.3.1.1 Elastic scattering (n, n)

The kernel in (n, n) reaction is defined by Eq. (2.2), along with the condition given in Eq.
(2.1). The angular distribution of elastically scattered neutron given in File 4 ensures that the
total scattering probability over full scattering angular range is unity, i.e. Eq. (2.1) holds. The
value of p corresponding to specific (pre-defined) incident and recoil energies (E and Er) is

calculated by solving Eq. (2.4):

2AE
e = AT D t-u) 2.4)

Here, A is the target mass with respect to neutron mass. Once the value of p is obtained, the
distribution f(u, E) for the particular p is calculated by performing interpolations from the given
data. The distribution f(u, E) thus obtained is multiplied with the neutron cross section at energy
E to get the value of the PKA spectrum for this pair of incident and recoil energies. Similarly, the

PKA spectra for all possible recoil energies are obtained for this particular neutron energy.

2.3.1.2 Inelastic scattering (n, n’)

The total (n, n") reaction is defined by two parts: discrete or resolved level (n, n")
scattering and continuum (n, n’) scattering. For the resolved level inelastic scattering, the
calculations are done in a similar way as in the (n, n) scattering, from the following equation

[79]:
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AE
where, y is given by
1
ro[re A3 (2.5b)

Here Q is the reaction Q-value. Eq. (2.5a) reduces to Eq. (2.4) if the value of Q is set to 0. For a
given Eg, the value of p is obtained using Eq. (2.5a). The PKA spectrum is calculated for this p
from the angular distributions of the (n, n") scattered neutrons given in either File 4 or File 6 of

the ENDF-6 data file.

The PKA spectrum for inelastic scattering in the continuum energies is calculated in the
most accurate way if the data for energy distribution of the recoil nucleus, calculated based on
the models of nuclear reactions are given in the ENDF-6 file. Then these can be obtained from
the ‘residual nucleus’ sub-section given in File 6. If such data are not available, then approximate
calculations are performed assuming neutron evaporation model [2]. This is expressed through

the following equations:

Erax
, f(E,E
K(E, Eg) = j dE 1 ( ) , (2.6a)
0 4 (E Er)l/Z
A+1
where, E’ is the energy of the secondary neutron. The maximum value of E” is given by
A A
E/ = " E|, 2.6b
e A+1(Q+A+1 j (2.60)
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where, Q is the Q-value for the lowest resolved level. The distribution function
f (E,E") represents the probability that a neutron of energy £’ in the centre of mass frame is
evaporated from the compound nucleus. In the centre of mass frame it is given as the

Maxwellian of nuclear temperature Ep = KkT:

~_ E' _EE
f(E,E)—ﬁe D ’ (2.60)

where, I (E) = Eé{l—(ﬂ %}e*mx’ﬂ (2.6d)

D

is a normalization factor such that

!
E max

jdE' f(E,E')=1, (2.6€)
0

The recoil energy due to continuum inelastic reaction is found by using the following equation:
’ 1 ’
Er(E,E ,u)=K(E—2WEE +E) 2.7)

where, W is the cosine of the laboratory angle of emission of secondary neutron. The PKA
spectrum due to inelastic scattering (MT = 4) is obtained completely by adding the contributions

from all the discrete levels as well as the inelastic continuum.
2.3.1.3 (n, xn) reactions

Similar to the inelastic continuum, the spectrum of the PKA resulting after an (n, 2n)

reaction is most accurately determined if the data for recoil energy distribution are available in
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the ‘recoil section’ of File 6. In case when these data are not available, the PKA spectrum is

calculated based on the evaporation model as given below:

Er;qax ’ ’ E_E, r "
KEE)= | —e EBo [ _E o~E"Bogeqe, 2.8)
o 1(E) o I(E,E)

where, I(E) is given by Eq. (2.6d) with £ 'max= E and I(E, E’) is given by Eq. (2.6d) with E max
replaced by £ 'max= E-E’. The energy of the recoil nucleus is found from Eq. (2.7). The PKA

spectra for (n, 3n) and (n, 4n) reactions are only estimated if the recoil data are present in File 6.
2.3.1.4 (n, charged particle) reactions

The neutron reactions where one charged particle is emitted in the exit channel are
generally called as charged particle out (CPO) reactions. The exit channel, in addition to the
heavy recoiling nucleus, may consist of only one charged particle (like (n, p), (n, d), etc.
reactions) or multiple charged particles and also secondary neutrons (like (n, p ), (n, n p o), etc.
reactions). The CPO reactions like (n, p), (n, d), (n, t), (n, *He) and (n, o) with one emitted
charged particle is represented in the ENDF-6 file in terms of discrete levels plus a continuum or
in terms of only one continuum representation. The other kinds of CPO reactions can have only a
continuum representation. When the discrete level data for the angular distribution of charged
particles are given in File 4 or File 6, the calculation of PKA spectra for these reactions follows a
similar procedure as described in case elastic scattering and resolved level inelastic scattering.
The angle of scattering is first obtained from the known incident and recoil energies by solving
the following relation [79]:

c (A+1-A)

E. =
R (A+1)2

(r* —2pu+1) (2.9)
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where, W is the cosine of the centre of mass scattering angle. A and 4" are respectively the target-

to-neutron and emitted particle-to-neutron mass ratios. Here y is defined as

y (2.10)

1
A AA+1-A) (| A+1Q 2
A+l-A A A E

Here Q is the reaction Q-value, defined for the discrete excited level of the residual nucleus to
which the reaction takes place. The other possible way by which the recoil energy distributions
can be represented is by giving the data for only the total continuum CPO reaction in File 6. If
neither of the above data is given in the ENDF-6 file, then the PKA spectra for CPO reactions
are estimated by CRaD code in an approximate way by assuming isotropic emission of the recoil
nucleus. Then the minimum and maximum energies that are possible to be transferred are

calculated from the following kinematics relation [29]:

EszaﬂEta/NEﬂ%y+AEQ, (2.11)

(A+1-A)

where, E* =
A+1

E (2.12)
and energy of the emitted particle, Ep is taken as the smaller value by comparing between the
available energy, which is

AE
A+1 (2.13)

Q+

and the Coulomb barrier energy, which is
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PENE ev, (2.14)

where, z and Z are charges of the emitted particle and target respectively. The kernel of energy

transfer in this case (considering isotropic emission of recoil atom) is calculated as [87]

1

K(E, Egr) = Eg max (E) = Eg min (E) |

(2.15)

2.3.2 Displacements per Atom (dpa) cross sections

The displacements per atom (dpa) cross sections of neutrons are measures of the
probabilities for the displacements of the atoms from their original positions in the target
material due to the impingements of neutrons on them. An energetic neutron can interact with the
target nucleus in any of the different reaction channels that are energetically possible for the
particular neutron-nucleus pair. The cross sections for different reaction channels vary with the
energy of the neutron. The elastic scattering takes place at all energies and the radiative capture
of the neutrons producing gamma rays is generally significant at low neutron energies. In
general, the inelastic scattering and CPO reactions are of threshold nature. However, in many
nuclei the CPO reactions are exothermic and take place with significantly high cross sections at
low energies of neutrons. The well-known examples of this type are the (n, «) reactions in °B
nucleus and the transmuted nucleus *°Ni. After neutron interaction has occurred, it is the
recoiling nucleus which predominantly produces the damage in the material by displacing the
lattice atoms. The recoil energies in different neutron reactions are determined from the reaction
kinematics and by using the energy and angle information in the evaluated nuclear data files. In
the CRaD code, the kinematics relations along with the data obtained from the ENDF-6 files (as

discussed in previous sections) are used to compute the recoil energies.
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2.3.2.1 Damage energy

In encounters with energetic neutrons a target atom gets displaced from its original
position if the energy transferred to it is greater than the threshold lattice displacement energy,
Eq. This displaced atom is called primary knock-on atom (PKA), which creates further
displacements in the medium by producing higher order knock-on atoms. It is only a part of the
initial PKA energy (recoil energy of the nucleus after neutron interaction) that goes in the
phenomena of atom-displacements. This fraction of the recoil energy is called damage energy,
Tdam, Which is responsible for displacement damage of the material. Another part of the recoil
energy is expended in exciting the electrons in the medium and in ionization process. This
partitioning of energy between displacements of atoms and electronic excitation processes is
given by the theory of Lindhard et al. [15, 16]. The energy partitioning theory of Lindhard et al.
has been concisely formulated by Robinson and Torrens through simulations based on the BCA

method [17]. The damage energy of the PKA is estimated from the recoil energy as follows:

ER
T E.)=— R

dam (ER) 1+ FG(e) - (2.16a)
where F, ¢ and G are defined as

_ 0.07932237%% (A + A,)%/?
(212/3 + 222/3)3/4 Af/ZA%/Z

ER
30.7242,Z, (Z2R + 2232 (A + A) 1 A,

&

(2.16h)

G(g) = 3.40085Y6 +0.40244%% + ¢

Here Z; and Ax are atomic and mass numbers of the PKA and Zz and A are those of the atom in
the target with which the PKA interacts. F is constant for a given PKA-target combination
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obtained from the description of Thomas-Fermi atomic interactions [15]. ¢ describes the nuclear
stopping of the PKA, where the denominator was introduced in Ref. [16] to make this parameter
a dimensionless quantity. G(e) is the universal function obtained using a numerical
approximation by Robinson to calculate the inelastic energy loss according to the theory of

Lindhard et al.

The Tgam Of the PKA thus determined is responsible for the primary radiation damage
caused due to the displacements of the atoms in the target material. The next important quantity
that needs to be determined in order to compute the dpa cross sections is the number of
displacements that the atoms in the target material has undergone. It is estimated from the
damage energy with the help of an atom-displacement damage model. A few of these models

that have been developed in various pioneering works are discussed in the following subsection.

2.3.2.2 Models of atom-displacements damage

The quantification of displacement damage due to interactions of energetic particles in
matter was initially attempted during the late 1940s [12, 13]. The first analytical model to
calculate the dpa was developed by Kinchin and Pease [14, 88] based on the transfer of kinetic
energy above the threshold lattice displacement energy. This is known as the KP model after the
names of the developers. Thereafter, a number of models have been developed [18, 22]. The
presently accepted standard to predict the primary radiation damage employs the NRT model,
developed by Norgett, Robinson and Torrens [18]. The NRT model and the arc-dpa model,

recently developed by Nordlund et al. [22], are only discussed here.

Norgett-Robinson-Torrens (NRT) model

The NRT model is an improvement over the KP model. It is given as follows:
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0, Tgam < Eq
VART (Tdam) =1L, Eq < Tgam < 2E4 /0.8
0.8Tgam / 2Eq, Tgam > 2E4/08 (2.17)

The NRT model is different from the KP model in two important ways. The first is the factor 0.8,
which is included in the NRT model in order to account for the interactions of the PKA with
more realistic interatomic potentials, rather than assuming hard sphere scattering. The second
important aspect is the inclusion of the concept of damage energy, where the two modes of
sharing of the PKA energy between nuclear and electronic stopping can be considered in a more
realistic approach by using the energy partitioning theory of Lindhard et al. Consequently, the
assumption of sharp energy cut-off (as in K-P model) is not required. The NRT model has been
derived for mono-atomic target materials; the replacement collisions and variation of the
threshold lattice displacement energy Eq with crystalline orientations have not been accounted. It
provides a useful basis to calculate the number of displaced atoms by a PKA and has been
accepted as the international standard to model and compare primary radiation damage in

materials.

The NRT model, however, has been found to overestimate the number of displaced atoms
compared to more realistic observations and thus provides an upper limit to the prediction of
primary radiation damage in a material [20 and related references there]. The actual number of
defects that remain in the target material is far less compared to that predicted by the NRT
model. This happens due to a large number of self-assisted recombination that takes place during
the displacement damage event. Based on the results of advanced simulations and irradiation
experiments, an improved atom-displacement damage model, called the arc-dpa model, has been

derived [20, 22] to capture the phenomena more realistically.
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Athermal recombination corrected — dpa (arc-dpa) model

The recently developed arc-dpa model [22] captures the physical phenomena undergoing
in materials just after the formation of PKA (time ~ 1071%) in greater detail and more realistically
compared to the earlier models. In general, there are uncertainties on the results of MD
simulations due to the choice of various interatomic potentials, but MD simulations of
displacement damage cascades in metals have consistently shown closeness to the
experimentally observed damage recombination [89]. The results of such simulations and
experiments [24, 90-95] have suggested that the defect production efficiency & which is the ratio
of the true number of existing defects to that predicted by NRT model, is much less than 1 for
recoil energies above ~ 1 keV. For a number of interatomic potentials used to simulate cascades
in dense metals like Iron, & is found to vary as a function of energy and reach a saturation value
between 0.2 and 0.5 [95]. Mostly, this saturation value is found to be around 0.3, in agreement

with experiments.

For the first about 200 fs of PKA interactions, the atoms get displaced in ballistic
collisions (the number of these displaced atoms corresponds closely to the NRT model) and after
this, the cascade becomes a heat spike [20, 22]. The interior of this heat spike region is less dense
compared to the outskirts and it lasts only for a few picoseconds, quenching rapidly and tending
towards a perfect crystal. This is called cooling down phase, where many of the displaced atoms
regain the lattice positions (original or another lattice site) and many of the vacancies and
interstitials initially created during the ballistic phase recombine. This recombination process
takes place as a result of natural migrations of atoms due to the kinetic energy introduced by the
PKA in the medium. It requires no external thermal assistance and is independent of the ambient

temperature of the target. Hence, it is referred as an athermal recombination process. The arc-dpa

33| Page



model, as obtained after analyzing the MD simulations and experimental results in Ref. [20, 22],

is given by Eq. (2.18a) and (2.18b).

0; Tdam < Ed
Varc—dpa(Tdam) =11 Eq < Tyam < 2E4 /0.8
0.8Tyam € (Tgam) 2Eq;  Tgam = 2E4 /0.8 (2.18a)
where,
1_ Cad bad
&(Tgam) = deam + C,q
0.8 : (2.18b)

The energy dependent damage efficiency term ¢ in the arc-dpa model is the ratio of
number of actually remaining defects to that predicted by the NRT model. The arc-dpa model
depends on three material specific parameters: Eq, bad and Cad. The bag and caq parameters give the
dependence of the function & on the behavior of the cascade with damage energy. At low and
intermediate energies, the number of defects follows a power law with energy and at high
energies (~ 100 keV), the production of damage becomes linearly dependent on the energy as the
cascades divide into subcascades. At this point of division of cascade into subcascades, there is a
saturation of defect formation and ¢£ attains a constant value. The parameter bag is negative as the
damage efficiency reduces with damage energy. The saturation value is given by the parameter
Cad. It is positive and indicates the extent to which the recombination of vacancies within the
displacement cascades can be effective in reducing the number of remaining defects. It is lower
for dense close packed metals like Fe, Ni, etc. and higher for relatively less dense and open
structured elements like Si, C, etc. It is observed that the effect of vacancy recombination is

higher in dense metals, which lowers the value of the saturation parameter in them. The
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additional bag and caq parameters in the arc-dpa model are systematically determined from MD
simulations and irradiation experiments by using their correlations with different properties of
the materials, like melting temperature, Frenkel pair resistivity, minimum lattice displacement

energy, etc [24, 25].

2.3.2.3 Computation of displacements per atom cross sections
The reaction-wise recoil energies and the number of displacement defects v for the
corresponding damage energies are computed. Then the dpa cross sections are calculated as

follows:

ERmax

o4 (E) =Zai(E> j dExK ' (E, Ep)V[Toan (Er)]

0

(2.19)

For any reaction i, the kernel of energy transfer is integrated along with the number of atom-
displacements over the full energy range of the recoil atoms and multiplied with the basic
neutron interaction cross section ai to obtain the dpa cross section. The total dpa cross section is
the sum of partial dpa cross sections. The energy-group averaged dpa cross sections are

calculated from the point data as follows:

Eg(max)
_[aot (E)p(E)dE

E -
t g(min)
O-D,g =

Eg(max)
j(ﬁ(E)dE

Fg(min) . (2.20)
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Here, total dpa cross section in neutron energy group g is calculated from the point cross sections

and the limits of the integration are the boundaries of group g.
2.3.3 Gas production cross sections

The light charged products of neutron reactions, i.e. p, d, t, ®He and «, accumulate as
gases, i.e. hydrogen, deuterium, tritium, 3 helium and helium, respectively, in the bulk medium.
The CPO and other neutron induced reactions that lead to the activation of the target nucleus are
considered in the estimation of the gases produced in the target materials. A target nucleus gets
transmuted by an incident neutron in all types of reactions, except by elastic scattering (n, n) and
by inelastic scattering (n, n") reaction processes. Therefore, the total activation cross section at

the neutron energy E can be defined as follows:

Oact(E) = On,y (E)+ Zo-n,xn (E)+ Za(n,particle) (E) (2.21)

cpo

The first term on the right-hand side of Eq. (2.21) represents the cross section for the radiative
capture of neutron. The symbol x in the suffix of the second term on right hand side can be 2, 3,
4, etc., representing multiple neutron emission cross sections, (n, xn). Generally, the (n, 2n)
reaction is sufficiently probable to occur within 20 MeV limit of neutrons, encountered in fission
and fusion systems and the (n, 3n), (n, 4n), etc. reactions are more probable in fusion related and
accelerator driven subcritical systems. The third term is the sum of all the cross sections where
one or more light charged particles are emitted. In order to correctly predict a particular gas
species produced by neutron induced reactions using the basic evaluated nuclear data all the
reactions where the corresponding charged particle is present in the exit channel are taken into

account. This is because there can be non-negligible contributions from reactions where more
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than one particles are emitted such as (n, n a), (n, p @), (n, 2n a), etc, in addition to the (n, p), (n,

d), (n, o), reactions where a single particle is emitted.

The sum of all the neutron reaction cross sections producing proton, deuteron, triton, *He
and alpha are estimated separately to give the corresponding gas production cross sections. All
the cross sections of CPO reactions contributing to the production of various charged species are
often not disentangled separately in the evaluation of nuclear data by using the nuclear model
codes like EMPIRE [96], TALYS [60], etc. A significant part of the charged particle production
cross sections can be sometimes given in lumped form in a single section (reaction MT = 5) [79].
In such cases, these cross sections are taken into account to compute the total production of
various light charged particles, by using the data for the yields of the respective charged species

which are given in File 6 (MT =5).
2.3.4 Neutron heating cross sections

The light charged species such as proton, deuteron, alpha, etc. and the heavy recoiling
nucleus after neutron interactions deposit their kinetic energy almost entirely while travelling
through the medium. The charge neutral products of nuclear reactions, i.e. neutrons and photons
are assumed not to deposit their energy at least locally in the medium, but may do so after
travelling over large distances. It is the kinetic energy of a charged reaction product which is
estimated in order to determine the heating due to neutrons, so the phenomenon has an acronym

as ‘kerma’ expanding as ‘kinetic energy release in materials’.

The kinetic energies of secondary particles and recoil nucleus are calculated by applying
the laws of conservation of energy and momentum and by using their energy and angular

distributions data from a basic evaluated nuclear data file. The sum of the energies of recoiling
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nucleus and other charged products of a neutron-induced reaction gives the estimate of the total
heat energy likely to be deposited locally in the medium. This energy, multiplied with the cross
section for the respective reaction process, gives the neutron heating cross section (kerma
coefficient). The total kerma coefficient for a material p at the neutron energy E is defined as

follows:

kp(E)=ZZE par (E)o g (E) (2.22)
a r '

The quantityE in the RHS of Eq. (2.22) denote the average kinetic energy carried away
by the r'" secondary charged species and ¢ is the cross section of the g™ reaction process ((n, n),
(n, n’), (n, y), (n, p), (n, 2n), (n, p a), (N, na), etc.). This is called the ‘direct method’ of
computing kerma coefficient.

Another way of estimating the neutron heating is by the energy balance method. In this
method, the energies of the outgoing neutrons and emitted photons are subtracted from the
available energy in order to get the energy which will heat the medium. The total kerma
coefficient of material pin this method is obtained by adding over all the neutron reactions q as
follows [29]:

o(E)= (€ +Qyy ~Eran ~Eia Jorg (B
q |

(2.23)

Here, Qpq is the mass-difference Q-value of material nucleus p for reaction g and the quantities
qu,n and qu,y are average energies of the secondary neutrons and photons respectively.

The direct method is followed in the present study. In different reactions, the energy of
the recoil nucleus is calculated as discussed above and the energies of light charged particles are

calculated as follows [79]:
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E o (,B +2Bu+1)
particle =
(“ 1) (2.24)

Here, £ is defined as

(2.25)

1
ﬂ:{A(A+1—A') [“ A+1gﬂ2
A A E

Here A, A’, Q and p are defined in the same way as in Eq. (2.9) and Eq. (2.10). In elastic
scattering, Q = 0 and A" = 1 in elastic scattering and inelastic scattering reaction. In some cases
when recoil and / or outgoing charged particle data are not present in the basic evaluated nuclear

data file, Egs. (2.7), (2.11) — (2.14) are used to compute their energies.
2.4 Salient working description of CRaD code

The CRaD code is written in FORTRAN programming language in the Lahey / Fujitsu
FORTRAN 95 (LF95) [97]. A block diagram of the code is presented in Fig. 2.1. A meticulous
investigation of the neutron reaction data in ENDF-6 files has been carried out in order to
develop the methodologies of computing the four metrics of primary radiation damage by using
the CRaD code [78, 83-84, 98-101]. The basic requirements of this code are the unprocessed
evaluated nuclear data file and a pre-processed neutron interaction cross section data file. The
CRaD code does not pre-process the cross sections from tabulated cross sections (File 3) or from
the resonance parameters (File 2) and one of the nuclear data processing codes like NJOY-2016
[29], PREPRO [86], etc. is required to pre-process these files to produce temperature-dependent

point basic cross sections. The post-processing and computations using CRaD code requires the
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data in Files 1, 3, 4, 5, 6, 12 and 15. The information in File 1 is used to check if the cross

sections for a particular reaction (MT) are present or not.

Basic ENDF-6 file Pre-processed ENDF-6 file
CRaD
v A 4 v
CRaD-n-PKA CRaD-n-dpa-heat CRaD-n-GasXs
v \ 4 v
e Energy group and type of e Energy group and type of e Energy group
reaction reaction e Cross sections MF 3
e Finer energy array e Model, parameters for dpa e Get yields of particles
e Cross sections MF 3 o Cross sections MF 3 MF 6 for lumped data in
e Energy and  angular e Energy and angular MT 5
distributions MF 4, 6 distributions MF 4, 5, 6, 12 e Interpolate cross sections
e Insufficient data — invoke and 15 to MT 1 energy points
kinematics and models e Insufficient data — invoke and multigroup
e Normalize to Cross kinematics and models o Identify particles, add
sections e Point and multigrouped dpa MT 5 - total gas
e PKA matrix in given and heating cross sections production and
energy group e Reaction-wise output e Total activation cross
e Reaction-wise output sections
v \ 4 v
PKA spectra Neutron dpa and heating Gas production and total
cross sections activation cross sections
\ 4

Primary radiation damage cross sections library
(CRaD-PRDL 1.0) for reactor applications

A\ 4

. 1
I N-random sets for propagation of
1 uncertainties by TMC method 1

Fig. 2.1: Block diagram of CRaD code describing the salient features (the main user inputs in
each calculation are shown in italics)
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CRaD-n-PKA - In the computation of PKA spectra, the CRaD code takes the type of
energy group structure as input. It makes this energy group finer by introducing more points
equally in each group and then calculates the PKA spectrum by considering these points for both
the incident and recoil energies. So, the same energy group structure is followed for both
incident neutrons and recoil atoms. The PKA spectrum is integrated over the full energy range of
recoils and it is normalized to the basic cross section corresponding to the original incident
neutron energy group structure. The PKA spectra matrix finally obtained is of the order (NxN),

where N is the number of energy groups given as input.

CRaD-n-dpa-heat — The atom-displacements functions that can be optionally
implemented while using the CRaD code are the NRT model and the arc-dpa model. The
parameters Eq, bag and cag has to be given as inputs, which, if not provided the code uses the in-
built values specific to the target material in order to find the number of defects. In order to
compute neutron heating, the general approach followed is that by the direct method which uses
the particle, recoil data from the unprocessed file and also applies the kinematic equations
whenever required. For the given types of reactions (it can also be total dpa / heating), the code
gives both dpa and heating cross sections in point energy-cross sections form and in the

multigrouped data form (the energy group structure option is given as input).

CRaD-n-GasXs — The calculation of the gas production cross sections is performed in the
required multigrouped forms which will be suitable for the estimations of the concentrations of
gases for a given neutron spectrum in the subsequent steps. The MT numbers (in File 3) for the
required CPO reactions are identified and the corresponding cross sections are multi-grouped and

added in a sequence to get the total production cross sections of a particular type of particle.
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The neutron energy range in all the above calculations is limited from 10 eV to 20 MeV.
The point and multigrouped primary radiation damage cross sections and their neutron spectra-
integrated quantities for some important structural materials thus computed by using the basic
evaluated nuclear data files are compiled into a library called CRaD-PRDL 1.0. In a similar way,
a large number (N) of random databases of these cross sections are generated in order to study
the propagation of nuclear data uncertainties in the metrics according to the TMC [62]

methodology.
2.5 Summary

The ENDF-6 basic evaluated nuclear data necessary in the estimations of the metrics of
primary radiation damage and the methodologies to compute the metrics as developed in the
CRaD code are discussed. The salient working structures of the CRaD code are described. The
neutron spectra-integrated quantities corresponding to each of these metrics such as PKA rates,
average energies of PKAs, dpa, concentrations of gases and heating rates are determined from
the corresponding cross sections which are obtained by following the standard ENDF-6

procedures and methodologies as discussed in this chapter.

42 |Page



Chapter 3

The Effects of Nuclear Data and Neutron Spectra on the Primary Radiation

Damage Metrics

3.1 Introduction

The metrics of primary radiation damage are estimated using the CRaD code by applying
the methodologies developed in the previous chapter. As these estimations are performed, the
results are compared with the NJOY-2016 [29], NJOY21 [85] codes and other available data
from the literature. The dependence of these metrics on the incident neutron spectra are
investigated and the neutron spectra-integrated primary radiation damage parameters such as the
PKA rates, dpa, concentrations of produced gases, neutron heating rate, etc are estimated in this
chapter. This chapter is organized into four parts based on the investigations on the four metrics.
The investigations on PKA spectra and related quantities are presented in Section 3.2, dpa cross
sections and integrated dpa are presented in Section 3.3, gas production due to transmutation
reactions and related quantities are presented in Section 3.4 and neutron heating cross sections

and integrated neutron heating rates are presented in Section 3.5.

3.2  PKA spectra metric of atom-displacement damage

The displacement damage of the atoms in a lattice structure is most often quantified by
estimating the displacements per atom (dpa) in the material due to irradiation of neutrons. Both
dpa and PKA spectra, combined together, give a more complete picture of the primary radiation
damage that occurs in different irradiation conditions. The PKA spectra in different reactions are
computed according to the methods discussed in Chapter 2 and are compared with the data

obtained from the NJOY codes. The contributions of various neutron reactions to the energy
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distribution of PKAs, rate of formation of PKAs and their cumulative fractions for given neutron

fields are studied.
3.2.1 Comparison of PKA spectra between CRaD and NJOY-2016 codes

The PKA spectra for different isotopes at various incident neutron energies computed
using CRaD code have been compared with the results from the NJOY-2016 code. A few of
these comparisons are presented here. The PKA spectra due to elastic scattering of a 17.1 MeV
neutron in *8Ni obtained using CRaD code and the GROUPR module of NJOY-2016 are shown
in Fig. 3.1. It can be observed here that the probability to form the PKAs per unit energy of the
recoiling nucleus is nearly constant at low energies (up to about 1 keV) and then decreases at
higher energies. The oscillatory behavior around 100 keV recoil energy region is a manifestation

of the anisotropic elastic scattering of higher energy neutrons.

.....
.

NJOY-2016
1044 - CRaD

10°4 174th. group in VITAMIN-J
Ni 58

MT=2 ENDF/B-VII.1

PKA spectra (barns / MeV)

T

10-2 T Al Al T Al Al T T T T
10° 100 10° 10° 10" 10
Recoil energy (MeV)

T T

Fig. 3.1: Comparison of PKA spectrum resulting from elastic scattering of a 17.1 MeV neutron
in %®Ni, between CRaD and data obtained from GROUPR module of NJOY-2016.

The PKA spectrum due to inelastic scattering of a 10.25 MeV neutron from the 6™

resolved level of the compound %8Ni nucleus, as calculated using the CRaD code is shown in Fig.
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3.2 (a). The PKA spectrum from the continuum and total inelastic scattering are shown in Fig.
3.2 (b) and (c). These results show good agreement with the data from NJOY-2016 code. Note
that, unlike the resolved level inelastic scattering, the PKA spectrum from continuum inelastic

scattering has non-zero contribution in the low energy region.
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Fig. 3.2 (b)
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Fig. 3.2: Comparison of the PKA spectrum due to inelastic scattering of a 10.25 MeV neutron as
obtained by using CRaD and GROUPR module of NJOY-2016; (a): from the 6" resolved level
of the compound nucleus; (b): from the continuum; (c): total.

The PKA spectrum calculated for the 6™ excited level in (n, p) reaction and the
continuum (n, p) reaction in 2Si by a 14 MeV neutron are shown in Fig. 3.3, for illustration. The

agreement with the result from NJOY-2016 is found to be good.

In a similar manner as described above, the PKA spectra at other incident energies are
also compared with the outputs of GROUPR module and good agreements are observed. Similar
exercises are also performed with different target isotopes and basic evaluated nuclear data
libraries, and the computation methodologies of PKA spectra in the CRaD code are successfully
validated. The PKA spectra resulting from many possible partial reactions of a 14.5 MeV
neutron with *®Ni, calculated by CRaD code are presented in Fig. 3.4. The ‘sum’ PKA spectra is
obtained by adding all the partial contributions shown here. Note that the major contributions in
this case come from (n, n), (n, n"), (n, n p), (n, p) and (n, o) reactions. The (n, o)) reaction gives a
large share of higher energy PKAs.
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Fig. 3.3: Comparison of PKA spectrum in (n, p) reaction of a 14 MeV neutron in 2Si as obtained
by using CRaD and GROUPR module of NJOY-2016; (a): 6™ discrete level of the compound
nucleus; (b): continuum.
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Fig. 3.4: The spectra of the PKAs resulting from various partial reactions of a 14.5 MeV neutron

in 8Ni isotope calculated by the CRaD code using the nuclear data in ENDF/B-VII.1 library.
The ‘Sum’ PKA spectra is obtained by adding the partial contributions shown here.

3.2.2 Rate of formation of PKAs and cumulative PKA spectra

As observed in [102-105], the PKA spectrum is of foremost importance to influence the
micro structural evolution of damage in the radiation induced material. Since the formation of
PKAs is the first event in the primary damage production phenomena, the spectra of these atoms
directly connect to the morphology of radiation damage. When combined with the incident
neutron field, the PKA spectra characterize the primary radiation damage that is specific to the
radiation environment. The PKA spectra thus computed are applied here to estimate the rate of
formation of energetic PKAs and the cumulative PKA spectra, which are useful to differentiate
between the effects of different incident neutron spectra. Often in these estimates, it is required
to specify the physical quantities in the target element, rather than in individual isotopes. Hence,

we calculate the PKA spectra and other quantities in the element, from their isotopic values by
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weighting with the isotopic abundances (Ais). The PKA spectrum in the target element is

calculated as follows:

do(E, ER) do(E Eg)
( dEg Jelement ZA'S"[ dEg Jiso. (3.1)

The rate of PKAs per unit volume is calculated by multiplying the PKA rate with the
atom density of the target element. For the neutron spectrum ¢ and atom density of target p, it is

defined for a recoil energy group as follows:

G
i do(E, Eg)
(PKArate)gR =10%p E [TRRJ (Egpa —Egp )og, 2

gn=1 On

When the units of ¢, p and ¢ are barns, cm= and neutrons.cm.s respectively, the units of PKA
rate are PKAs.cm3.st. In Eq. (3.2), the PKA spectrum value obtained from CRaD code is
multiplied with the width of the particular recoil energy group (gr) to find the cross section for
forming a PKA in the interaction where energy transfer from E to Er takes place. The product of
this cross section and neutron flux in an incident energy group (gn) gives the PKA rate in the
particular neutron group. On summing over the full neutron energy spectrum and multiplying
with p and 102, we obtain the rate of PKAs produced per unit volume in the material for a given
recoil energy. Following this procedure for all the recoil energy groups, the PKA spectra can be
converted to the spectra giving the rate of PKAs formed per unit volume of the target subjected
to a neutron spectrum. Fig. 3.5 shows a few neutron spectra for which we estimate the PKAs.
Here, representative cases of fast neutron fission (PFBR [106] core centre), thermal neutron

fission (PWR-RPV and BWR-RPV [107]) and fusion neutron (ITER-DT and JAEA-FNS [107])
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spectra are shown. Also, the neutron spectra at the radial blanket, grid plate top and lattice plate
locations of PFBR [106] are considered for illustrations. The PWR-PRV and BWR-RPV neutron
spectra are plotted in 198-energy groups [107] and all the other spectra are plotted in the

VITAMIN-J 175-energy groups [107].
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Fig. 3.5: Neutron energy-flux spectra of different sources

The PKA rates in Fe corresponding to these neutron spectra are calculated for illustration.
These are presented in Fig. 3.6. The variation of the formation of PKAs with recoil energy
depends on the incident neutron spectrum. In all the neutron spectra, the rate of forming PKAS
with energy greater than 1 MeV is very less (about 10%) compared to that with energy in the
range of a few keV. It is should be noted that the absolute magnitudes of the formation of PKAs
differs due to the differences in the absolute magnitudes of the neutron spectra. Compared to the
neutron spectrum at the core centre location of PFBR, all other neutron spectra considered here

are softer and have significant proportion of neutrons in the low energies. Hence, in PFBR core
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centre the PKA rates are proportionately higher in the 1 to 100 keV recoil energy range, whereas
in other neutron spectra these are mostly uniform from very low to the keV recoil energy range.
The rate of formation of higher energy PKAs will be more for lighter target elements like C, Si,

etc.

PKA rate (PKAs /s - cm3)

10" 10° 10% 10" 10° 10" 10* 10° 10* 10° 10° 10’
Recoil energy (eV)

(1) PFBR core centre (2) ITER-DT (3) PFBR grid plate top (4) PFBR radial blanket
(5) PFBR lattice plate (6) PWR-RPV (7) BWR-RPV (8) JAEA-FNS

Fig. 3.6: The rate of formation of PKAs in Fe as target material in different neutron fields.

The rate of formation of the PKAs is integrated over the recoil energy to obtain the
cumulative distribution of the PKAs. For some representative incident neutron spectra, the
cumulative distributions of the PKAs in Fe are presented in Fig. 3.7. Again, this cumulative
distribution bears the signature of the incident neutron spectrum. For a given neutron spectrum,
the corresponding cumulative distribution of the PKAs quantify the fraction of PKAs that are
below a particular recoil energy. The cumulative distribution shows a steep or a moderate slope
depending on the relative number of neutrons in different energy regions. Consider for example,
the cumulative distributions of the PKAs in the fusion neutron spectra ITER-DT and JAEA-FNS

and all the other neutron spectra. The PKA distributions corresponding to the fusion spectra have

51|Page



steeper slopes compared to the other cases shown in Fig. 3.7. In the medium mass structural
nuclei, like Fe, the fission neutron spectrum produces PKAs predominantly within the energy
range of 1 to a few tens of keV. However, in lighter target nuclei, like C, a small number of
PKAs can also be formed with 2 — 6 MeV energies under the fission neutron spectrum. The
average energy of Fe PKAs in fusion neutron spectrum is about a few hundred keV. It can be
observed from Fig. 3.7 that 60% of Fe PKAs in PFBR core centre are formed with energy less
than about 30 keV, while in case of PWR-RPV and BWR-RPV spectra this energy is slightly
higher, about 50 keV. In the ITER-DT and JAEA-FNS spectra, this fraction of Fe PKAs lies
approximately below 300 keV. Also note that, in the radial blanket, grid plate top and lattice
plate locations of PFBR, 50% of the Fe PKAs are formed much below 10 keV. Overall, the
shape of the neutron spectrum plays an important role in ascertaining the neutron spectrum-

averaged PKA energy.
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Fig. 3.7: Fraction of Fe PKAs that are formed below particular recoil energy when irradiated in
different neutron fields.
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3.3  The dpa metric of atom-displacement damage

The evaluation of the reaction kernels is the most important aspect in the computation of
the dpa cross sections. A few general features observed in the energy-wise variations of dpa
cross sections are discussed in Section 3.3.1. The dpa cross sections and dpa rates computed
using the CRaD code are compared with the ASTM data [19] and the results that are obtained
from NJOY-2016 and other codes [98]. These are discussed in Section 3.3.2. The results

obtained by applying the arc-dpa model in the CRaD code [108] are discussed in Section 3.3.3.
3.3.1 Energy variations of dpa cross sections

The anisotropy of neutron scattering must be considered accurately and its effect is to
reduce the dpa cross sections because of reduction in the transfer of energy and momentum to the
recoil nucleus with increasingly forward-peaked elastic angular distribution. It is illustrated in
Fig. 3.8 for the elastic scattering of neutrons in %°Fe, where the neutron cross sections and
angular distributions of secondary neutrons from ENDF/B-VII.1 are used. The effect becomes
significant beyond about 100 keV. At 2 MeV, for instance, the dpa cross sections are found to be
lower by about 62% compared to the situation when isotropic scattering is assumed. The
anisotropy in case of inelastic scattering and other higher energy reactions must also be

considered accurately, but their effects are comparatively smaller.

The total dpa cross sections along with the contributions from various partial interactions
of neutrons in *°Fe target, computed with CRaD code by using the data in ENDF/B-VII.1 nuclear
data library are presented in Fig. 3.9 (a), for illustration. The fractional contributions of the
partial reactions to the total dpa cross sections are presented in Fig. 3.9 (b). Note that, the main

contribution in the low energy region is due to the recoil of the nucleus following radiative
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capture of neutrons. The contribution from elastic scattering is substantial over the full energy
range 0 — 20 MeV. In the MeV region, contributions from inelastic scattering and other non-
elastic reactions become significant. The total dpa cross sections in an element are calculated by
adding the isotopic contributions with their abundances. The dpa cross sections in Fe obtained
from 5.845% of >*Fe, 91.754% of *Fe, 2.119% of >'Fe and 0.282% of >®Fe isotopes are shown in

Fig. 3.10.
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Fig. 3.8: The effect of anisotropic elastic scattering of neutrons on dpa cross section in >Fe.
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Fig. 3.9: dpa cross sections in >°Fe; (a): contributions from partial neutron interactions to dpa
cross sections; (b): relative contributions of partials to total.
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Fig. 3.10: Total dpa cross sections in Fe and its isotopes calculated with the CRaD code by using
the data in ENDF/B-VII.1.
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3.3.2 Comparison of NRT-dpa cross sections between CRaD and other available standards

The dpa cross sections computed using CRaD code are compared with NJOY-2016 and
ASTM E693-12 data [98]. The comparison of total dpa cross sections with NJOY-2016 data are
presented in Fig. 3.11. The overall agreement is found to be within 1%. The large difference
around 1 keV can be explained by looking at the NRT model in Eq. (2.17) as follows. The
second condition in NRT function says that there can be a displacement of only one atom if the
damage energy lies between Eqand 2E4/0.8. This condition is exactly followed while computing
the number of displacements by using the CRaD code. The dpa cross sections are obtained from
HEATR/NJOY-2016 by multiplying a factor 0.8/2E4 with the damage energy cross sections
which are its natural output. While this procedure is all right for damage energies above 2Eq4/0.8,
it deviates from following the second condition in the NRT model and under predicts the number
of displacements when damage energies are between 40 and 100 eV (corresponding to incident

neutrons of energy between ~ 500 to 1500 eV).
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Fig. 3.11: Total dpa cross section in *Fe: comparison between CRaD and NJOY-2016.
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The ASTM NRT-dpa cross sections were processed from ENDF/B-VI library in the 640
extended SAND-II group structure [98]. There is not much difference in the cross sections of
iron between the ENDF/B-VI and VII.1 libraries. The references for the temperature of the
material, self-shielding effects and the weighting function are not provided with this data. In
order to compare with the ASTM NRT-dpa cross sections, we assumed a constant weighting flux
in Eq. (2.20) for averaging dpa cross sections of Fe at room temperature. The comparison of
these dpa cross sections are presented in Fig. 3.12. The agreement is found to be good and some
differences (spikes in ratio plot) are observed in predicting too small values of dpa cross sections,

where the differences are in the range of 0.02 to 0.1 barns only.
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Fig. 3.12: dpa cross section of Fe in 640 energy groups: CRaD vs. ASTM E693-12.

3.3.3 Comparison of NRT dpa in structural materials from different codes

The elements Fe, Ni and Cr are the most important and dominant constituents in different
types of structural stainless steels. The total dpa for irradiation time t is calculated from the dpa

cross sections and flux spectrum ¢ of neutrons as follows:
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N
dpa:t29=latDyg¢g . (33)

Here, N is the total number of energy groups. The dpa rates in Fe, Cr and Ni at some selected
core locations of PFBR is compared in Table 3.1 by using the NRT-dpa cross sections from
NJOY-2016 and CRaD codes. For Fe, the comparison is also made with ASTM E693-12
standard dpa cross sections [98]. At all the locations, because of its higher dpa cross sections, Ni
is found to have higher dpa rates than the other two elements. The agreement between the dpa
rates in Fe obtained from CRaD and ASTM E693-12 is about 4% and that from CRaD and
NJOY-2016 codes is about 1.2%. For Ni and Cr, the agreement between the dpa rates obtained

from CRaD and NJOY-2016 codes are about 1.2% and 1% respectively [98].

Table 3.1: Comparison of dpa rates (s?) in Fe, Cr and Ni at selected core locations of PFBR

Element Code Core Centre Grid Plate Top Lattice Plate Radial Blanket
ASTM 2.095E-06 5.753E-10 3.864E-12 2.109E-07
Fe CRaD 2.081E-06 5.525E-10 3.815E-12 2.085E-07
NJOY-2016 2.077E-06 5.478E-10 3.773E-12 2.080E-07
. CRaD 2.587E-06 1.012E-09 6.750E-12 2.855E-07
NI NJOY-2016 2.586E-06 1.003E-09 6.668E-12 2.850E-07
CRaD 2.279E-06 6.349E-10 3.766E-12 2.262E-07
cr NJOY-2016 2.280E-06 6.312E-10 3.735E-12 2.260E-07

In PFBR [106], the clad and wrapper materials of fuel and blanket assemblies are made
of D-9 steel, which contains 66.1% of Fe, 14% of Cr, 15% of Ni and remaining of the elements
C, Si, B, Mn and Mo. The composition of D-9 steel used in the study is presented in Table 3.2.
The grid plate and control plug of PFBR use SS-316-LN type steel. It is mainly the cumulative
radiation damage on the structural materials of the above core components that decides the life of
the reactor. The primary sodium pumps and the fuel and blanket assemblies rest on the grid plate

at the bottom of the core. The control plug is positioned above the core sub-assemblies. It
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contains very critical components like thermo-couples, neutron detectors and control rod drive
mechanisms. The fuel and blanket assemblies in PFBR are replaced after 540 effective full
power days (efpd) of operation.

Table 3.2: Elemental Composition in D9 Steel

Element Fe Cr Ni Mo Mn C Si B

wit% 66.080 14.0 15.0 2.250 2.0 0.043 0.625 0.002

The dpa cross sections of D-9 steel are computed by weighting the dpa cross sections of
its constituent elements with their elemental compositions. Since 26 group (ABBN-93) 3-D
diffusion theory calculations are performed for estimating core neutronics parameters in PFBR,
the dpa cross sections are also computed in this group structure for estimation of dpa in core
structural elements. The core-1 flux is used in Eq. (2.20) to collapse the point dpa cross sections
into multi-group form. The total dpa in D-9 steel for 540 efpd at various core locations are
presented in Table 3.3. Note that the total dpa in D-9 steel at core centre is the lowest (79 dpa for
3 cycles of operation) with dpa cross sections from the ENDF/B-1V based RECOIL [26] code.
However, the predictions made by SPECTER [27], NJOY-2016 [29] and CRaD codes for this
location are consistently higher than that made by the RECOIL code. Similar trends can also be
observed for other locations.

Table 3.3: Estimation of dpa in D9 Steel in PFBR for 3 Cycles (cycle length 180 efpd)
Total dpa for 540 efpd of operation

Neutron Flux RECOIL SPECTER NJOY-2016 CRaD
(ENDF/B-1V) (ENDF/B-V) (ENDF/B-VII.1) (ENDF/B-VII.1)

Averaged over inner core 51.1 68.6 69.8 70.8

Inner core maximum* 78.9 106.2 107.9 109.5

Outer core maximum 54.2 72.9 74.1 75.3

Radial blanket maximum 125 16.7 16.9 17.2

* Peak flux is 8E+15 neutrons cm2s?!
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3.3.4 Application of arc-dpa model to predict primary radiation damage

The NRT and arc-dpa models are implemented in the CRaD code to assess primary
radiation damage. The differences between these two models that give rise to significantly

different estimates of dpa are investigated in case of a few important structural materials.

3.3.4.1 The efficiency of damage production in NRT and arc-dpa models

The number of Frenkel pairs in NRT model follows a linear relationship with the damage
energy, third condition in Eqg. (2.17). The damage efficiency is unity here. But the damage
efficiency term in arc-dpa model is energy-dependent and gives a non-linear relation between the
number of formed defects and the damage energy. Based on these two models, the variations of
damage energy and number of defects formed with the PKA energy in Fe are shown in Fig. 3.13.
The parameters [25] of the atom-displacement damage models used in this study are given in
Table 3.4. Note, for damage energies above 100 eV, the number of NRT defects is simply 0.01
times the damage energy, whereas the arc-dpa number of defects follows different relations
depending on the increasing damage energy. For Fe, both NRT and arc-dpa models predict the
formation of only one defect within an energy range 40 to 100 eV in Fig. 3.13. As the energy
increases, the results from these two models differ. For Fe, the number of defects predicted by

the arc-dpa model saturates to about one-third of the NRT value.

The fractions of the remaining defects to the NRT predicted values for Fe, Ni, Cr, Si and
C, calculated using the model parameters (Table 3.4), are shown in Fig. 3.14. Note, the function
¢ follows the boundary condition &(2E4/0.8) = 1. Although the damage efficiency is greater than
one near the threshold [20, 109], this is done to maintain similarity with the NRT model. The

damage efficiencies in different materials approach to different constant values. For materials
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like Ni, Fe and Cr with higher densities the saturation value is approximately between 0.24 and
0.4, whereas for less dense materials like Si and C it can vary from 0.5 to 0.8 and above. This is
because, in the latter materials the interstitials move efficiently towards the periphery of the
displacement cascades, thereby reducing the chances for their recombination. This happens due
to absence of (or not well localized) heat spikes during the primary radiation damage event in the

low density, high melting point and open structure materials, especially in case of Si [89].
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Fig. 3.13: The damage energy as a function of PKA energy in Fe; and the variations of number
of defects with damage energy, calculated from the NRT and arc-dpa models. Note that number
of defects follows linear relation with damage energy in NRT model, but not in arc-dpa model.

Table 3.4: Model parameters adapted in CRaD for calculation of dpa cross sections

Elements Eg4 (eV) Dad Cad Elements  E4 (eV) Dad Cad
B 40 -1.0 0.58 Fe 40 -0.568 0.286
C 31 -1.0 0.71 Ni 40 -1.007 0.227
N 40 -1.0 0.5 Cu 40 -0.68 0.16
Si 25 -1.0 0.5 Y 36 -1.0 0.5
Ti 40 -1.0 0.83 Zr 40 -1.0 0.7
\ 40 -1.0 0.51 Mo 60 -1.0 0.46
Cr 40 -1.0 0.37 Ta 90 -1.0 0.72
Mn 40 -1.0 0.33 w 70 -0.564 0.119
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Fig. 3.14: The ratio of the number of actually remaining defects to that predicted by the NRT
model in case of a few structural elements.

3.3.4.2 Neutron spectrum averaged damage efficiency

The spectra and the average energies of PKAs calculated by CRaD code using the
ENDF/B-VII.1 data are used to find the average damage efficiencies in various materials
subjected to neutron irradiations specific to different spectra, viz. PFBR core centre [106],
JAEA-FNS, DEMO-HCPB-FW, ITER-DD, and ITER-DT [107]. The neutron spectrum-
averaged damage efficiencies for Fe, Ni, Cr, Si and C are presented in Table 3.5. The minimum
energy of PKASs in these elements is around 0.5 keV, which result due to radiative capture of low
energy neutrons. The PKA energies are higher than 1 keV for high energy neutrons. Hence, the
damage efficiencies of the materials are found to be approximately around their respective
saturation values for the whole neutron spectrum. Note that the damage efficiency depends
moderately on the neutron spectrum. The lowest damage efficiency occurs for the spectrum
where the fraction of neutrons above 1 MeV is highest. In JAEA-FNS spectrum, the number of

neutrons above 1 MeV has a large increasing trend (see Fig. 3.5) and the average damage
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efficiency is lowest here. The variation of the damage efficiency with the neutron spectrum is
found to be more for elements like Fe (~ 11%), Ni (~ 3%), etc. compared to that for Si (~ 0.4%)
and C (~ nil). This is in accordance with experiments and MD simulations, because the effects of
damage recombination are more prominent in metals like Fe, Ni, Cu, etc., whereas Si and C are

rather insensitive to these effects (following closely the NRT predictions).

Table 3.5: Neutron spectrum averaged damage efficiency, &

Spectrum
Material
PFBR core centre JAEA - FNS DEMO-HCPB-FW ITER-DD ITER-DT
Fe 0.331 0.299 0.305 0.318 0.304
Ni 0.235 0.228 0.229 0.231 0.229
Cr 0.376 0.371 0.372 0.373 0.371
Si 0.502 0.5 0.501 0.501 0.5
C 0.711 0.711 0.711 0.711 0.711

3.3.4.3 Comparison of dpa cross sections from NRT and arc-dpa models

The neutron dpa cross sections in structural materials based on ENDF/B-VII.1 data are
calculated using the CRaD code by applying both the NRT and arc-dpa models. These cross
sections are compared here. A few candidate elements and alloys important for applications as
structural materials in fusion blanket and core of fission reactors are considered [108]. For
illustrations, only the estimated values for D-9 steel and Eurofer97 ferritic steel (see

compositions in Table 3.2 and 3.6) are presented here.

Table 3.6: Percentage composition of elements in Eurofer97 ferritic steel

Elements B C N Si Vv Cr Mn Fe Ta W

wt % 0.001 012 0029 005 02 85 04 895 01 11
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The total neutron dpa cross sections in these materials are calculated by adding the
fractional contributions from individual elemental dpa cross sections. These are presented in Fig.
3.15. Note, the dpa cross sections from both the models are similar around the neutron energy
range which results into the damage energies of the PKAs in the region of threshold lattice
displacement energy. For the steel kind of alloys, this threshold energy is considered to be
around 40 eV, and with iron as the dominant element, this energy can be transferred via elastic
scattering of the neutrons having energies around 500 — 1000 eV. This similarity in this energy
range is because both these models give same number of defects around the threshold lattice
displacement energy. In all other energy regions, the dpa cross sections from arc-dpa model are
smaller than that from NRT model. In the low neutron energy regions, the displacement damage
is mainly from the 0.5 — 1.5 keV PKAs produced due to the (n, y) reaction. At higher energies
(~1 MeV neutrons), arc-dpa model yields dpa cross sections which are less than about one-third
of those from NRT model. In order to compare the computed dpa cross sections from both

models, the dpa cross sections available in JEFF-3.3 dpa database [74] are also shown here.

The total dpa for 1 efpy due to irradiations in various neutron spectra are estimated using
CRaD code and from the JEFF-3.3 dpa database. These results are compared in Table 3.7. Note
that, the order of magnitude of primary radiation damage in these materials under a given
neutron spectrum is similar. The displacement damage (dpa) based on arc-dpa model is lower
(about one-third) compared to NRT dpa in both the materials. In case of a vanadium alloy, the
predictions from arc-dpa model is found to be about half that of the NRT value [108]. In general,
the agreement between the present calculations and the JEFF-3.3 data are found to be good. The
differences observed between the values of dpa from CRaD code and JEFF-3.3 data can be

attributed to any of the following facts. For some elements, the value of Eq used in CRaD is
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different from that used in the evaluation of the JEFF-3.3 database. For example, in case of Si,
the Eq value used in CRaD is 25 eV [110], whereas in JEFF-3.3 database it is 36.93 eV; also note
that, for C it is 31 eV [111] as used in CRaD, while a value of 69.28 eV is used in JEFF-3.3; etc.
The advanced dpa cross sections in JEFF-3.3 are estimated based on following either the arc-dpa
model or a combined MD-BCA approach. The uncertainty in dpa due to the uncertainties in the
parameters of material physics models is about 5 — 20% [72]. Since the basic neutron interaction
data used in the evaluation of JEFF-3.3 dpa database can be different from ENDF/B-VII.1, an
additional nuclear data uncertainty of around 6% in the prediction of total dpa is possible [99].
Hence, from the general agreement of the results, the databases generated by the CRaD code are

expected to be reliable.
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Fig. 3.15: Total neutron dpa cross sections from JEFF-3.3 database and CRaD code (using
ENDF/B-VI1.1 data); (a): D-9 steel; (b): Eurofer97 ferritic steel

Table 3.7: Model dependence of total neutron dpa in candidate structural alloys due to 1 efpy of
irradiation in different neutron spectra

Neutron spectrum
Structural alloys  Source

PFBR core centre  JAEA-FNS DEMO-HCPB-FW ITER-DD ITER-DT

NRT model

CRaD 68.87 9.10e-4 12.84 1.80e-2 5.19

D9 steel
JEFF-3.3 68.63 7.48e-4 11.24 1.82e-2 4.48
Eurofera? CRaD 65.28 9.08e-4 12.64 1.75e-2 5.13
Ferritic JEFF-3.3 64.39 7.21e-4 10.69 1.77e-2 4.28

Arc-dpa model

CRaD 22.97 2.73e-4 3.98 5.73e-3 1.60

D9 steel
JEFF-3.3 22.87 2.20e-4 3.44 5.79-3 0.71
Euroferg? CRaD 22.46 2.76e-4 3.97 5.66e-3 1.61
Ferritic JEFF-3.3 22.14 2.18e-4 3.4 5.70e-3 0.46
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3.3.5 Necessity to rescale measurements of radiation damage with improved dpa

The use of different basic evaluated nuclear data libraries and computer codes lead to
differences in the dpa cross sections and hence, in the predicted values dpa, because of the
differences in the evaluation of nuclear data (this part shall be discussed in more detail in
Chapter 5) and differences in the methodology of computing dpa cross sections in various codes.
Also, different atom-displacement damage models give varying estimates of the dpa cross
sections and dpa. Hence, it becomes important to realize how these variations in the predicted
primary radiation damage should be dealt with and whether these affects, in any way, the

practical designing of the materials for nuclear reactor systems [108].

The observed quantities for radiation damage are the physical and mechanical states of a
sample irradiated to a certain fluence of radiation. It is only in the subsequent step, where the
measured changes in the properties of the material are correlated to the dpa unit. For example,
let’s say that a material, after being irradiated to a particular fluence has undergone detrimental
changes in its mechanical behavior to an extent that limits its usage for the remaining period, and
the standard displacement damage model predicts the dpa accumulated in this material to be 100.
So, 100 dpa forms the standard (maximum tolerable dose by the material). The design of any
application with this material should be such that the maximum dose achieved is within this

highest limit for safety.

Now, with the use of improved nuclear databases, different computer codes and advanced
modeling the prediction of the limits of dpa for various irradiation spectra can differ from the
previously prescribed standards. However, it can be appreciated that all these predictions aim to

determine and compare the same real state of the primary radiation damage of the material.
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Whatever its value in dpa may be (before or after improvement), it is the same material damage
which is being correlated. Neither the material nor the irradiation fluence has changed, only the
limit of the predicted dpa can be different now. For example, this implies that, if the improved
prediction gives 30 dpa instead of 100 dpa for the same material and fluence as above, then the
designer has to simply re-adjust the scale which correlates a material property with dpa. This
should not have any impact on the in-reactor operation time for the particular material. Because,
in the same irradiation conditions, it is the same time (say t) after which the material will
undergo that particular prohibitive damage state, only the accumulated radiation dose responsible
for this is 30 dpa (an improved value) instead of 100 dpa. One should not misinterpret the revised
or improved predictions of dpa to increase or decrease the operation time of the materials in the
reactor. The material, its irradiation conditions and its damage are all remaining the same as
before; only the dpa parameter to quantify primary radiation damage is re-assessed with

improved data and models, which may necessitate a rescaling of the existing correlations.
3.4  The gas production metric of primary radiation damage

The charged particles responsible for accumulating as gases in materials are generally
produced in higher energy threshold type of reactions, but there are exceptions like the
overwhelming production of helium in °B, %°Ni, etc. which can occur even with the low energy
neutrons in non-threshold (n, a) reaction. The gas production cross sections and concentrations
of gases produced in various structural materials due to irradiations in neutron spectra are
computed using the CRaD code [100]. The comparison of gas production cross sections are
presented in Section 3.4.1. The single-step and two-step processes of gas production considered
in the study are discussed in Section 3.4.2. The concentrations of gases estimated in structural

materials for different neutron spectra are presented in Section 3.4.3.
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3.4.1 Comparison of particle production cross sections between CRaD and NJOY codes

The GASPR and GROUPR modules of the NJOY-2016.31 are executed after the
BROADR module to obtain the multi-grouped gas production cross sections. These data are
compared with the gas production cross sections obtained using the CRaD code. The
comparisons of the gas production cross sections in®®Ni using ENDF/B-VII.1 data are presented
in Fig. 3.16, for illustrations. The maximum deviation between the results from these two codes
is found to be about 8% (at threshold energies). The neutron spectrum averaged gas production
cross sections in a few structural isotopes for the PFBR core centre spectrum, calculated by using
the two codes, are presented in Table 3.8. The overall agreement between the two sets of results
is found to be good. The maximum deviation observed is about 1.5%, in case of (n, x d) cross

section in *°Ni.
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Fig. 3.16: Comparison of gas production cross sections in *Ni obtained from ENDF/B-VII.1
data by using CRaD and NJOY-2016.31 codes.
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Table 3.8: Neutron spectrum averaged one-group gas production cross sections from ENDF/B-
VI1.1 for PFBR core centre spectrum

Cross section (barns)

Isotope Code (n, xp) (n, xd) (n, x 1) (n, x *He) (n, x )
s CRaD 121e2  83%-7 - - 6.02e-4
NJOY-2016.31 1.21e-2 8.3%e-7 - - 6.03e-4

S9N CRaD 4.42e-2 5.46e-7 4.79%-8 1.10e-10 1.41e-2
NJOY-2016.31 4.42e-2 5.38e-7 4.79%-8 1.11e-10 1.42e-2

56 CRaD 8.98e-5 1.31e-7 4.88e-10 5.24e-11 3.78e-5
NJOY-2016.31 8.97e-5 1.31e-7 4.88e-10 5.21e-11 3.78e-5

28G; CRaD 6.21e-4 4.53e-7 - - 2.75e-4
NJOY-2016.31 6.21e-4 4.54e-7 - - 2.76e-4

3.4.1.1 Some observations with processing of particle production cross sections using NJOY

In the process of validating the results from CRaD code, a few discrepancies have been
noted in processing the gas production cross sections in the isotopes of Fe from ENDF/B-VI11.0
by using the NJOY-2016.31 code system [112]. It is observed that NJOY-2016.31 adds the
discrete level (n, p) and (n, o) reaction cross sections two times while computing the (n, x p) and
(n, X o) cross sections. However, this issue with NJOY-2016.31 has been corrected in the revised
and latest version of NJOY, i.e. NJOY21 code system [85, 112]. It is to be noted that these two
versions of the NJOY code sometimes generate the (n, p) and (n, o) cross sections (i.e. MT =103
and 107) [100] even though they are not explicitly disentangled in the original evaluation. In

such cases, these cross sections are incomplete and must be verified before use.

3.4.2 Role of single and two-step processes in transmutation gas production

The gas production cross sections are computed in VITAMIN-J 175 and 198 group
structures to estimate the concentrations of gases produced due to the irradiations of various
structural materials in thermal and fast fission and fusion neutron spectra. The two main
processes considered in this estimation are single-step and two-step processes of gas production.
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3.4.2.1 Single-step process of gas production

The number of atoms of gas species (accumulated due to the production of a particle,
represented by ) produced per unit volume from nuclide of mass number A because of neutron

irradiation with flux, @, is calculated as follows:

t
A oo
N?(t) = NOA O-,BA ¢je(—0act¢)t dt’
: (3.4)
0
Here, N§! is the number of atoms of nuclide A at time t = 0. The cross sections in this expression

are the neutron spectrum averaged one-group cross sections of nuclide A, o2, and a[;*are

respectively the cross sections for total activation and total production of the particular charged
particle. It is assumed that the flux is independent of time. The number of charged particles
produced increases with time as the nuclide A gets activated through various reaction channels.
The maximum limit to which the number density of  reaches after long period of irradiation
depends on the total production cross section of £ and cross sections for various other competing

reactions. This maximum limit (corresponding to infinite time of irradiation) is given by

A

A_NA9B
Np =No —4=

O-act ) (35)

It is generally observed that among all the gases, hydrogen and helium are produced in
predominant quantities in the material. Other species of gases, such as deuterium, tritium and

helium-3 are generally produced in lesser quantities [100].
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3.4.2.2 Two-step processes of gas production

It is important to consider the two-step processes of gas production from *°Ni when
stainless steels are used as structural materials, which contain about 15% of Nickel. The **Ni is
not a natural isotope and forms only during irradiation, predominantly by activation through
radiative capture of neutrons in *®Ni. These transient **Ni atoms, produced in-situ, contribute to
significant production of hydrogen and helium through (n, p) and (n, a) activation channels even
with very low energy neutrons. The total particle production and activation cross sections in *°Ni
calculated by CRaD code using ENDF/B-VIII.0 data are presented in Fig. 3.17. The total

activation cross section here is the sum of the all the reaction cross sections given in Eq. (2.21).
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Fig. 3.17: The cross sections for partial activation reaction channels and total activation in *°Ni
calculated by CRaD in VITAMIN-J 175 energy group structure using ENDF/B-V111.0 data.

The two-step reaction processes by which gas production takes place from °Ni are
represented as *®Ni (n, ) 5°Ni (n, x £) #X. The exit particles g from this reaction in >*Ni can be

one of the charged particles responsible for gas production and X is the corresponding heavy
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recoil nucleus. The number density of particle # produced in this way from >°Ni is calculated as

follows [49, 50]:

58 59,
50, _ N8 7 OBP [ (oBipw (-oact A g
Nz (t) =Ng = = | e t
Oact ~ Oact . : (3.6)

Here, N3® is the initial number of ®Ni nucleus and the formation of 5°Ni depends on the
radiative capture cross section of *®Ni (¢;8). Both the nuclides **Ni and *Ni get simultaneously
activated by all their respective activation reaction channels; the particle production cross section
a,?g of *°*Ni contributes to the increasing concentration of the gas corresponding to particle 4. The

maximum concentration of these gas particles after long time of irradiation is given by

58 59
N9 _ N S8 Oy, Op
B 0 59 58
O act O act (3.7)

The neutron spectrum averaged cross sections, needed to estimate the production of
helium from %8Ni and °°Ni at PFBR core centre, are calculated from different basic evaluated
nuclear data libraries (see Table 3.9). The helium production in these isotopes in PFBR core
centre is shown in Fig. 3.18 (a). The concentrations of helium produced from 5°Ni at short times
(fluences less than 10%° n/cm?) fluctuate and can become negative for some selected
combinations of the fluences and the activation cross sections of *Ni and >°Ni. This behavior is
physically unexpected, as no processes are considered here that would lead to reduce the

concentration of helium that has been produced once. The time-variation of the concentrations of

.- . . 2
gases has only one minimum at zero fluence and one maximum at a fluence given by ey

58
acttOact

[100]. In the present study, only the absolute values of the concentrations of gases are used. Such
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unphysical trends in the prediction of the concentrations of gases at low fluences can be avoided

by maintaining the previous value, if the present value is found to have decreased or become

negative.
Table 3.9: One-group activation cross sections at PFBR core centre
Cross section (barns)
Isotope ENDF/B-VII.1 JENDL-4.0 TENDL-2017 ENDF/B-VIII.0
(n, y)
%8N 0.0198 0.0238 0.0237 0.0199
59Ni _ _ - -
(n, x @)
N 6.02e-4* 7.09e-4 6.89-4 7.36e-4
5Ni 1.41e-2 1.47e-2 7.22¢-3 1.15e-2
(n, activation)

N 0.0325 0.0366 0.0365 0.0325
5Ni 0.147 0.126 0.136 0.118

3.4.2.3 Comparison of transmutation of %®Ni to >°Ni using different nuclear data libraries

The transmutation process of *®Ni and *°Ni in the case of irradiation in PFBR core centre
spectrum is illustrated in Fig. 3.18 (b). The activation of *®Ni shown is only through the radiative
capture of neutrons and forming °°Ni, whereas the activation shown for the latter nuclide is
through all the possible activation reaction channels such as (n, y), (n, p), (n,a) etc. The
concentration of >°Ni starts growing steadily with time only after about 107 seconds (fluence
~8x10%? n/cm?). Then onwards, the concentration of the helium produced from °Ni increases
steadily with time (see Fig. 3.18 (a)). The concentration of **Ni reaches to maximum after 10°
seconds (fluence ~ 8x10%* n/cm?) and its absolute value depends on the neutron spectrum-
averaged cross sections. From Fig. 3.18 (b), it is observed that the maximum fraction to which
Ni is produced via transmutation of *®Ni differs by about 31% among different libraries,
estimate from JENDL-4.0 giving the highest value and that from ENDF/B-VII.1 giving the

lowest.
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Fig. 3.18: The effect of differences in the neutron cross sections from different basic evaluated
nuclear data libraries on the prediction of gas production in ®Ni and **Ni; (a): Differences in
helium produced from 8Ni and *°Ni during irradiation in PFBR core centre; (b): Differences in
the transmutation behaviour between 58Ni and >°Ni.
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3.4.2.4 Effect of various neutron flux spectra on transmutation of *Ni to >°Ni

In order to compare the transmutation process in different incident neutron spectra,
similar calculations are carried out using the cross sections data from TENDL-2017. The neutron
spectrum-averaged cross sections (in PFBR core centre, ITER-DT and PWR-RPV) of (n, )
reaction in®®Ni and the activation reactions in *°Ni from TENDL-2017 obtained here are
presented in Table 3.10. The transmutation processes of *®Ni and >°Ni in these neutron spectra
are presented in Fig. 3.19. Total neutron flux in PFBR core centre, ITER-DT and PWR-RPV are
8.0x10%°, 2.1x10™ and 1.12x10% neutrons.cm2.s?, respectively. Note that, it requires a fluence
of about 10%* neutrons/cm? at which the %®Ni fraction steadily decreases as a result of activation
due to (n, y) reaction, and correspondingly, the fractional concentration of *’Ni reaches its
maximum value. The maximum fractional concentration of **Ni in PFBR core centre is about 4
times larger as compared to those in ITER-DT and PWR-RPV spectra. This is due to the large
difference between the neutron spectra averaged total activation cross sections (see Table 3.10)
of *Ni in case of PFBR core centre and the other two spectra. These estimates also indicate that
there are larger contributions from (n, p) and (n, o) reaction channels towards the activation of

*Niin ITER-DT and PWR-RPV spectra as compared to those in PFBR core centre spectrum.

Table 3.10: TENDL-2017 based one-group cross sections of°Ni and 5°Ni for different neutron
spectra

Cross section (barns)

Isotope (n,y) (n, activation)
PFBR core centre ITER-DT PWR-RPV | PFBR corecentre ITER-DT PWR-RPV
BN 0.0237 0.142 0.126 - - -
Ni - - - 0.136 5.12 4.6

76 |Page



1.0 =

58, - 59, -
1 - Ni (n, Ni
05 (n,y)

0.6
04_'— - PFBR core centre
*1—TER - DT '
; . \
0o ' PWR-RPV

0.0+

Fraction of initial Ni 58

10° 10° 10" 10° 10° 10% 10" 10" 10" 10" 10" 10"
0.10 ~ “\ _
roy Formation and
I activation of *Ni
0.05 4 /

| b \
10° 10° 10" 10° 10° 10" 10" 10" 10" 10" 10" 10"
Time (seconds)

Fig. 3.19: The characteristic transmutation behaviour between *8Ni and *°Ni in various neutron
spectra, calculated using neutron interaction cross sections from TENDL-2017.

3.4.2.5 Comparison of concentrations of gases between CRaD code and published data

The concentrations of hydrogen and helium produced in *6Fe in ITER/FW spectrum have
been calculated by Simakov et al. [72] from the data in TENDL-2013 as respectively 410 + 72
appm/efpy and 92 + 21 appm/efpy. In the present calculations using CRaD code [100] from the
TENDL-2017 data, the concentrations of hydrogen and helium gases produced in %°Fe in the

ITER-DT spectrum (with same fluence), are found to be 400.6 appm/efpy and 111.9 appm/efpy.

The estimated helium concentration from *°Ni due to neutron irradiation of a nickel
sample at the location of a nuclear facility HFIR-CTR31 corresponding to a fluence of 5.44x10?2
n/cm? reported by Greenwood et al. [49] is 3990 appm. Similar methodology of the two-step
reaction processes was applied by Greenwood et al. to calculate the helium concentrations from
Ni. Their estimated results were found to be within 10% of the measured data. The numerical
values of neutron flux spectrum at the location of measurement were not reported. So, in the
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present study, the “HFIR-high res” neutron spectrum [107] is used, which is very close to the one
used in the reference study, in order to obtain the one-group cross sections. The estimated helium
concentration from ENDF/B-VII.1 nuclear data is found to be about 23.5% higher. However, if
a>° and 622, are considered to be 4.30 b and 34.10 b respectively from Ref. [49], then the present
estimation is only 1.6% higher. The observed differences with respect to the reference values are
due to the differences in the basic neutron cross sections from different libraries and neutron
spectra used to calculate the one-group cross sections. Hence, the calculated concentrations of

gases are reliable.
3.4.3 Concentrations of gases produced in different neutron flux spectra
3.4.3.1 Structural elements

The production of hydrogen and helium gases in structural elements Fe, Ni, Cr, C and Si
are estimated by the CRaD code using the data from ENDF/B-VII.1. The contributions from
individual isotopes are added with the abundances to obtain the estimates in elements. The appm
concentrations of these gases in these elements for an irradiation time of 6.3 years (considered
for illustration) in PFBR core centre, ITER-DT and PWR-RPV neutron spectra are presented in
Table 3.11for a comparative study [100]. The production of these gases in all these elements,
except Ni, is higher in ITER-DT than in PFBR core centre. In Ni, the concentrations of hydrogen
and helium gases become higher in the ITER-DT spectrum after longer time periods. The total
flux in ITER-DT is less (about 40 times) compared to that in PFBR core centre. The energy
variations of hydrogen and helium production cross sections in 58Ni and *°Ni, relative
contributions from *8Ni and **Ni to the production of these gases with time and basic neutron

spectra averaged reaction cross sections in these two spectra are other factors that affect the
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overall production of these gases in Ni. There are also significant productions of helium gas in C
in PFBR core centre and ITER-DT neutron spectra. However, in PWR-RPV spectra these gases
are found to build up in C only after longer time periods (in about 30 years). Note that,
significant quantities of these gases are also produced due to irradiation of Si in the PFBR core

centre and ITER-DT spectra.

Table 3.11: Production of hydrogen and helium gases due to neutron interactions in structural
elements using ENDF/B-VII.1 nuclear data

Gas produced in ~ 6.3 years (appm)

Element Hydrogen Helium
PFBR core centre ITER-DT PWR-RPV  PFBR core centre ITER-DT PWR-RPV
Fe 934 1680 4.3e-2 65.4 408 6.5e-3
Ni 13600 6630 0.46 927 954 4e-2
Cr 468 1240 2.74e-2 48.1 270 3.98e-3
C 2.71e-2 0.741 0 146 667 0
Si 940 2940 7.91e-2 448 1700 4.03e-2

3.4.3.2 D-9 steel used in PFBR

The D-9 steel is considered to be irradiated with neutrons corresponding to the spectra at
four locations of PFBR. The actual grid plate and lattice plate structural materials are different
from D-9 steel. The productions of hydrogen and helium gases in D-9 alloy for irradiations up to
various time durations estimated by using the isotopic neutron reaction cross sections from
ENDF/B-VII.1 are presented in Fig. 3.20. The gas production values beyond the maximum
residence times for fuel and blanket sub-assemblies in PFBR (~ 1.5and 6 years respectively) are
also given as a theoretical study. The relative contributions of elemental Ni to the production of
these gases are found to be large (70 — 90%). The non-linear behavior before reaching the
maximum values is due to the transmutation behavior between 5Ni and °Ni. The estimated
production of hydrogen is relatively larger than that of helium at core centre and radial blanket,

whereas it is opposite in grid plate top and lattice plate locations. This is due to the energy
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dependent behavior of (n, p) and (n, o) cross sections in *°Ni and differences in the neutron
spectra at these locations [100]. The neutron energy spectra at the grid plate top and lattice plate
locations are softer and the fluxes for the low energy neutrons are larger compared to that at the

radial blanket and core centre locations.

The productions of five different species of gases in D-9 steel for irradiations at core
centre and radial blanket locations of PFBR are estimated by using ENDF/B-VII.1 nuclear data
library and presented in Table 3.12. At the core centre location of PFBR, the estimates of

hydrogen and helium in D-9 steel are respectively 5.7 H appm/dpa and 0.4 He appm/dpa [100].

It is to be noted that the methodology applied in the present study to compute the
concentrations of gas species does not take into account the contributions coming from all
possible transient isotopes that can be produced during irradiations and the time-dependent
changes in the isotopic compositions that occur due to transmutations. These effects can be taken

into account in full scale estimations by developing a more detailed methodology.
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Fig. 3.20 (a)
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Fig. 3.20: Accumulation of gases in D-9 steel and Ni present in the alloy for irradiations up to
various time durations at different locations of PFBR, calculated by CRaD using the data from
ENDF/B-VII.1; (a): Hydrogen; (b): Helium. The dotted vertical lines indicate the maximum
residence times for fuel and radial blanket assemblies at their locations.

Table 3.12: Gases produced (in appm) in D-9 steel due to irradiation at core centre and radial
blanket locations of PFBR, calculated by using ENDF/B-VII.1

3.5

Time (y)  fluence (n/cm?)  Hydrogen Deuterium Tritium SHe Helium
Core centre
1 2.5e+23 426 5.79%e-2 3.95e-3 7.72e-6 28.4
15 3.7e+23 631 8.55e-2 5.11e-3 1.14e-5 42.2
Radial blanket
1 4.03e+22 23.1 2.86e-3 2.8e-4 4.06e-7 1.92
6.3 2.54e+23 148 1.81e-2 1.24e-3 2.57e-6 12.6

The neutron heating metric of primary radiation damage

The general trends of energy-wise variations of neutron heating cross sections are

discussed in Section 3.5.1. The comparison of the results between CRaD and NJOY-2016.31
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codes and neutron spectrum dependence of heating rates in various structural elements are

presented in Section 3.5.2.The neutron heating rates in D-9 steel are estimated in Section 3.5.3.
3.5.1 Energy variations of neutron heating cross sections

The total neutron kerma coefficient (heating) is the sum of all the kerma coefficients due
to partial reactions of neutron. It is illustrated for *°Fe in Fig.3.21, by using the data from
ENDF/B-VII.1 nuclear data library. The main contributions to total kerma come from elastic
scattering, (n, n"), (n, 2n), (n, y) and the (n, particle) types of neutron reactions, see Fig.3.21 (a).
In %®Fe, the predominant contribution below ~ 100 eV comes from (n, y) reaction and above that,
there is significant contribution from elastic scattering. Above ~ 1 MeV, the threshold reactions
are major contributors. This observation is also generally true for the structural isotopes. In (n,
remaining threshold) reactions the heating of the material is due to the deposition of kinetic
energies of the charged particle as well as the recoil nucleus. The contributions from different

CPO reactions to the total (n, remaining threshold) kerma coefficient are shown in Fig. 3.21 (b).

Kerma coefficient (eV-barns)

Fe 56
ENDF/B-VII.1

Neutron energy (eV)
Fig.3.21 (a)
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Fig. 3.21: The kerma coefficients due to partial interactions of neutrons calculated by CRaD
code, illustrated in case of *Fe; (a): major category of reactions; (b): contributions from (n,
remaining threshold) reactions.

3.5.2 Comparison of neutron kerma coefficients between CRaD and NJOY-2016.31 codes

The kerma coefficients calculated using CRaD code are compared with the results
obtained from NJOY-2016.31 code system. Extensive validation exercises have been carried out
by comparing the point kerma cross sections data of important structural isotopes [101]. The
point-wise energy versus kerma coefficient data are multi-grouped in required energy group
structures using Eq. (2.20). These isotopic kerma cross sections are added with their abundances
to find the total kerma in an elemental target. The comparison of multi-grouped (in VITAMIN-J
175 energy group structure) total neutron kerma cross section in elemental Fe between CRaD
and NJOY-2016.31, using the data from ENDF/B-VII.1, is presented in Fig. 3.22. It can be seen
here that the ratios of CRaD to NJOY-2016.31 kerma cross sections are nearly 1 up to about 2
MeV. The spike near 1 keV is assessed to be due to processing of emitted photon data from Files
12 and 15. At higher energies, the differences are more, about 10%, where contributions to the
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total kerma are primarily from the (n, remaining threshold) reactions. These differences arise
from the portion of energy that is deposited by the recoil nucleus and light charged particles
produced in different neutron-induced CPO reactions at higher energies [101, 113]. It is observed
that, at higher incident energies, often the total energy deposited by these products is not
sufficient enough to give the neutron heating values equal to those obtained by the energy
balance method [101]. However, if these differences are small, then the prediction of spectra-
integrated total neutron kerma from both energy balance (NJOY-2016) and direct (CRaD)

methods will be similar.
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Fig. 3.22: Comparison of total neutron kerma (heating) cross sections in Fe between CRaD and
NJOY-2016.31 code systems.

The total neutron heating rate in material p for a given spectrum is calculated in the units

of (watt / kg) as follows:

: 1.6x107°N N
heating rate=———— A E Kp.g®q
M 2
’ (3.8)
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Here, Na is Avogadro number, M is atomic mass of one mole of target in grams and kp,g and ¢q
are respectively the multi-grouped kerma cross section and neutron flux in energy group g. The
total neutron kerma coefficients in a few structural elements, such as Fe, Ni, Cr, C and Si for
irradiations in PFBR core centre and ITER-DT spectra, as computed by CRaD and NJOY-
2016.31 codes using ENDF/B-VII.1 nuclear data, are compared in Table 3.13. Note the
differences in the heating rates due to the differences in neutron spectra. The contributions to
neutron heating from elastic scattering, inelastic scattering and other threshold reactions in the
energy range of few keV to 10 MeV are higher in PFBR core centre than in ITER-DT neutron
spectra. This results into higher spectrum averaged neutron heating rates in PFBR core centre
compared to those in ITER-DT. The maximum difference between the results from NJOY-
2016.31 and CRaD codes is observed to be about 14.3%, in case of irradiation of C in ITER-DT
spectrum.

Table 3.13: Comparison of total neutron kerma coefficients calculated by CRaD and NJOY -

2016.31 codes using ENDF/B-VI1.1 nuclear data
Neutron Heating (W / kg)

PFBR core centre ITER-DT
Element
CRaD NJOY-2016.31 CRaD NJOY-2016.31
Fe 5.48e+2 5.57e+2 1.51e+2 1.52e+2
Ni 8.98e+2 1.04e+3 3.71e+2 4.03e+2
Cr 6.49e+2 6.50e+2 1.28e+2 1.27e+2
C 1.02e+4 1.02e+4 9.34e+2 1.09e+3
Si 2.12e+3 2.12e+3 5.53e+2 5.85e+2

The advantages of using the direct method are: neutron heating cross sections are always
positive; and the damage energy and dpa cross sections can also be calculated in a
straightforward way (after correcting for electronic energy losses) from the energy of the recoil

nucleus that is used in neutron heating. On the other hand, the use of energy balance method is
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advantages because: it can give more accurate heating cross sections in case of inadequate recoil
and charged particle data, as emitted neutron and photon data are always given for transport
calculations; and the evaluation of these neutron and photon data can be checked for
inconsistencies, if any (giving rise to negative neutron heating cross sections).

3.5.3 Total neutron kerma coefficient (heating rate) in D-9 steel

It is assumed that the D-9 alloy is irradiated with neutron spectra corresponding to
various locations of PFBR, viz. core centre, radial blanket, grid plate top and lattice plate. The
total neutron heating rates in D-9 alloy for these irradiation spectra, based on the data from
ENDF/B-VI1.1, as calculated by CRaD code, are presented in Table 3.14. The contributions from
individual elements are added with their corresponding fractional compositions in the alloy. The
values obtained by using the NJOY-2016.31 code are also compared here. It is to be noted that
the energy balance kerma for 92 94 96, 97. 98 100N 1o jsotopes obtained from NJOY-2016.31 (and
NJOY21) code are found to be negative, so the corresponding kinematic kerma (MT = 443) [29]
for these isotopes and Mo are used in this calculation. Maximum neutron heating in the
material (around 614 W/kg) will occur at the core centre. Due to the differences in neutron
spectra, the neutron heating from low energy neutrons will be more in grid plate top and lattice
plate compared to that in core centre and radial blanket locations. In D-9 steel, the low energy
neutron heating mainly comes from °B due to its high non-threshold (n, o) cross sections. The
differences between neutron heating rates in D-9 steel calculated by the direct method (CRaD

code) and by the energy balance method (NJOY-2016.31 code) are found to be within 7%.

The total neutron heating rate in **Ni in PFBR core centre has been estimated to be about
1930 W/kg using the CRaD code and nuclear data from TENDL-2017. The contributions from

partial reactions are found to be mainly from (n, n), (n, n"), (n, p) and (n, ) reactions, which are
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respectively around 29.4%, 6.49%, 45.9% and 18.1%. The neutron heating from **Ni has to be
additionally considered with the value presented in Table 3.14, by noting the time of irradiation
and taking 68.08% of the corresponding amount (which is shown in Fig. 3.19) of this isotope that

is produced from *8Ni.

Table 3.14: Neutron heating rates in D-9 steel irradiated at various locations of PFBR calculated
using ENDF/B-VII.1 nuclear data library

Neutron Heating (W / kg)

PFBR location

CRaD NJOY-2016.31
Core centre 6.14e+2 6.42e+2
Radial blanket 5.71e+1 5.88e+1
Grid plate top 1.67e-1 1.59%-1
Lattice plate 1.12e-3 1.05e-3

3.6 Summary

The metrics of primary radiation damage estimated using the CRaD code are compared
with the results obtained from other available standard codes such as RECOIL, SPECTER,
NJOY-2016 and NJOY?21 and literature data. The agreements of the results from CRaD code
with these standards are found to be satisfactory. The value of dpa in D-9 steel used in PFBR
obtained with the RECOIL code is found to be lower compared to the values obtained using the
other standard codes. A discrepancy in the NJOY-2016 code is noted with respect to the
complete application of the NRT model to compute dpa cross sections. In some cases, it is
observed that NJOY-2016.31 and NJOY21 codes generate incomplete MT = 103 and 107 cross

sections, when it is not directly permitted in the original evaluation.

The effects of different neutron spectra on the PKA rates, total dpa, concentrations of
gases and heating rates are discussed. The maximum fraction to which the transmutation isotope
Ni (produced from *8Ni) reaches is highest in PFBR core centre compared to those in ITER-DT
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and PWR-RPV spectra, depending on their total neutron flux and activation cross sections in
Ni. The differences in basic evaluated nuclear data from different libraries give rise to
differences in the predicted values of the primary damage metrics, as for instance, the maximum
fraction to which *°Ni reaches as a result of transmutation from *®Ni in PFBR core centre is
found to differ by 31% when the basic cross sections from ENDF/B-VII.1 and JENDL-4.0 are

used in the calculation.

The arc-dpa model along with its parameterization is found to reproduce the
observations of the primary damage phenomena in structural elements that are made in realistic
MD simulations and irradiation experiments. Hence, it is established that this model can be
adapted to estimate the realistic dpa in materials quite easily, without having to perform
extensive MD simulations. This will facilitate the regular design applications for fast reactors.
The measured values of radiation damage in materials can be rescaled to the dpa values obtained
by using the improved nuclear data and atom-displacement models without affecting the design
time limits of their operation. This is essential in order to maintain consistency with the

improvements in evaluated nuclear data and modeling of primary radiation damage.

The neutron heating obtained by applying the direct and energy balance methods differ
mainly in the higher energy region due to the (generally observed) lower values of energy
deposition by the recoil nucleus and light charged particles in the direct method. However, the
direct method is advantageous because heating values are always positive and the displacement
damage (which is due to damage energy corresponding to the energy of the recoil nucleus only)

can be estimated in a more straightforward way.
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Chapter 4

Self-ion Simulations in Elemental and Polyatomic Target Materials using

SRIM-2013

4.1 Introduction

In Chapter 3, the CRaD code has been used to calculate the dpa cross sections in
materials due to neutron interactions by directly reading the data from ENDF-6 basic evaluated
nuclear data libraries and applying the atom-displacements models on the estimated damage
energies. In this chapter, the displacement damage due to neutrons is investigated through self-
ion simulations method by applying the information on PKA spectra and average energies of
PKAs calculated by CRaD code in the SRIM-2013 [40] software. In this approach, it is intended
to find an additional way to predict atom-displacements damage in elemental and polyatomic
target materials in both neutron and ion irradiation environments by using the CRaD code [114].
This chapter is organized as follows. The procedure to simulate the formation of primary
radiation damage using SRIM-2013 is discussed in Section 4.2. The methodology adapted to
compute dpa cross sections by applying the self-ion simulations is described in Section 4.3 and

the results obtained are presented in Section 4.4. The chapter is summarized in Section 4.5.

4.2  Simulation of primary radiation damage formation using SRIM-2013 software

The primary displacements damage production due to heavy ion irradiation can be
simulated by using the SRIM/TRIM Monte Carlo code developed by Biersack, Ziegler, Littmark
and others [40]. The SRIM software is routinely used for varied research purposes by the ion

irradiation experimentalists. It is reliable and provides the much required scientific simulation

89 |Page



platform for quick first-hand assessments that are required to plan and carry out these
experiments. SRIM is based on the binary collision approximation (BCA) method, where it
randomly samples the impact parameters of succeeding collisions based on the interaction cross
section, atomic density and composition of the target. It requires the inputs like types of ion and
target and the energy of incident ion in the range ~ (1eV to 2 GeV). It keeps the track of the
displacement cascades initiated in the radiation-material interaction process and calculates
several parameters related to an ion-target combination, viz. the ion penetration depth, straggle of
the ion beam, electronic and nuclear energy losses, energy deposition in the target medium,

phonon production, sputtering rate, vacancy concentration, etc.

SRIM code can also be used to calculate the source term of primary radiation damage in
the units of dpa. However, it should be used with caution, because there are different working
modes in SRIM, which give different results for the computed dpa. The two mostly used modes
in SRIM to determine dpa are “lon Distribution and Quick Calculation of Damage” and
“Detailed Calculation with full Damage Cascades”. The type of damage calculations in these two
working modes are respectively given the nomenclatures as “Quick: Kinchin-Pease” and “Full
Cascades”. In the following discussions, we shall refer to them by abbreviations Q: K-P and F-C
respectively. There are some inconsistencies between the results obtained from these two modes
of SRIM [40-41]. In particular, the number of vacancies that results from an F-C simulation is
found to be higher by a factor of 2 or more when compared to the Q: K-P values. It is probably
due to computing the number of vacancies from a more detailed simulation of the subsequent
cascades in the F-C mode. However, the damage energies calculated in both these modes of
SRIM are very similar and are close to what is obtained by applying the Robinson partition

function [17] for a particular PKA energy [114, 41].
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The SRIM code has been recommended to be used in the Kinchin-Pease mode for
primary damage cascade simulations [41]. The lattice binding energies must be set equal to 0 eV
while simulating primary damage in an elemental target, in order to be fully consistent with the
theory of Norgett et al. [18, 41]. The damage energy deposited by an incident ion is the sum of
the energies shared to the lattice phonons by the incident ion and the recoiling ions in the target

material. This is calculated from the SRIM results by using Eq. (4.1).

T

dam ~ Eio - EiI - ETI = EiP + ETP ' (4.1)
where
EJ=EF +Ef +E/ +E4
and
E? =incident ion energy;
E! =incident ion energy lost to ionization;
E = recoil energy lost to ionization;
EP =incident ion energy lost to phonons;

E; = recoil energy lost to phonons.

Once the damage energy is obtained, the number of defects is subsequently estimated by
putting this damage energy in the NRT model in Eq. (2.20). It has been observed by Stoller, et al.
[41] that the primary damage predicted in this way is very similar to that predicted directly by
the application of NRT model. Hence, the SRIM code must be employed according to the
procedure as described above in order to estimate the primary radiation damage by irradiations of
ions. Note that the SRIM code gives the number of vacancies formed as outputs in the two
modes of its simulation. These values are also used in the study in order to compare the results

with the prescribed procedure.
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4.3  Method of computation

The dpa cross sections of neutrons covering the entire fast reactor energy spectrum are
derived by performing simulations with the self-ions as projectiles on elemental and polyatomic

target materials. The important steps in this computation are given as follows:

(a) Compute PKA spectra in the isotopes of structural elements by using the basic evaluated
nuclear data from ENDF-6 library. Then combine the isotopic PKA spectra with respective
isotopic abundances to determine PKA spectra in the corresponding elements.

(b) Estimate the energies of elemental PKAs by averaging over the PKA spectra in each incident
neutron energy group to get the average PKA energies according to the incident neutron
group structure used in the calculation. The VITAMIN-J 175, ABBN-93 (26 groups), 100
and 198 energy group structures are used to multi-group the point energy-cross sections. An
energy group structure is shown in Appendix A, as a typical example.

(c) The average energies of PKAs in each neutron group are then considered as energies of the
projectile ions and BCA based simulations are performed with SRIM-2013 software.

(d) Estimate the damage energy (using Eg. (4.1)) and number of displacements per ion (using
Eq. (2.17)) from the outputs of SRIM code.

(e) Compute dpa cross sections by combining the numbers of displacements with the multi-
grouped basic neutron interaction cross sections obtained by using CRaD from the pre-

processed basic point interaction cross sections.

Note that, in case of elemental targets, the damage energies and numbers of stable
displacements can also be computed from the PKA energies by using the analytical energy-

partition expressions (Eq. (2.16)) and arc-dpa model (Eq. (2.18)), instead of using the SRIM
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software and the NRT model. Since, the purpose of self-ion simulation is to emulate the neutron
irradiation, the simulated self-ion dpa cross sections and the integrated primary radiation damage
source term (i.e. dpa) must correspond to those obtained in the direct method of computation
using incident neutrons. For this, the self-ion dpa cross sections and integrated dpa shall be
compared with the direct results from CRaD code; standard data obtained by using NJOY-2016

code and other published data.
4.3.1 Calculation of average energy of PKAs

Another very useful quantity in the modeling of primary radiation damage (in addition to
those discussed in Chapter 3) that can be derived from PKA spectra is, the average energy of the
PKAs. The average energy of the PKAs corresponding to the incident neutron of energy E is
calculated from the PKA spectrum that results after the interaction of the energetic neutron. This

is done as follows:

S _ do(E, Eg)
Z;lE dE —— R ( gR+1 EgR)
Er(E) = . (4.2)
do(E,Eg) )
g%l dER (EgR+1 Eg )

R

The summation is carried over the entire energy range of the recoil energy group structure;
however, it is non-zero only within the range where PKAs can be formed by an incident neutron
of energy E limited by the reaction cross sections and conservation of energy in reaction
kinematics. The recoil energy Er in the numerator of the equation is taken as the middle point of
the group. The average energy of the elemental PKAs can be similarly calculated from the PKA

spectrum in the element. This is done as follows:
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(4.3)

The average energy of PKA in each neutron group computed using the data in ENDF/B-VII.1
library is plotted in Fig. 4.1. For neutrons at low energies (< 10 keV), the average energies of
PKAs is about 500 eV. It is contributed mainly by the recoils from (n,y) reaction, see Fig. 4.2.

The average energies of these recoils are computed as follows:

2

(Endny ==ty
RO o(A+)me? | )

Here E, is the energy of emitted photon; A is mass of target nucleus with respect to mass of

neutron and the value of mc? is taken as 939.5 MeV.

10° 4

mi
Py

‘Fe

Average PKA energy (keV)
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lo’l T T T T T T T
10° 10" 10° 10° 10° 10° 10° 10’
Neutron energy (eV)

Fig. 4.1: Average energy of PKAs due to interaction of neutrons from each group in Fe (175
energy groups are considered). The average recoil energy below 10 keV neutrons is about 500
eV, coming from the recoil of the nucleus following the emission of capture gammas.
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Fig. 4.2: Average energy of PKAs produced by (n,y) reaction (from each neutron group) in Fe.

4.3.2 Calculation of displacement damage cross sections for incident neutrons

The displacement cross section for incident neutrons in each neutron energy group is
calculated from the SRIM simulation results by multiplying the number of displaced atoms,
Vg(Taam(ER)) with the total neutron cross section,a;zt, according to Eg. (4.5). The SRIM
simulation by using incident ions with energy, Ex, gives rise to the secondary knock-on atoms in
the target, having the overall damage energy, Tdam. This results into the defects (vacancy-
interstitial pairs), given by the parameter v,. Thus, the neutron displacement cross section in the

neutron energy group g becomes

G(? = Gr?,t XVy (Tdam (ER)) . (4.5)

Total dpa in the material is calculated from Eqg. (3.3). Similarly, the damage energy cross section

in a neutron group g can be obtained by simply multiplying the damage energy with the basic

neutron cross section, as follows:
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GI%E = O-r?,t ><Tdam(ER) . (4.6)

This methodology is continued for all neutron groups covering the energy range of the entire

neutron flux spectrum.

The total dpa cross section of the polyatomic target material of type Aqi1Bq2is calculated
by adding the displacement damage produced due to each of the species of PKAs with the
corresponding probabilities for their generation after neutron interaction. Consider the example
of a polyatomic target AqiBq2, comprising of the elements A and B with stoichiometries g: and
g2. After neutron interaction in the polyatomic target, the PKA formed can be of either A or B
type element. Each of these two species in the polyatomic material has different neutron
interaction cross sections, varying with the neutron energy. The probability that a neutron in

energy group g (with energy mid-value E) will form a PKA of j type of element is given by

p o th,j (E)
9.] Zagt,i (E) . (4.7)

Here, ogt is the total microscopic cross section in neutron energy group g. Then the total dpa

cross section of Aq1Bg2for each incident neutron energy group is computed as follows:

q _
Gdg,AqquZ (E)= _|_1 pg,A(E)Gg,A(E)Vg,A(Tdam(ER))
4: +04, 49)

P —
E E T, E
+q1+q2 pg'B( )ngB( )Vg,B( dam( R))

where vg, A and vg, g are the number of displacements produced in the polyatomic target by an

incident A and B ion respectively. Here, qi/(qi1+qz2) and g2/(g1+0_2) are the weights assigned from
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stoichiometries of the elements, to denote the chances of ‘seeing’ the respective element in the
polyatomic material. In the present study, the elements A and B are Si and C respectively and the
polyatomic target considered is silicon carbide (SiC). The generalized expression for Eq. (4.8)

can be easily adapted for applications in polyatomic targets with more number of elements.
4.4  Results and discussions

The target width in case of elements like Fe, Ni and Cr is set to 1um and the factor v, in
each neutron group is calculated using Eqg. (4.1) and Eq. (2.17), with Eq= 40 eV. For the
polyatomic target, SiC, the built—in compound dictionary in SRIM-2013 is selected. It contains
silicon carbide (ICRU 590) as one of the target materials. The material specific parameters are
given as follows: density = 3.21 g/cc; lattice binding energy of C = 3 eV, Si = 2 eV; surface
binding energy of C = 7.4 eV, Si = 4.7 eV. The atom stoichiometries are taken as 1 for both C
and Si. Two cases are simulated: one with Si and another with C as the incident ions (Table 4.1).
The Eq values are set to 35 eV for Si, 24 eV for C when the incident ion is silicon; and 20 eV for
C, 42 eV for Si when the incident ion is carbon [43]. The target width is set to 1000 pum. The
target width in this case is set larger to ensure that the high energy projectile ions (which are in
the order of MeV for lighter elements) do not get transmitted through it, but deposit the full
energy within the target material. In each simulation, 5000 ions are projected on the target. In
case of the polyatomic target, it is necessary to know a single effective value of lattice
displacement energy for the compound. As suggested in Ref. [115], average threshold
displacement energy of 25 eV is used as the value of Eq to find the number of defects in SiC

target. The SRIM-2013 code is set up with the inputs as given in Table 4.1.
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Table 4.1;

Inputs to SRIM-2013 software

lon Data Target Data
. . Lattice Surface
Symbol nAJ?anIei E(E‘;(%y iﬁg‘i%'een?; Layer  Symbol Z'rfgr'a"e(r:\e/r)“ binding binding
9y energy (eV) energy (eV)
Computed
Fe 26 PKA 0 40 0 0
energies 1 Fe
Si2 14 0 1 C 24 3 7.4
Si 35 2 4.7
cP 6 0 1 C 20 3 7.4
Si 42 2 4.7

aSi ion on SiC target

bC jon on SiC target

4.4.1 Comparison between K-P and F-C models

The simulations are performed with SRIM-2013 by using both the Q: K-P and the F-C

options. There is a significant difference (~by a factor 2 for higher PKA energy) between the

numbers of vacancies predicted by F-C and Q: K-P models; the values from F-C model are

higher, see Fig. 4.3. At lower energies, the deviation is larger than 2. Similar observations were

also made by R.E. Stoller et al. [41] with SRIM-2008. The number of defects estimated using the

Robinson’s energy partition function and NRT model are also presented here. The Q: K-P mode

is more suitable because it yields closer values when compared to the complete application of the

NRT model (from PKA to Robinson partition function, then NRT model) and it works faster

compared to the detailed simulations in F-C mode.

98| Page



- -- - Full Cascade

Number of atom vacancies

Fe:Ed:40eV

10° 10* 10°
Recoil Energy (eV)

Fig. 4.3: Numbers of vacancies from F-C and Q: K-P models of SRIM-2013 simulations and
NRT analytical model with Robinson’s energy partition function.

The numerical results obtained for a few incident ion energies are given in Table 4.2 and
4.3. When the Q: K-P mode is selected, the number of vacancies computed from combined
damage energy plus NRT model (from Eq. (4.1)) are very close to that given in the SRIM-2013
output file “vacancy.txt”. It means that the number of vacancies from Q: K-P model is in
agreement with the standard NRT model. The maximum deviation between the numbers of
vacancies produced with Q: K-P and F-C option is about 10%, if only the damage energies
combined with NRT model are used for their estimations, see Table 4.3.The damage energy
cross sections of iron, calculated using Eq. (4.6), from both modes of SRIM are shown in Fig.
4.4. A maximum deviation of about 12% is observed between the two modes. These
observations imply that the damage energies simulated by SRIM-2013 in both the working
modes are nearly equivalent. It is hence justified that, for computing primary radiation damage
by using SRIM-2013, the simulated damage energy (preferably from Q: K-P mode) plus NRT
model approach should be followed.

99| Page



Table 4.2: Number of vacancies for 3 self-ion simulations in Fe with SRIM-2013

Number of displaced atoms from SRIM file “vacancy.txt”*

PKA energy (keV)
K-P F-C F-C/K-P
0.47 3.6 13 3.61
28.82 207.2 432 2.08
97.58 644.6 1307.3 2.03

*to illustrate the discrepancy between F-C and K-P outputs

Table 4.3: Number of vacancies with NRT model in Fe using damage energies from SRIM-2013

PKA energy Damage energy (eV) from SRIM simulation Number of vacancies with NRT model
(keV) K_P F-C K_P F-C FC/KP
0.47 368.7 402.9 3.69 4.03 1.09
28.82 20984 21963 209.8 219.6 1.05
97.58 64994 69264 649.9 692.6 1.07

5 1 —— Full cascades
10y — Quick: K- P

Damage energy
cross sections (eV - barns)

[EnY
o
-

| I

Fe

10° 10° 10 10° 10 100 10

1.1

1.0

Ratio (FC / KP)

0.9

10* 10° 10° 10* 10° 10° 10° 10° 10 10° 10° 10’
Neutron energy (eV)

Fig. 4.4: Damage energy cross sections in iron from Q: K-P and F-C models of SRIM-2013.
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4.4.2 Comparison of dpa cross sections

4.4.2.1 Elemental targets (Fe)

Based on the observations noted above, the dpa cross sections of iron are calculated using
the NRT model with damage energies estimated from SRIM simulations. These dpa cross
sections are compared with those obtained using NJOY-2016 [29]. The HEATR module of this
code calculates damage energy only when the recoil energy is greater or equal 25 eV. Below 25
eV, it assumes the damage energy to be zero. So the dpa cross sections are calculated here in the
following way. The damage energies corresponding to PKA energies greater than 25 eV are
multiplied with the factor 0.8/2Eq, where Eq = 40 eV for iron, nickel and chromium, to get the
number of defects produced. The numbers of defects for PKA energies below 25 eV are set to
zero. The comparisons between the values obtained from NJOY-2016 and the two modes of

SRIM-2013 are presented in Fig. 4.5.

10° 4 —— NJOY 2016
— Quick: Kinchin - Pease
— Full cascades

dpa cross section (barns)

10®° 10* 10® 10® 10" 10° 10" 10° 10° 10* 10° 10°

137 - k-p/NJOY 2016
121 ——F-c/NJOY 2016
° 1 FC/KkP
g 11 REMeE
T 104
094 ;

1

10° 10* 10° 107 10" 10° 10" 10° 10° 10 10° 10°
Neutron energy (eV)

Fig. 4.5: Comparison of NRT-dpa cross sections of Fe from SRIM-2013 (using Eq. (4.1) and
(2.20)) and NJOY-2016.
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The differences in these results, as observed in Fig. 4.5, are primarily due to three
reasons. There is a difference in the procedure adapted here and that followed in NJOY-2016 to
arrive at the dpa cross sections. Firstly, in the present study, the damage energies and vacancies
are simulated from the energies averaged over the total spectrum of the PKAs resulting from the
neutron interactions. In the HEATR module of NJOY-2016, the primary recoil spectrum is not
calculated separately, but it is implicit in its way of computation. In this module, the damage
energy contribution from each reaction is calculated separately at each energy point and they are
added to get the total damage energy cross sections. Secondly, there is inexactness involved in
the computation of average PKA energies used as basic inputs here, which is partly due to the
averaging procedures and partly due to the inexactness in the calculation of PKA spectra from
nuclear reaction kinematics and basic evaluated nuclear data. However, these differences are
expected to be reduced with more accurate estimations of PKA spectra using the CRaD code.
The third reason for the observed differences could be due to the difference between the damage
energy calculated using the analytic expressions of Robinson in NJOY-2016 and that simulated

by SRIM-2013.

4.4.2.2 Polyatomic targets (SiC)

The dpa cross sections of SiC in the hundred energy group structure have been computed
by Heinisch et al. [43] with the SPECOMP code [28] (developed by L.R. Greenwood). These
data are considered as the standard in order to compare the present estimates. The average PKA
energies of Si and C for the hundred incident neutron energies, calculated from their respective
PKA spectra are used in SRIM (Q: K-P mode) to compute the damage energies in SiC. Then the

total NRT-dpa cross sections of SiC are calculated using Eq. (4.8). These are compared with the
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data given by Heinisch et al in Fig. 4.6. The maximum deviation is about 40%. However, from

the overall agreement, the predictions of dpa are expected to be comparable.

Total DPA Cross Section (barns)

Ratio

10°

—— SiC (Heinisch et al.)

10’3 —— SIC (SRIM Q:KP & NRT)

10
10°
10"
10°
10°

10* 10° 107 10" 10° 10" 10®° 10 10* 10° 10° 10’

1.4
1.2
1.0
0.8
0.6
10" 10° 10® 10" 10° 10 10° 10°® 10 10° 10° 10°
Neutron Energy (eV)

Fig. 4.6: Comparison of dpa cross sections of SiC obtained by using CRaD and SRIM-2013

(coupled Q: K-P mode and NRT model) and the results of Heinisch et al. [43].

4.4.3 Comparison of neutron dpa with ion induced dpa from SRIM-2013

Neutron spectra for different sources [106, 107] are shown in Fig. 4.7. Fast reactor

neutron spectra (PFBR, Phenix, Super Phenix, EBR 2), typical thermal spectra (PWR-RPV,

BWR-RPV, HFIR low res) and experimental fusion spectra (DEMO HCPB FW, HCLL FW,

HCPB FW, ITER D-T) are chosen for the present study. The spatial distribution of neutron flux

in PFBR [106] is obtained from the neutronics calculations. The neutron transport theory

calculations in 175 groups are performed by using the DORT code [116] and the FARCOB

system [117] is used to solve the 3-D diffusion equation in order to obtain the neutron flux in 26

groups.
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Fig. 4.7: Neutron flux spectra in different reactors.

4.4.3.1 Elemental targets (Fe, Cr and Ni)

The total dpa in Fe, Cr and Ni for 1 efpy of irradiation in some of these neutron spectra
are estimated from the respective dpa cross sections obtained using SRIM-2013. These are
compared with the total dpa obtained by using the standard dpa cross sections, see Table 4.4. The
reference dpa cross sections considered here include ENDF/B-VII.1 based data from NJOY-2016
and CRaD codes. The recommended dpa data for Fe, Cr and Ni given by Fischer et al. (IAEA-
CRP) [118] and the ASTM E693-12 [19] standard dpa cross sections of Fe are also considered
for comparative study. The deviations between total dpa estimated with SRIM-2013 (Q: K-P
option) and all the standard procedures are found to be within 10%. The maximum deviation in
total dpa with respect to the reference values is found to be about 23%, with F-C option of
SRIM-2013, in case of Ni. From these observations, it can be inferred that the approach of Q: K-
P mode plus NRT model gives reasonable estimates of dpa in elemental targets. The total dpa in

Fe per efpy due to various incident neutron spectra are also presented in Fig. 4.8.
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Table 4.4: Comparison of total dpa in Fe, Cr and Ni using NRT-dpa cross sections from SRIM-
2013 simulations and from the standard methods

Total dpa/efpy estimated with NRT-dpa cross sections

Standard procedure: neutron irradiation

Self-ion irradiation

Spectra Element . ENDF/B-
E;/iilcuhaet:oer:sallny IQSESJ;,FI\{IZ ENDF/B-VII.1 VI1.1SRIM2013+NRT
' model
IAEA-CRP: DXS ENDF/B-VI  NJOY-2016 CRaD Q:K-P F-C
Fe 66.9 66.2 65.5 65.5 70.3 73.0
PFBR: core Ni 83.1 ; 81.8 818 899 100.7
centre
Cr 77.7 - 716 716 79.1 80.4
PFBR: corel Fe 425 45.1 45.1 44.3 46.4 48.0
averaged
Superphenix Fe 9.8 9.9 9.6 9.8 10.3 10.6
Phenix: core1 235 24.9 24.8 24 256 26.5
averaged
DEMO-
HCPB-FW Fe 13.0 13.1 12.9 13.0 14.1 15.0
BWR-RPV Fe 2.1E-04 2.2E-04 2.2E-04 2.2E-04 2.3E-04 2.4E-04
| PFBR core Il AEA - DXS
70 4 centre - ASTM
] I \JOVY-2016.31
[ JcraD
60
_ PFBR corel [_ISRIMQ: K-P & NRT
o I SRIM FC & NRT
L 50 averaged
£
=
w5 404
s ] Phenix corel
S 30+ averaged
] DEMO
20 HCPB
] ~2x10"*
10 -
] BWR-RPV
0 -

Reactors

Fig. 4.8: Total accumulated dpa/efpy in Fe for various neutron flux spectra.
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4.4.3.2 Polyatomic targets (SiC)

The total dpa per efpy in SiC in various neutron spectra are estimated from the dpa cross
sections given by Heinisch et al. and that obtained in the present study using CRaD and SRIM-
2013 codes. These are given in Table 4.5. In addition to the procedure described above, the dpa
cross sections of SiC are also computed by taking the number of vacancies/ion directly from
SRIM output in both F-C and Q: K-P modes, without using the corresponding estimates of
damage energies and the NRT equation. The dpa and neutron spectrum-averaged one-group
cross section values in the columns marked Q: K-P and F-C in Table 4.5 correspond to these
simulations. The different levels of primary damage (dpa) accumulated in SiC for various spectra
are presented in Fig. 4.9.The Q: K-P mode simulation gives only the total number of vacancies
per ion. But, the merit of F-C mode simulation is that it gives the total number of vacancies of
each atom species (which is here C and Si) separately. However, the predictions from F-C mode
are always higher compared to the standard data. Among all the different methods attempted in
this study, the best agreement with the results of Heinisch et al. is observed with the use of the

combined Q: K-P and NRT model approach.

The total dpa in a material depends on the incident neutron spectrum. Due to higher
contributions to dpa cross sections from elastic and inelastic scattering in fast reactors (with
higher fast flux), the total dpa in iron in fast reactors is higher compared to that in thermal or
fusion reactors. In silicon carbide, the total dpa in fusion reactors is lower than that in fast or
thermal reactors. However, in fast reactors total dpa in SiC is higher (for e.g., by about 23% in
PFBR core centre) than that in Fe. It is due to greater contribution from elastic scattering in case

Si and C compared to that in Fe, in the fast neutron energy region.
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Table 4.5: Comparison of dpa and neutron spectrum-averaged displacement cross section in SiC

dpa cross sections (barns) dpa/efpy
Reactor . Neqtrqn Self-ion irradiation . Neu_trqn Self-ion irradiation
irradiation irradiation
spectra
Heinisch . Q:K-P& . ) Q:K-P
ot al Q:K-P F-C NRT Heinischetal. Q:K-P F-C & NRT
EBR -2 458 374 496 442 47.8 39 51.8 46.1
PFBR Core 316 257 343 303 81.6 66.5 88.8 78.4
Centre
HFIR-low res 158 129 169 154 25.4 20.8 27.3 24.8
DEMO-
HCPB-FW 391 328 417 391 6.22 5.21 6.63 6.21
HCLL-FW 440 362 469 430 12.1 9.95 12.9 11.8
HCPB-FW 338 283 361 337 7.04 59 7.52 7.03
ITER D-T 380 321 402 383 2.71 2.28 2.86 2.73
BWR - RPV 331 272 356 323 1.9E-04 1.5E-04 2.0E-04 1.8E-04
PWR - RPV 331 269 354 319 1.2E-03 9.8E-04 1.3E-03 1.2E-03
Heinisch et al.
100 PFBR t SRIM Q: K-P
core centre B sRIM FC
I SRIM Q: K-P & NRT
80 M
)
[0
£ 604EBR2
>
o
© _
©
Q40
° HFIR ~1x10°
low res
HCLL
20 a DEMO -~ 2 X 104
HCPB HCPB FW l
PWR-RPV
FW ITER D-T
BWR-RPV
0 | |

Reactors

Fig.4.9: Accumulated dpa/efpy in SiC for various neutron flux spectra.
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4.4.4 Self-ion plus arc-dpa modeling in elements using analytical expressions

As noted in Section 4.3, the damage energy and number of defects in elements can be
calculated using the analytical energy-partition expressions (Eq. (2.16)) and arc-dpa model (Eq.
(2.18)). This approach of estimating damage energy is suitable in case of elemental targets,
where time consuming simulations using the SRIM code is an alternative method. In case of
polyatomic targets, however, the analytical expressions cannot be used, except in few cases [78]
where too many possibilities of different sub-lattice interactions have to be considered by
changing the values of Z and A in Eq. (2.16) and Eq in the atom-displacement model. Hence, it is

preferable to use the SRIM code for simulating the damage energy in polyatomic materials.

The dpa cross sections in Fe, Ni, Cr and Si are estimated using Eq. (4.5), where Tgam and
vg are calculated from Eq. (2.16) and arc-dpa model in Eq. (2.18) respectively. The total dpa per
efpy obtained in this way for various neutron spectra [106, 107] are compared with the dpa
values estimated using the direct method in CRaD code as discussed in Chapters 2 and 3 [108].
These are presented in Fig. 4.10. In all the materials, the dpa predicted using both the methods
compare reasonably well. However, there is a maximum difference of about 39% (prediction
using the self-ion plus arc-dpa method is higher compared to that from the incident neutron
method) in case of Si subjected to JAEA-FNS spectrum. The absolute magnitude of dpa in this
neutron spectrum is very small, about 5x10* dpa/efpy. The observed differences are due to the
aforementioned differences in the procedures of computation that are followed in these two
methods. Note that, the predictions of dpa using the present self-ion plus arc-dpa approach can
also be performed for polyatomic target materials like SiC, if the corresponding parameters bag

and caqg are known to estimate the damage efficiency in these kinds of materials.
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Material

Fig. 4.10: Total dpa for 1 efpy obtained using the arc-dpa model in different elements for various
neutron flux spectra.

4.5 Summary

An alternative method to compute the dpa cross sections in elemental and polyatomic
materials through self-ion simulations using the SRIM-2013 software is described. The average
energies of PKAs calculated by the CRaD code are used as the input energies of projectile ions
in the simulations of damage energies with the SRIM-2013 software. The self-ion based dpa
cross sections and total integrated dpa in various neutron spectra for both the elemental and
polyatomic materials have shown good agreement on comparison with the standard data. Hence,
it is established that the source term of primary radiation damage (in the units of dpa) can be
equivalently determined by performing simulations with self-ions [114]. The present self-ion

simulations method can be useful in another way, i.e. one would be able to map and correlate
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various primary and secondary damage effects more realistically by performing self-ions

simulations with PKA energies exactly as formed in reactor locations.

This method is envisaged to be a useful way to compute dpa cross sections and integrated
dpa in the target materials which are polyatomic in nature. The method of self-ion simulations
with the use of PKA energies calculated by CRaD code also has the potential to yield realistic
dpa cross sections based on the molecular dynamics (MD) theory. In order to obtain the dpa
cross sections from MD simulations the PKA energies have to be corrected for the energy losses
due to electronic interactions and the corresponding damage energies have to provided as the

inputs.
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Chapter 5

Propagation of Nuclear Data Uncertainties to the Metrics of Primary

Radiation Damage by Total Monte Carlo Methodology

5.1 Introduction

The information about the reactions of continuous energy neutrons are obtained from the
evaluated nuclear data libraries, such as the very recently released ENDF/B-VI1II.0 [58]. At
present, there exists a number of basic evaluated nuclear data libraries, such as ENDF/B-VII.1,
JENDL-4.0, JEFF-3.3, CENDL-3.1, TENDL-2017 [75] etc. Because of varying treatment of
nuclear reactions in terms of models, parameter values and their uncertainties [63], etc., varying
subjective assessments and interpretation of the experimental results and their uncertainties
compiled in the IAEA-EXFOR database [64] and using of different statistical inference tools in
the process of evaluation, the neutron reaction data in these libraries differ from each other. As a
consequence, each of the parameters of primary radiation damage due to neutrons derived from
these libraries differ among themselves; and the nuclear data uncertainties in these parameters

need to be quantified to meet the design objectives of structural materials for nuclear reactors.

The traditional method to propagate the uncertainties in neutron reaction data is to follow
the perturbation theory [70] and the more recent approach follows the Total Monte Carlo (TMC)
methodology [61-62]. In the present study, the TMC methodology has been employed to
determine the nuclear data uncertainties in the parameters of primary radiation damage. The
applications of this methodology to determine the uncertainties in these derived parameters have

been demonstrated in several works presented at the recently concluded CRP of the IAEA [71-
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73, 119-120]. The applications of TMC methodology to study the effects of uncertainty in
nuclear data on various other reactor physics parameters have been demonstrated previously in

several works [59, 62, 65-68, 121-124].

The TMC methodology employs a large number of random evaluated nuclear data files to
propagate the uncertainties in nuclear data to the derived quantities. These random files are
generated using random sampling of the nuclear model parameters from their respective
distributions. It is an alternative to the traditional first-order sensitivity analysis (also called
sandwich formula for error propagation) or higher order approximations that follows the
perturbation theory. It can be applied to propagate uncertainties for quantities where the
perturbation methodology could not be applied because of non-applicability of approximations
involved in sandwich formula, non-availability of covariance information and specific
computational tools. However, consistency between the applications of both perturbation and
TMC methodologies can be maintained and they can be compared only if both methods use the
equivalent nuclear data. This implies that both the average and the probability distributions of the
nuclear interaction cross sections, resonance parameters, v-bar and other single and double
differential data from all the randomly generated files must correspond to the respective
quantities and their covariance information in the unique ENDF file that is used in the
perturbation method [121]. This is fulfilled, provided normal probability distributions of nuclear
model parameters are assumed while generating the random data by TMC methodology. The
TMC calculations use random evaluated nuclear data files which are generated based on the
covariance of TALYS [60] model parameters. These random evaluated data files do not follow
the normal probability distribution for each of the evaluated nuclear data quantities, by default.

The TMC methodology has the advantage, that, it is not limited by the restricted convention so
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far being followed in the storage of ENDF covariance data, that the first and second multivariate
moments would be sufficient for any probability distribution, which is compatible with the
application of sandwich formula for error propagation. The integral parameters for large scale
nuclear systems may sometimes follow non-normal probability distributions and the derived
integral quantity can, in some cases show strongly skewed probability distribution and the
uncertainty from nuclear data can be actually higher than what is predicted from the assumption

of a normal distribution [62, 122].

The TENDL-2015 and TENDL-2017 [59] nuclear data libraries contain a large number
of random files (say N, ~300 to 700) which are generated by the nuclear reaction code system
TALYS by randomly sampling the basic input model parameters of nuclear reactions, viz. level
density, transmission coefficients, optical model parameters, compound nucleus model
parameters, any other input of nuclear reaction models [63] etc., within their pre-estimated
uncertainties. The number of such random nuclear data files N required for a nuclide to carry out
physically meaningful calculations is determined by the evaluators of nuclear data based on the
study of the relative sensitivities of calculated cross sections on the variation of various nuclear
model parameters [59]. The nuclear data evaluated from the default parameter values
(unperturbed set of model parameters which is used for a global nuclear model calculation)
corresponds to the unperturbed data. The derived quantity estimated from the unperturbed data
file forms the reference value [59]. It is denoted by giving a suffix O to the respective quantity. In
an ideal case, the mean of results from random data files should be very close to this reference
value. This happens when uncertainties in the parameters and consequently the spread in derived

results are both relatively small, i.e. non-linearity is not too high [59, 61]. More detailed
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discussions on the applications of TMC methodology to propagate the uncertainties of nuclear

data to various derived parameters can be found in Ref. [59, 62, 65-68, 71, 72, 119-124].

The present chapter is organized as follows. An overall outline of the methodology to
quantify the uncertainties in the parameters of primary radiation damage by TMC approach using
the CRaD code is given in Section 5.2. In Section 5.3, a discussion is made on various statistical
parameters that are estimated from the results obtained by computation using the data in random
ENDF-6 files. In Section 5.4, the nuclear data uncertainties in dpa cross sections and integrated
dpa are quantified. The nuclear data uncertainties in PKA spectra and average energy of PKAS
are quantified in Section 5.5. The uncertainties in nuclear data are propagated to the uncertainties
in damage energy and production of primary defects in target materials by using the average
PKA energies from CRaD code in the SRIM-2013 [40] software. This is discussed in Section
5.6. Sections 5.7 and 5.8 are devoted to the estimations of nuclear data uncertainties in gas
production and neutron kerma coefficients respectively, where, correspondingly, uncertainties in
gas production cross sections, concentrations of gases, neutron kerma cross sections and

integrated neutron kerma coefficients are estimated. The chapter is summarized in Section 5.9.

5.2  Outline of the calculation methodology

The generalized calculation methodology adapted to propagate the uncertainties from
nuclear data to the metrics of primary radiation damage according to the TMC approach is
briefly outlined in Fig.5.1. The random ENDF-6 nuclear data files in TENDL-2015 and TENDL-
2017 libraries [59] are used for this study. It is to be noted that, apart from many other important
isotopes, TENDL-2017 library has provided random data files for all the four important isotopes

of iron, whereas such data for °6Fe, 58Ni, 28Si and “®Ti are available in TENDL-2015. The
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parameters of primary damage are also computed from other basic evaluated nuclear data

libraries, such as ENDF/B-VII.1 [125], ENDF/B-VII1.0 [58], JENDL-4.0 [76] and TENDL 2014

[59] so that they can be compared with the mean values of the respective parameters that are

obtained using the random ENDF-6 files. A summary of the list of evaluated nuclear data files

available and used in this study is presented in Table 5.1. A special routine has been

implemented in the CRaD code to compute various statistical quantities like mean, standard

deviation, covariance and correlation matrices and skewness of the parameters of primary

radiation damage. The important steps followed in this procedure are given below [99-100, 113]:

a)

b)

d)

Pre-process neutron cross sections for important structural isotopes at 300K from the random
ENDF-6 files [79] (N ~ 300 to 500) of TENDL-2015 and TENDL-2017, in addition to other
basic evaluated nuclear data libraries (ENDF/B-VII.1, JENDL-4 and TENDL-14) by using
the RECONR and BROADR modules of NJOY-2016 code system [29].

Compute the parameters of primary radiation damage in point-wise and multigroup formats
from all the above files (random and other basic evaluated files) for each nuclide using CRaD
code. Then, estimate the neutron spectra-averaged quantities, such as integrated dpa, average
PKA energy, one-group gas production cross sections and concentrations of gases and the
integrated neutron kerma coefficients.

Compute various statistical parameters like mean, standard deviation, skewness and energy-
energy covariance and correlation matrices of the damage parameters obtained from random
files and compare the mean values of these parameters obtained using the TMC methodology
with that obtained using the reference / unperturbed evaluated nuclear data files.

Estimate nuclear data uncertainties in damage energy and number of vacancies produced in

the material by using SRIM-2013 self-ion simulations. Here, the average PKA energies and
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their uncertainties obtained from steps (b) and (c) and the concept discussed in Chapter 4 are

applied.

' | TMC based N random TENDL files | !
e /= 'i
|
: Generation of temperature dependent (300K) point cross sections using the I
I RECONR and BROADR modules of NJOY-2016.31 :
|

|
L o

Calculation of primary radiation damage

parameters and their uncertainties using CRaD

: Compute N random sets of the parameters of primary radiation damage in energy-multigroup forms :
i from the pre-processed point cross sections in the random data files. These include the estimation of !
! dpa cross sections, PKA spectra, gas production cross sections, neutron kerma cross sections and their :
[ corresponding neutron spectra-averaged quantities. :

A 4

Quantifying uncertainties in these parameters through statistical quantities like
mean, standard deviation, skewness, covariance and correlation matrices.

Using PKA energies and their uncertainties calculated by CRaD in
the SRIM-2013 self-ion simulations to quantify uncertainties in
damage energy and production of vacancies in target material

Fig. 5.1: Block diagram of the working methodology to propagate uncertainties in nuclear data to
the uncertainties in the parameters of primary radiation damage by applying TMC approach.
Blue boxes signify the important stages in the methodology of uncertainty propagation which are
performed by different codes / software, linking one to the other.
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Table 5.1: The unperturbed and random neutron reaction data files from different libraries that
are available and used to estimate and compare primary radiation damage parameters

Isotopes ENDF/B-VII.1 ENDF/B-VIII.0O JENDL-4.0 TENDL-2014 TENDL-2015 TENDL-2017

[EEN
[EEN

S4Fe - 1 1+ (500)*
S6Fe - 1+ (300) 1+ (613)
SFe 1 1+(732)
58Fe 1 1 + (500)
N 1+ (300) -
28Gj 1+ (300)
8Tj 1+ (300)
59Ni
GONi
61Ni
62Ni
64Ni
SOCr
52Cr
53Cr
54Cr
55Mn
12C
13C
nat. C
ZQSi
3OSi
1OB
1lB
92M0
94M0
95M0
96M0
97M0
98M0
99M0
100MO

i
1
1

L

I R RPRRRPRREPRPRPREPRER R R R R R
P RPRRRPRRPRPRRPRPREPEPRP R RERRER R
1
1

PRRPRRPPRPRPRPRPRPRP I RPRPRPRPRPRPRPREPRPREPRER

PR RPRPRRPRPRPRRERRERRERE.
1 1
1 1
RPRRPRPRPRRPRPRPREPREPRPRLR I RPRPRRPRPRREPRPRPRERRERRPRE

PR R RRPRPRRRPRPREREE

[EEN
[EEN
1
1

*number of random files is mentioned within parentheses

5.3  Calculation of statistical parameters

As mentioned in Section 5.2, the statistical quantities are calculated after computing the
parameters (denoted by the symbol x)dpa cross sections, integrated dpa, PKA spectra, average
PKA energies, gas production cross sections, concentrations of gases, neutron kerma cross
sections and integrated neutron kerma coefficients, from the random evaluated nuclear data files.

The elements of covariance matrix are calculated as
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N
1 M 2y _ %) i
V‘j:ﬁz(xi = X%)(Xj7 = X;); I,j=1t0G. 5.1)
=1

Here, N is the number of random data sets and G denotes the number of energy groups. The
mean of the quantity in each energy group ‘i’ is given by
1 N
X; = — E xM i=1toG
N

n=1 . (5.2)

The correlation matrix is calculated from the covariance matrix as

Cij = V
el (5.3)
The standard deviation (uncertainty) in the quantity in i energy group is calculated as
N
SD, = iZ(x- ~%:)?
i(nucl.data) — N i i . (5.4)
n=1

The calculated random parameters of primary radiation damage may or may not follow normal
distribution. The skewness (which gives the extent to which they are asymmetric) in the set of N

data is calculated from the third moment as follows:

N

Z(xi(“) -%)°

Yii ZHZINT; i=1toG (5.5)
1
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The sample sizes of random files vary from 300 to 732 (see Table 5.1), where, 300 files
from TENDL-2015 and 500 files from TENDL-2017 are used in this study. Thus, the statistical
parameters like skewness, correlation coefficients, etc. are uncertain due to sampling error which
arises because of the limited sample sizes. Therefore, the confidence intervals of these
parameters are quantified in a few cases (for illustrative purposes) where proper convergence of
the statistical parameter seems to become more apparent by considering even larger sample sizes.
Since the true distributions of these parameters are not known, the 95% bootstrap confidence

intervals [126] are quantified.

The above statistical quantities can be helpful while refining nuclear data to achieve the
desired target accuracies in the derived quantities. In such pursuits, the (energy-wise, reaction-
wise, isotope-wise, etc.) correlations observed in these quantities can guide in tailoring the
differential nuclear data more accurately. To illustrate the concept of propagation of nuclear data
uncertainties using random files, the results are discussed here in detail for a few important

structural targets, such as*®Ni, 28Si, “8Ti, Fe and its isotopes.
5.4  Uncertainty in dpa cross sections and integrated dpa due to nuclear data
5.4.1 Contributions of partial neutron reactions to dpa uncertainty

The dpa cross sections due to each of the contributing neutron induced reactions in Fe
and its isotopes and their uncertainties are calculated from the random files (N = 500) in
TENDL-2017 in VITAMIN-J 175 group structure using the CRaD code [99]. The total dpa cross
sections of *°Fe and their uncertainties are presented in Fig. 5.2. The top part in this figure
contains the mean dpa cross sections obtained from random data along with the calculated

uncertainties. The part below shows the relative variation of mean dpa cross sections with

119 |Page



respect to the dpa cross sections calculated from the unperturbed data set. The ratios of mean of
random files to unperturbed values of dpa cross sections are found to be very close to unity in
most of the energy ranges, except at the energies where uncertainties in dpa cross sections are
large. The extents to which the distributions of random dpa cross sections deviate from
symmetric behavior (i.e. skewness at each energy point) are shown in the right-hand axis of the
plot below. In general, the distributions are found to be asymmetric and uncertainties in cross
sections and the deviations of their distributions from normal behavior (skewness) are found to

be closely related to the ratios of mean to unperturbed.
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Fig. 5.2: The total neutron dpa cross sectionsin®Fe. Mean dpa cross sections along with nuclear
data uncertainties calculated by CRaD code using TENDL-2017 data (plot at the top); Ratio of
mean to unperturbed dpa cross sections and energy-wise skewness of distributions of the random
dpa cross sections (plot at the bottom).

The extents of variations of neutron dpa cross sections due to randomly sampled nuclear
data files is illustrated in Fig. 5.3 with the total neutron dpa cross sections in *Fe as an example

[99]. The ratios of the random to mean and the mean to the unperturbed dpa cross sections are
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plotted in this figure. Fig. 5.4 (a) illustrates how the statistical parameters, viz. energy group to
group correlation coefficients and the skewness of total dpa in *Fe converge to their final values
with the increasing number of random files. The convergences of parameters viz. total dpa cross
section (the value at 100" energy group is shown as an example) and total dpa to their respective
unperturbed values are presented in Fig. 5.4 (b). The dpa calculated here is for one efpy at the

core centre location of PFBR [106].

45| Fe586 (n, total) dpa cross section TENDL-2017 |
4 L |
35- B
3 L |
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& 25 500 Random { Mean R
Mean / Unperturbed
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10 10° 10° 10? 10* 10°
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Fig. 5.3: Ratios of the random values to the mean value of the dpa cross section and the mean
value to the unperturbed value of the dpa cross section in >®Fe isotope.
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Fig. 5.4: (a): The convergence of group-to-group energy correlations in total dpa cross sections
and that of skewness in the total dpa/efpy to their respective final values represented by black
dot-lines; (b): The convergence of dpa cross sections (as an e.g. in 100" energy group) and that
of the total dpa/efpy to their respective unperturbed values represented by black dot-lines. The
plots are shown for the *°Fe isotope. The neutron energy groups are in the VITAMIN-J 175
group structure.

The energy—energy correlations of total dpa cross sections in *®Fe are shown in Fig. 5.5
(@). It can be observed here that the dpa cross sections at different neutron energies are not all
uncorrelated, but show some correlations among them. There are three main blocks of high
correlations, with the remaining ones having negligible or zero correlations. The energy-energy
(or group to group) cross-correlations between various partial dpa cross sections in *°Fe are
shown in Fig. 5.5 (b). These cross-channel correlations indicate how the individual partial dpa
cross sections correlate with the others, the correlations between different nuclear reaction

kinematic models to calculate them and the combination of all these quantities.
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Fig. 5.5: (a): Energy-energy correlations in total dpa cross sections; (b): Correlations of neutron
dpa cross sections in various partial reactions. These are illustrated here in case of *Fe isotope.
The x- and y-axes are neutron energy groups in the VITAMIN-J 175 group structure.
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The unperturbed neutron dpa/efpy in Fe and its isotopes, their mean values and
uncertainties due to irradiation at the core centre location of PFBR from various contributing
reactions, as calculated from TENDL-2017 data using the CRaD code, are presented in Table
5.2. The overall uncertainty in total dpa in an isotope (and in the element) is found to be within
3%. The fact that (n, 2n) and other threshold reactions contribute very less to total dpa in this
case, negates the effect of their large uncertainties (~ 35%). High correlations among the
contributing reactions also affect the overall uncertainty. The random dpa cross sections are
found to be distributed non-symmetrically [99] and the skewness in dpa values (see Table 5.2)
are non-zero. Compared to that simply envisaged from the estimated standard uncertainties in
cases of normal distribution, the skewed distributions of dpa add to the chances of rare events.
As discussed in Section 5.3, there can be uncertainties in the estimated statistical parameters and
their proper convergence may not be ensured due to the limited sample sizes. Hence, the
confidence intervals for the skewness of dpa are calculated in a few cases, for illustrative
purposes. For the skewness in total dpa/efpy (Table 5.2) in %*Fe, %°Fe, 5'Fe and %Fe, the
confidence intervals are respectively [0.0013, 0.3362], [0.0385, 0.4772], [-0.2335, 0.1161] and [-
0.0278, 0.3476]. In general, the convergence of these parameters is observed for 300 or more
number of random files [66, 121]. However, the minimum number of random files required for
the convergence of important parameters may also depend on the physical quantity that is

estimated and its sensitivity on the randomness of basic evaluated nuclear data.

The derived parameters estimated from different basic evaluated nuclear data libraries
sometimes show significant spread. The variations of dpa cross sections and total integrated dpa
calculated from different nuclear data libraries for some important structural isotopes are

investigated in the next two sections.
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Table 5.2: The reaction-wise and total dpa/efpy at core centre location of PFBR in Fe and its
isotopes using TENDL-2017

Reactions Unperturbed value Mean of random Nuclear data SKewness
(dpa) data (dpa) uncertainty (dpa)

54|:e
Elastic 79.4 79.3 1.4 (1.8%) 0.22
Inelastic 7.3 7.2 0.18 (2.5%) 0.05
(n,y) 3.3e-2% 3.3e-2 6.7e-4 (2%) 0.81
(n, 2n) 4.1e-5 4.2e-5 7e-6 (16.7%) 0.53
Remaining thresholds 1.63 1.64 0.2 (12.2%) 0.05
Total 85.7 85.6 1.3 (1.5%) 0.16

5Fe
Elastic 54.4 54.4 1.7 (3.1%) 0.26
Inelastic 10.5 10.4 0.26 (2.5%) -0.02
(n,y) 1.2e-2 1.2e-2 9.3e-5 (0.8%) 0.60
(n, 2n) 2.18e-3 2.15e-3 1.7e-4 (8.1%) 0.04
Remaining thresholds 0.04 0.0412 7.3e-3 (17.7%) 0.28
Total 64.9 64.9 1.7 (2.6%) 0.22

57|:e
Elastic 66.8 66.5 2.8 (4.2%) 0.01
Inelastic 30.4 30.2 1 (3.3%) -0.1
(n,y) 5.9e-2 4.9e-2 2.2e-3 (4.5%) -0.03
(n, 2n) 5.8e-2 5.7e-2 3.7e-3 (6.5%) -0.14
Remaining thresholds 3.2e-2 3.4e-2 8.8e-3 (25.9%) 0.56
Total 94.8 94.3 2.7 (2.9%) -0.07

8Fe
Elastic 97.8 97.4 3 (3.1%) 0.12
Inelastic 134 134 0.3 (2.2%) -0.67
(n, y) 9.4e-3 9.4e-3 1.8e-4 (1.9%) 0.66
(n, 2n) 1.2e-2 1.2e-2 7.4e-4 (6.2%) -0.05
Remaining thresholds 2.3e-3 2.4e-3 8e-4 (33.3%) 0.58
Total 106.8 106.3 2.7 (2.5%) 0.16

Fe
Elastic 56.2 56.2 1.7 (3%) 0.61
Inelastic 10.7 10.6 0.3 (2.8%) -0.74
(n,y) 1.4e-2 1.4e-2 1.7e-4 (1.2%) 2.04
(n, 2n) 3.3e-3 3.2e-3 2.4e-4 (7.5%) 0.38
Remaining thresholds 0.13 0.13 1.8e-2 (13.8%) 1.47
Total 66.9 66.8 1.7 (2.5%) 0.47

# 3.3e-2 may be read as 3.3x1072.

5.4.2 Comparison of dpa cross sections of structural isotopes between libraries

The total neutron dpa cross sections of the isotopes of iron, ®Ni, 28Si and “®Ti are
computed from JENDL-4.0, ENDF/B-VII.1, TENDL-2014, TENDL-2015 and TENDL-2017
using the CRaD code [99]. The dpa cross sections in >’Fe, 8Fe and 58Ni computed using the data

from different libraries are presented in Fig. 5.6, for illustrations. In each case the uncertainties in
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the cross sections calculated from random TENDL data files are also shown with respect to the
mean dpa cross sections. The dpa cross sections from different evaluated nuclear data libraries
are found to vary appreciably among each other for some of these materials. The convergence
between them is better for the major isotopes like *°Fe, %8Ni, 2Si and “Ti, but for less abundant

isotopes, such as **Fe, °>'Fe, 8Fe, etc., they do not compare well [99].
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Fig. 5.6: Total neutron dpa cross sections and nuclear data uncertainties calculated at 300 K from
different evaluated nuclear data libraries by using the CRaD code; (a): >"Fe; (b): *®Fe; (c): *®Ni.

Some of the important causes for these variations have been meticulously investigated
from different basic evaluated nuclear data files [99]. Significant differences are observed among
different libraries in the contribution from elastic scattering to the dpa cross sections in *'Fe and
8Fe. Since the abundances of these isotopes in natural iron are low, these differences do not
affect the overall estimates of dpa in iron obtained by using different libraries. The elastic
scattering angular distributions of secondary neutrons in 5’Fe and 58Fe from different basic
evaluated nuclear data libraries are shown in Fig. 5.7 (a) and (b). In these figures, the quantity
plotted in the y-axis is f(cos@,E) calculated from Eq. (2.2), with u = cos 8. Here E is the
incident neutron energy and 4 is the scattering angle of the outgoing neutron. In the computation
of elastic scattering dpa cross sections, the damage energy is calculated from the recoil energy
that is transferred to the target nucleus due to scattering of the neutron at various angles. Hence,
this scattering distribution must be calculated correctly for each incident neutron for the correct

estimation of the number of displacements of atoms. The angular distributions at a few incident

127 |Page



neutron energies (100 keV, 600 keV, 1 MeV and 2 MeV) are shown here as examples. Large

discrepancies are observed when the data from ENDF/B-VII.1 are compared to the data from

JENDL-4.0 and TENDL-2015. The deviations observed between the dpa cross sections obtained

using ENDF/B-VII.1 and other libraries in the energy region of elastic contribution in Fig. 5.6 (a)

and (b) can be due to these differences in the angular distributions of scattered neutrons. The

differences in the basic neutron interaction cross sections in different libraries also contribute

(comparatively to a lesser extent in this particular case) to the observed differences in dpa cross

sections.

3.51 —— ENDF/B-VII.1
3.0 — JENDL-4.0
~ o5 —— TENDL 2015
o 25]
<=} 2.04 1.0
[%2]
S 1s] 2 MeV 600 keV
10 054
0.5
0.0 - : ; ; 0.0 . . . .
0 40 80 120 160 200 0 50 100 150 200
2.04
1.0-
i 1.5
< 0.8
8 1 MeV 100 keV,
) 1.01
= 0.6-
0.5
0.4
0.0 . : . . ; . . ,
50 100 150 200 0 50 100 150 200
Angle (degree) Angle (degree)
Fig. 5.7 (a)

128 |Page



3.0 ——ENDF/B-VILL (]
5] —— JENDL-4.0 '
m —— TENDL 2015
- 2.0-
f; 1.0
8 2 MeV 600 keV
= 1.01 0.5
0.5
0.0 : ; . : 0.0 : : . .
0 40 80 120 160 200 0 50 100 150 200
2.0,
1.0-
—~ 1.5
W
= 0.8
* 1 MeV 100 keV
o 1.0
=)
= 0.6
0.51
0.4
0.0 . . . . . : . \
0 50 100 150 200 0 50 100 150 200
Angle (degree) Angle (degree)
Fig. 5.7 (b)

Fig. 5.7: Angular distributions of the secondary neutrons in (n, n) reaction computed by CRaD
using the ENDF/B-VII.1, JENDL-4.0 and TENDL-2015 data; (a): >'Fe; (b): >®Fe.

5.4.3 Comparison of neutron spectra integrated total dpa from different libraries

The total dpa/efpy computed in®Fe, 8Ni and 28Si for irradiation in PWR-RPV spectrum,
fast neutron fission and fusion spectra [106-107] by using different basic evaluated nuclear data
libraries are compared in Table 5.3. The uncertainties in total dpa are calculated with the help of
random data files available in TENDL-2017 (for 5%Fe) and in TENDL-2015 (for *Ni and 28Si).
The uncertainties in the total dpa in >®Fe, %®Ni and 28Si are found to be around 3%, 6% and 4%
respectively. The uncertainty in total dpa in “Ti is found to be about 5% and that in other
isotopes of Fe is about 3% [99]. The total dpa in each of these spectra from different libraries are
different, but these differences may not be practically significant. In this context, the TMC

concept indicates that the mean of all the random evaluations along with its associated
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uncertainty can be chosen when a single value for the predicted dpa parameter is required to be

known for design purposes.

Table 5.3a: Comparison of total neutron dpa/efpy in %6Fe in various neutron spectra calculated
using different basic evaluated nuclear data libraries

Reactor dpa/efpy
JENDL-4.0 ENDF/B-VII.1 TENDL-2015 TENDL-2017 mean + uncertainty*

PFBR: core centre 63.9 63.6 64.7 64.9 64.9+1.7

JAEA-FNS 8.7e-4 9.4e-4 7.2e-4 9.1e-4 9.1e-4+1.8e-5
DEMO-HCPB-FW 12.3 12.8 10.6 12.6 12.6+0.21

ITER D-D 1.8e-2 1.7e-2 1.8e-2 1.8e-2 1.8e-2+4.4e-4

ITER D-T 4,98 5.22 4.26 5.13 5.13+0.09

PWR-RPV 1.2e-3 1.2e-3 1.2e-3 1.2e-3 1.2e-3+2.1e-5

*From TENDL-2017 random files

Table 5.3b: Comparison of total neutron dpa/efpy in *Ni in various neutron spectra calculated
using different basic evaluated nuclear data libraries

Reactor dpa/efpy
JENDL-4.0 ENDF/B-VII.1 TENDL-2014 TENDL-2015 mean + uncertainty*

PFBR: core centre 83.1 83.5 82.9 83 82.8+3.9

JAEA-FNS le-3 le-3 9.2e-4 9.3e-4 9.2e-445.6e-5
DEMO-HCPB-FW 14.7 14.8 13.8 13.8 13.7+0.6

ITER D-D 1.9e-2 1.9e-2 1.9e-2 1.9e-2 1.9e-2+7e-4

ITER D-T 5.82 5.90 5.44 5.44 5.40+0.26

PWR-RPV 1.4e-3 1.4e-3 1.4e-3 1.4e-3 1.4e-3+5.5e-5

*From TENDL-2015 random files

Table 5.3c: Comparison of total neutron dpa/efpy in 28Si in various neutron spectra calculated
using different basic evaluated nuclear data libraries

Reactor dpa/efpy
JENDL-4.0 ENDF/B-VII.1 TENDL-2014 TENDL-2015 mean + uncertainty*

PFBR: core centre 97.1 103 96.1 96.1 97.5+ 3.5
JAEA-FNS 6.1e-4 6.2e-4 5.9e-4 5.9e-4 5.8e-4+1.9e-5

DEMO-HCPB-FW 11.7 12.2 11.4 11.4 11.5+0.26
ITER D-D 2.2e-2 2.2e-2 2.1e-2 2.1e-2 2.1e-245.8e-4

ITER D-T 451 472 4.45 4.45 4.46%0.10
PWR-RPV 1.6e-3 1.7e-3 1.6e-3 1.6e-3 1.7e-345.4e-5

*From TENDL-2015 random files
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5.5  Uncertainty in PKA spectra and average energy of PKAs due to nuclear data
5.5.1 Uncertainty in PKA spectra

The spectra of PKAs resulting from neutron interactions are calculated from the basic
evaluated nuclear data in energy multi-grouped format (as 175x175, 198x198, etc. matrices)
according to the methods described in Chapter 2. All the nuclear data libraries do not give
sufficient information on the distributions of recoil nucleus (particularly for the threshold type of
reactions) to compute the PKA spectra from each of all the possible reaction channels. As for
examples, PKA spectra cannot be computed realistically for isotopes of Fe and 28Si from
JENDL-4.0 and isotopes of Fe from the random files in TENDL-2017. In these instances, the
computation of PKA spectra is performed in the CRaD code by assuming an isotropic emission
of recoil nucleus after (n, p), (n, a), etc. type of reactions and by using evaporation models for
emitted neutrons in continuum inelastic and (n, 2n) reactions. These approximations do not yield
very accurate results and better methods need to be developed within CRaD code to cope up with
such instances. In general, all the partial neutron reactions contribute dominantly to the recoils in
the keV energy range. The (n, o) and (n, p) reactions give large contributions to the recoils in 1

to 3 MeV energy range [99].

The uncertainties in all the recoil groups from each incident neutron group are computed,
which are also in a matrix form of the same dimensions as the PKA matrix. For simplicity, the
uncertainties in nuclear data for the elastic, inelastic and (n, 2n) channels are calculated explicitly
and for the remaining threshold type of reactions, calculations are performed after adding them
all together as (n, remaining threshold). Finally, the uncertainties are calculated in the “sum”

PKA spectra after combining all these partial PKA contributions (using Eq. (5.4)). The PKA
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spectra and their uncertainties due to nuclear data in *®Fe and *8Ni isotopes, obtained by using the

ENDF-6 random data files in TENDL-2015, are illustrated in Fig. 5.8. A high incident neutron

energy (14.5 MeV) is chosen for illustration so that contributions from a larger number of

reaction channels can be observed. Both unperturbed and the mean (with its uncertainty) PKA

spectra are shown here. The uncertainties in PKA spectra vary from low energy to high energy

recoil groups. For the 14.5 MeV neutrons in cases of both *®Fe and 8Ni, the uncertainties are

found to be around 12% in the low energy recoil groups, 5-7% around the 100 to 200 keV recoil

groups and about 50% in the vicinity of 1 MeV recoil groups [99]. It is to be noted that the

absolute values of the PKA spectra in the higher energy recoil groups (~ 1 MeV) are very small

and their contributions to the overall neutron spectrum integrated quantities are also very less.
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Fig. 5.8: The nuclear data uncertainties in the spectra of PKAs for interactions of 14.5 MeV
neutrons, calculated by CRaD using the random data files in TENDL-2015; (a): *®Fe; (b): *Ni.

5.5.2 Contributions of partial neutron reactions to PKA uncertainty

The PKA spectrum-averaged recoil energies in Fe and its isotopes are calculated from the
ENDF-6 random files in TENDL-2017 using Egs. (4.2) and (4.3). The reaction-wise average

PKA energies corresponding to a neutron spectrum ¢ are then calculated using Eq. 5.6,

G —_
> (ER)gn (Eg, 41— Eg )y,
(Er), = 2= 56
gn:1(Egn+1 o Egn )(09“

The reaction-wise uncertainty in PKA energies for the PFBR core centre spectrum is
found to be within 3%. The distributions of average PKA energies are also found to be skewed

[99]. The ENDF-6 random files in TENDL-2015 contain more complete information on energy

133 |Page



distribution of recoil nuclei and similar estimations from this library have yielded the overall

nuclear data uncertainty of around 6-7% [99].

5.5.3 Neutron spectra integrated average PKA energies from different libraries

The PKA energies averaged over the PKA spectrum for each neutron group (Eg. 4.3) and
average energies of PKAs in Fe corresponding to various neutron spectra (Eq. 5.6) are estimated
using the ENDF/B-VII.1, JENDL-4.0 and TENDL-2017 databases. The uncertainties in recoil
energies contributed from (n, y) reaction are not quantified from the random files. However, the
absolute contributions from (n, y) recoils are estimated using ENDF/B-VII.1 data and accounted
in all the central values of average PKA energies. The spectrum averaged PKA energies in Fe
from (n, y) reaction as calculated using ENDF/B-VII.1 are 0.533, 0.972, 0.834, 0.569, 0.833,
0.564 keV respectively for the PFBR core centre, JAEA-FNS, DEMO-HCPB-FW, ITER-DD,
ITER-DT and PWR-RPV spectra [99]. The variation of average PKA energy in Fe with neutron
energy is shown in the top plot in Fig. 5.9. The PKA energy of about 0.5 keV below 10 keV
neutron energy is mainly due to the (n, y) reaction. The uncertainties are found to be about 3%
only when compared to the absolute mean values of PKA energies. The PKA energies calculated
from different libraries up to about 5 MeV neutrons are very similar, but at higher neutron
energies, the predictions obtained using JENDL-4.0 and TENDL-2017 random files are higher
by about 50 to 80 keV when compared to those obtained using the ENDF/B-VII.1 data. This is
because, approximations (mentioned in Section 5.5.1) are used in the CRaD code to compute the
PKA spectra resulting from continuum inelastic and threshold reactions, which leads to higher
values of the average energies of PKAs [99]. The ratios of mean to unperturbed average PKA

energies (plot below in Fig. 5.9) are found to be very close to 1 for the full energy range.
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The neutron spectra integrated average PKA energies in Fe are shown in Fig. 5.10. The
nuclear data uncertainties (using TENDL-2017) are estimated to be within 3% in all the spectra.
The shape of the neutron spectrum and the fractions of neutrons in each energy group dictate the
average energy of PKAs. The DEMO and ITER-DT spectra being very similar, results in almost
same PKA energies. The ITER-DD spectrum has peaks at 2.5 MeV and 14 MeV and decreasing
trend in between. The JAEA-FNS spectrum has an increasing trend towards high energy with a
peak at 14 MeV, which greatly increases the share of the PKA energy coming from high energy
threshold reactions. Due to the reasons discussed above, in the fusion neutron spectra, the
average PKA energies estimated using JENDL-4.0 and TENDL-2017 random files are higher by
about 50 keV as compared to those estimated using the ENDF/B-VII.1. In the other three spectra,

the PKA energies estimated from all these libraries are similar.
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Fig. 5.9: The PKA spectrum average energy in Fe (including all reactions) calculated using

different evaluated nuclear data libraries (top). The ratios of the mean to unperturbed PKA
energies (not including (n, y)) are shown below [99].
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Fig. 5.10: The average energies of PKAs in Fe for various neutron spectra. The uncertainties are
calculated using TENDL-2017 random database; all the central values are plotted after adding

the contributions from (n, y) reaction. However, the uncertainties include uncertainties in all
nuclear reactions, except the (n, y) reaction.

5.6  Uncertainty in damage energy and number of vacancy defects due to nuclear data

The use of ion irradiation to emulate neutron radiation damage phenomena is well known
[2]. The source term of primary radiation damage by neutrons in the units of dpa can be
equivalently determined by self-ion simulations using SRIM-2013 [114]. The damage energy
Tdam and number of vacancies v(Tdam) produced in the material is uncertain due to uncertainties in
nuclear data using which the PKA energies are estimated. Hence, it is vital to quantify these
uncertainties. The uncertainties in Tgam and v(Tdam) are quantified here with the help of the
outputs from CRaD code to simulate Fe self-ions using the SRIM-2013 software according to the

procedure described in Chapter 4.

The damage energies and number of vacancies simulated using the PKA energies

estimated from different nuclear data libraries and for different irradiation spectra are presented
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in Table 5.4. In case of average PKA energies calculated using nuclear data from TENDL-2017,
the simulations are performed only with the mean energy and the upper and lower bounds of
energies after accounting their uncertainties. No simulations are performed with the average
PKAs from unperturbed data. Both the upper and lower bounds of the damage energy are
calculated as it depends non-linearly on the PKA energy, but within the range of PKA energies
and their uncertainties estimated here, the uncertainties in the damage energies are found to vary
approximately linearly. The uncertainties in damage energy and formation of primary defects are
estimated to be around 3% based on the random nuclear database in TENDL-2017. Since the
predictions of number of vacancies (defects) formed in the irradiated material can differ
depending on the nuclear data library used and the spectrum of irradiation, knowing their mean

values along with the nuclear data uncertainty is of significance.

Table 5.4: The nuclear data uncertainties in damage energy and defect production parameters for
Fe self-ion irradiations using SRIM-2013

Reactor PFBR core centre  JAEA-FNS DEMO-HCPB-FW ITERD-D ITERD-T PWR-RPV
ENDF/B-VII.1
PKA energy (keV) 37.2 237.4 172.3 50.8 172.8 53
Damage energy 26.7 142.2 108 35.7 108.3 37.1
(keV)
vacancies 267 1422 1080 357 1083 371
JENDL-4.0
PKA energy (keV) 37.7 289.2 213 54.7 215.2 57.2
Damage energy 27 167.7 129.8 38.2 131 39.8
(keV)
vacancies 270 1677 1298 382 1310 398
TENDL-2017
PKA energy (keV)® 38.1 293.4 214.9 54.9 217.1 58.5
PKA energy (keV)? 38.2+0.2 293.9+6.8 215.3+4.6 54.9+0.4  217.4+¢47  585%0.3
Damade ener 167 128.6 129.7
(Eev) 9y 27.4+0.2 170.1 131 38.30.3 132 40.620.2
173.1 1335 1345
1670 1286 1297
vacancies 274+2 1701 1310 383+3 1320 406+2
1731 1335 1345

a From unperturbed data; ® From random data files
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The absolute values of the number of vacancies will be smaller if arc-dpa model (Eq.
2.18) is used instead of NRT model, but the estimated nuclear data uncertainties will be similar.
The predictions of nuclear data uncertainties in the above parameters of primary radiation
damage, viz. dpa cross sections, PKA spectra, etc. depend on the availability of complete
information in the random nuclear data files which are used to propagate the uncertainties. The
random nuclear data files available as a part of TENDL-2015 provide more complete
information on the spectra of the recoil nucleus compared to the recent TENDL-2017 random
nuclear data. The nuclear data uncertainties in dpa/efpy, average PKA energy and the vacancies

are estimated to be about 6 to 7% by using the TENDL-2015 random files [99].

The PKA spectra and average PKA energies reflect the differential nuclear data more
directly than the dpa cross sections and the integrated dpa parameter, where, in the latter
quantities more functions like the calculations of damage energy and number of vacancies and
integration over them are involved. The correlations and uncertainties in these material physics
parameters also have effects in the estimation of the overall uncertainty of the dpa faced by the
material, which are not quantified in the present study. These can give rise to an additional 5 to
20% uncertainty component in the atom displacement rates [72]. The uncertainties in neutron
spectra (which are not considered here) also affect the overall uncertainty in the integrated

parameters, viz. integrated dpa and neutron spectra-averaged PKA energy.

5.7  Uncertainty in the production of gases due to nuclear data

The neutron cross sections for the production of charged particles in different libraries

differ from each other in many aspects, such as content of the data, their representations, absolute
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magnitudes, etc. Therefore, a survey is made from different basic evaluated nuclear data libraries

[100] in order to know the scope of theoretical predictions of gas production.
5.7.1 Survey of (n, CPO) cross sections from different basic evaluated nuclear data libraries

The sum of all the cross sections of neutron reactions producing hydrogen, deuterium,
tritium, helium-3 and helium-4are estimated using the data in different evaluated nuclear data
libraries such as ENDF/B-VII.1, JENDL-4.0, TENDL-2017 and ENDF/B-VIIIL.0in a multi-
grouped form using the CRaD code by following the procedure described in Chapter 2. A
summary of the cross sections available in various basic evaluated nuclear data files for these gas
production reactions in a few structural isotopes are presented in Table 5.5. The presence of data
in a database for the total production of a particle is represented by ‘Y’ for available and ‘N’ for
absence. The number of different channels for which the particle production cross sections are
given separately differs from one library to another. As an example, it is observed that one
library indicates the production of protons by giving only (n, p) reaction channel separately and
remaining in the lumped data in MT = 5, whereas, another library indicates that its total
production is due to contributions coming separately from (n, p), (n, n p) and (n, p a) etc.,
reaction channels. In another instance, it may be observed that one such basic evaluated nuclear
data library does not provide the numerical data of cross sections for the production of a
particular particle from any identified reaction channel, whereas, another such library provides a
non-zero production of that particle coming fully from at least one of the many possible reaction
channels. Note that, for most of the isotopes presented in Table 5.5, the production cross section
of 3He is absent from ENDF/B-VII.1 and ENDF/B-VI11.0, but in JENDL-4.0 and TENDL-2017,
the same is non-zero for many of these isotopes. Also, there can be large differences in some

activation reaction channels such as total deuteron, triton and *He productions among the data in
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different basic evaluated nuclear data libraries [100]. Note for example, the cross section data for
the productions of deuteron, triton and 3He in ®Fe are not present in JENDL-4.0, but they are
present in the other three nuclear data libraries (see Table 5.5). Hence, the differences in the
content of data and the absolute magnitudes of reaction cross sections in different nuclear data
libraries can lead to variations in the theoretical estimates of gas production from neutron

induced transmutation reactions.

Table 5.5: The summary of total charged particle production cross section data in different basic
evaluated nuclear data libraries

Availability of total particle production cross section data
Target Proton Deuteron Triton 3He Alpha
Al A2 A3 A4 | Al A2 A3 A4 |Al A2 A3 A4 | Al A2 A3 A4 | Al A2 A3 A4
Fe Y Y Y Y|Y N Y YN N Y YN N Y Y|]Y Y Y Y
6Fe Y Y Y ¥Y|Y N Y Y|Y N Y ¥Y|Y N Y Y|Y Y Y Y
SFe Y Y Y YN N Y Y|N N Y Y|N N Y Y|Y Y Y Y
8Fe Y Y Y YN N Y Y|N N Y Y|N N Y Y|Y Y Y Y
BN Y Y Y Y|Y Y Y YN Y Y Y|IN Y Y N|Y Y Y Y
N Y Y Y Y|Y Y Y Y|Y Y Y ¥Y¥Y|Y Y Y Y|Y Y Y Y
SONi Y Y Y Y|Y Y Y YN Y Y Y|IN Y Y N|Y Y Y Y
BINi Y Y Y YN Y Y YN Y Y Y|IN Y Y N|Y Y Y Y
82Ni Y Y Y ¥Y|Y Y Y YN Y Y YN Y Y N|]Y Y Y Y
84Ni Y Y Y ¥Y|Y Y Y YN Y Y YN Y Y N|]Y Y Y Y
S0Cr Y Y Y ¥Y|Y Y Y YN Y Y N|IN Y Y N|]Y Y Y Y
S2Cr Y Y Y YN Y Y N[N Y Y NN Y Y N|]Y Y Y Y
S5Cr Y Y Y YN Y Y NN Y Y NN Y Y N|]Y Y Y Y
S4Cr Y Y Y Y|N Y Y N|N Y Y N|N Y Y N|Y Y Y Y
5Mn Y Y Y Y|Y Y Y Y|Y Y Y ¥Y¥Y|Y Y Y Y|Y Y Y Y
2c - - Y Y| - - Y Y - - N N - - N N - - Y Y
13c - - N N - - N N - - N N - - N N - - Y Y
natC| Y Y - -y Y - - N N - - N N - - Y Y - -
28g;j Y Y Y Y|Y N Y Y|N N Y N|N N Y N|Y Y Y Y
2g;j Y Y Y YN N Y NN N Y NN N Y N|]Y Y Y Y
0gj Y Y Y YN N Y NN N Y NN N Y N|]Y Y Y Y
o Y Y Y ¥Y|Y Y Y Y|Y Y Y YN N N N|]Y Y Y Y
ug Y Y Y YN Y N N|Y Y Y YN N N N|]Y Y Y Y
Mo | Y Y Y Y|Y Y Y Y|Y Y Y ¥Y|Y Y Y Y|Y Y Y Y
Mo | Y Y Y Y|Y Y Y Y|Y Y Y Y|Y Y Y Y|Y Y Y Y
Mo | Y Y Y Y|N Y Y N|N Y Y N|N Y Y N|Y Y Y Y
Mo | Y Y Y Y|Y Y Y Y|Y Y Y Y|N Y Y N|Y Y Y Y
Mo | Y Y Y Y|Y Y Y Y|Y Y Y Y|Y Y Y Y|Y Y Y Y
Mo | Y Y Y Y|Y Y Y Y|Y Y Y Y|N Y Y N|Y Y Y Y
®Mo | Y Y Y Y|Y Y Y Y|Y Y Y Y|N Y Y N|Y Y Y Y
WMo | Y Y Y XYY Y Y Y]Y Y ¥ YIN Y XY N|]Y Y Y Y
* Al, A2, A3, A4 means, respectively, ENDF/B-VII.1, JENDL-4.0, TENDL-2017, ENDF/B-VIII.0
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5.7.2 Comparison of concentrations of gases in structural elements between libraries

The concentrations of hydrogen and helium gases produced in some elements due to
irradiation in PFBR core centre, ITER-DT and PWR-RPV neutron spectra are calculated by the
CRaD code from different libraries (see Table 5.6).In general, good agreement can be observed,
apart from some exceptions. As for examples, note the differences in the predictions from
different libraries in the amounts of total helium produced in Cr in PFBR core centre and ITER-
DT spectra [100]. Also note the differences in the production of helium in Fe (in PFBR core
centre spectrum) and in Si (in ITER-DT spectrum). These differences are due to large variations
in helium production cross sections in some energy regions when data from different libraries are

used.

Table 5.6: Production of hydrogen and helium due to neutron interactions in structural elements

Gas produced in ~ 6.3 years (appm)

Element NZZizar Hydrogen Helium
PFBR core centre ITER-DT PWR-RPV  PFBRcorecentre ITER-DT PWR-RPV

E7.17 934 1680 4.3e-2 65.4 408 6.5e-3

Fe J4.0 938 1860 4.38e-2 50.6 366 4.94e-3
T17 915 1760 4.43e-2 39.2 401 4.19e-3
E8.0 912 1550 4.37e-2 44.7 405 4.51e-3
E7.1 13600 6630 0.46 927 954 4e-2

Ni J4.0 13500 6790 0.459 1100 922 4.24e-2
T17 13400 7140 0.472 885 836 3.57e-2
E8.0 13100 6560 0.462 1000 913 4.23e-2
E7.1 468 1240 2.74e-2 48.1 270 3.98e-3

cr J4.0 326 1270 2.05e-2 18.5 337 2.17e-3
T17 464 1430 2.81e-2 18.1 331 2.2e-3
E8.0 468 1240 2.74e-2 48.1 270 3.98e-3
E7.1 2.71e-2 0.741 0 146 667 0

C J4.0 2.48e-2 1.69 0 163 719 0
T17 2.68e-2 0.733 0 145 664 0
E8.0 2.68e-2 0.733 0 145 664 0
E7.1 940 2940 7.91e-2 448 1700 4.03e-2

. J4.0 788 2740 7.22e-2 379 1950 4e-2

Si T17 788 2840 7.2e-2 456 2420 4.79-2

E8.0 940 2940 7.91e-2 448 1700 4.03e-2

*E7.1,J4.0, T17, E8.0 respectively means ENDF/B-VII.1, JENDL-4.0, TENDL-2017 and ENDF/B-VIII.0
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5.7.3 Uncertainty in gas production and activation cross sections

The gas production and total activation cross sections in >* °6 5. 38Fe are calculated by the
CRaD code using the random ENDF-6 files in TENDL-2017. The corresponding random cross
sections in elemental Fe are then computed from these isotopic cross sections (by weighing with
their abundances). The ratios of the mean to the unperturbed cross sections for the gas production
reaction channels in *®Fe are found to deviate up to a maximum of about 20% from unity and the
energy-wise distributions of these cross sections are skewed [100]. In case of total activation
reaction channel in >°Fe, the energy-wise uncertainties, the deviations of the ratios of mean to
unperturbed cross sections from unity and the distributions of the cross sections from Gaussian
behavior are found to be smaller, as compared to the gas production reaction channels. In *Fe,
the correlations in cross sections between different activation reaction channels are moderate.
The correlations in (n, p), (n, a) and (n, total activation) cross sections between the four isotopes

of Fe are small [100].

The neutron spectra averaged activation cross sections in Fe, their uncertainties and the
skewness values are presented in Table 5.7. The reference cross sections obtained by using the
unperturbed data sets are also presented here. The maximum uncertainties in spectrum averaged
one-group hydrogen, helium, deuterium, tritium and helium-3 production cross sections in
various neutron spectra are found to be around 16%, 31%, 54%, 56% and 30% respectively. The
uncertainties in total activation cross sections in Fe subjected to irradiation in PFBR core centre,
ITER-DT and PWR-RPV neutron spectra are found to be 1%, 3.7% and 4.3% respectively.
These uncertainties are less compared to the uncertainties seen in the partial activation cross
sections. In fact, the total cross sections as well as the total activation cross sections of neutrons

(sum of all partial activation channels) can be determined relatively more accurately as compared
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to the production of charged particles in individual reactions, at higher energies. Also, the

uncertainties and the deviations from linearity (i.e. unity value of the ratio of mean to

unperturbed data) and Gaussian behavior are smaller in the total activation cross sections.

Table 5.7: Unperturbed, mean values and nuclear data uncertainties in neutron spectra-averaged
activation cross sections in Fe estimated using random data files in TENDL-2017

Particle production

Statistical parameter

Spectrum-averaged one group cross section (barns)

PFBR core centre ITER-DT PWR-RPV
Unperturbed 5.82e-4 4.06e-2 1.95e-3
(n, xp) Mean + uncertaint 5.91e-4 + 7.64e-5 4.14e-2 + 6.46e-3 1.97e-3 £ 2.07e-4
' XP * y (12.9%) (15.6%) (10.5%)
Skewness 0.133 0.468 0.04
Unperturbed 7.66e-8 8.49%-4 2e-6
(n, x d) Mean + uncertaint 8.77e-8 £ 2.49e-8 9.83e-4 £ 3.03e-4 2.3e-6 + 6.8e-7
' * y (28.4%) (30.8%) (29.6%)
Skewness 0.737 0.782 0.74
Unperturbed 2.3e-10 5.44e-7 5.02e-9
(n, x 1) Mean + uncertaint 2.77e-10 £ 1.21e-10 6.74e-7 £ 3.62e-7 6.04e-9 + 2.41e-9
* = y (43.6%) (53.7%) (39.9%)
Skewness 0.757 0.809 0.682
Unperturbed 3.71e-12 7.71e-9 7.02e-11
(n, x °He) Mean + uncertaint 5.04e-12 + 2.8e-12 8.98e-9 + 3.7¢-9 9.32e-11 + 4.77e-11
' - y (55.7%) (41.2%) (51.2%)
Skewness 1.24 1.02 1.26
Unperturbed 3.13e-5 8.31e-3 2.1e-4
(n. x ) Mean + uncertaint 3.22e-5 + 5.55e-6 8.69¢-3 + 2.6e-3 2.17e-4 £ 3.79e-5
’ = y (17.2%) (29.9%) (17.5%)
Skewness 0.36 0.656 0.434
Unperturbed 1.21e-2 0.21 7.42e-2
. . 1.2e-2 + 1.15e-4 0.21+7.7e-3 7.41e-2 + 3.22¢-3
(n, total activation)  Mean % uncertainty (1%) (3.7%) (4.3%)
Skewness 0.87 -0.045 -0.085

5.7.4 Uncertainty in the concentrations of produced gases

The five different species of gases produced in Fe and their nuclear data uncertainties for

different irradiation times in PFBR core centre, ITER-DT and PWR-RPV spectra are estimated

from TENDL-2017 by the CRaD code. The uncertainties in the productions of hydrogen and
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helium are found to be lower compared to those in the production of deuterium, tritium and
helium-3. The distributions of concentrations of gases produced at each time are also found to be
skewed. The predicted values of the concentrations of these gases in Fe after about 6.3 years of
irradiation in various spectra, along with their associated uncertainties and values of skewness
are presented in Table 5.8. The uncertainties and skewness for other time periods of irradiations
are also in the similar ranges. The maximum uncertainties in the production of hydrogen, helium,
deuterium, tritium and helium-3 are about 16%, 31%, 54%, 56% and 30% respectively. Note that
the uncertainties in the concentrations of produced gases and those in the spectra averaged one-

group cross sections are comparable to each other.

Table 5.8: Unperturbed, mean values and nuclear data uncertainties in concentrations of gases
produced in Fe for 6.3 years of irradiation, estimated using random data files in TENDL-2017

Concentration of gas (appm)

Gas  Statistical parameter —5rgR sore centre ITER-DT PWR-RPV
Unperturbed 913 1700 4.36e-2
. 927 £119 1730 £ 270 4.42e-2 + 4.64e-3
Hydrogen Mean * uncertainty (12.8%) (15.6%) (10.5%)
Skewness 0.138 0.453 0.11
Unperturbed 0.121 35.5 4.55e-5
. . 0.139 + 3.95e-2 41.1+12.7 5.16e-5 + 1.52e-5
Deuterium Mean + uncertainty (28.4%) (30.8%) (29.5%)
Skewness 0.737 0.784 0.748
Unperturbed 3.62e-4 2.27e-2 1.14e-7
. . 4.38e-4 +1.91e-4 2.81e-2 £ 1.51e-2 1.36e-7 £ 5.41e-8
Tritium Mean * uncertainty (43.7%) (53.7%) (39.9%)
Skewness 0.754 0.81 0.674
Unperturbed 5.82¢-6 3.22e-4 1.56e-9
I + . 7.9e-6 + 4.3%-6 3.75e-4 + 1.54e-4 2.09e-9 + 1.07e-9
Helium-3 Mean + uncertainty (55.6%) (41.2%) (51.1%)
Skewness 1.24 1.02 1.27
Unperturbed 49.5 347 4.77e-3
. . 51+8.8 363 + 109 4.86e-3 + 8.5e-4
Helium-4 Mean + uncertainty (17.2%) (29.9%) (17.5%)
Skewness 0.334 0.652 0.466
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5.8  Uncertainty in neutron kerma coefficients due to nuclear data

The uncertainties in neutron kerma coefficients due to the uncertainties in nuclear data
are estimated by using the random ENDF-6 nuclear data files in TENDL-2015. The choice of
TENDL-2015 over TENDL-2017 for the present study is decided based on the fact that more
detailed data on the distribution of the secondary particles and recoil nuclei are available as a part
of TENDL-2015, but not in TENDL-2017 random files (as mentioned earlier in Section 5.5 and
5.6). The neutron kerma cross sections are computed in 175 and 198 energy group structures by
using the CRaD code and integrated neutron heating rates for PFBR core centre, ITER-DT and
PWR-RPV neutron spectra are estimated (using Eq. 3.8). The integrated neutron heating rates
obtained by using the nuclear data from different libraries, such as ENDF/B-VII.1, JENDL-4.0,
TENDL-2014 and TENDL-2015 are also compared.

5.8.1 Contributions of partial neutron reactions to kerma uncertainty

Similar to the study described in Section 5.4.1, the uncertainties of nuclear data in the
partial reaction-wise neutron kerma coefficients are estimated by using the random files in
TENDL-2015. An illustration for the case of irradiation of *®Fe in the PFBR core centre neutron
spectrum is presented in Table 5.9 [113]. The unperturbed and mean values of the contributions
from different reactions to the neutron heating rates, along with their uncertainties due to nuclear
data are calculated. Note, for the PFBR core centre spectrum, most of the neutron heating is due
to elastic scattering and inelastic scattering reaction (about 82% and 16% respectively). The
uncertainties in neutron heating from these two reactions are about 6% each. The contribution of
all other CPO reactions (remaining thresholds) to total neutron heating is only about 1.2%, but it

has an uncertainty of about 41%. The uncertainty in total neutron heating in *Fe is found to be
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about 5% for this spectrum. The distribution of neutron heating parameter is also found to be

skewed.

Table 5.9: Uncertainties of nuclear data in the partial reaction-wise contributions to neutron
kerma in %®Fe for irradiation at PFBR core centre calculated by CRaD using the TENDL-2015

Neutron Heating (W / kg)

Reactions Unperturbed value ~ Mean of random data* Nuclear data uncertainty Skewness
Elastic 427 427 23.7(5.55%) 1.3e-3
Inelastic 89.5 86.4 4.89 (5.66%) -0.54
(n,y) 5.20e-2 5.35e-2 1.88e-3 (3.51%) 0.17
(n, 2n) 1.81e-2 1.71e-2 3.75e-3 (21.93%) 0.31
Remaining thresholds 4.83 6.17 2.51 (40.68%) 1.66
Total 522 520 24.2 (4.65%) -1.3e-2

*using random files in TENDL-2015

5.8.2 Comparison of neutron kerma coefficients from different libraries

The uncertainties of nuclear data in the neutron kerma coefficients of a few structural
isotopes, viz. *®Fe, *®Ni, 2Si and “®Ti for irradiations in PFBR core centre, ITER-DT and PWR-
RPV neutron spectra are calculated by the CRaD code. Approximately, 300 random files (see
Table 5.1) for each of these isotopes are used here for propagating the uncertainties. The
unperturbed neutron kerma coefficients, their mean values and uncertainties of these isotopes are
presented in Table 5.10. The unperturbed values of the neutron kerma coefficients from other
basic evaluated nuclear data libraries are also presented here. The uncertainties are found to vary
with the neutron spectrum under consideration. The maximum uncertainties estimated are as
follows: 28.7% in 5®Fe (for ITER-DT), 12.6% in >®Ni (for ITER-DT and PWR-RPV), 9% in 28Si
(for ITER-DT) and 20.7% in *Ti (for ITER-DT). In most of the cases presented here, the
estimated neutron kerma coefficients from different libraries are found to be within the
uncertainties of nuclear data. However, the neutron kerma coefficients in *Ni, 2Si and *Ti in

some spectra from ENDF/B-VII.1 and JENDL-4.0 libraries are found to be slightly outside the
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ranges of calculated uncertainties. Note, unlike in case of dpa cross sections, material physics
parameters are not involved in neutron heating, but the required basic evaluated nuclear data in
this case is more in terms of the distributions of charged particles. An estimation of neutron
heating rates in °®Fe in PFBR core centre and ITER-DT spectra using the TENDL-2017 random
files (where energy distributions of the recoil nucleus are not available) has yielded the nuclear
data uncertainties as 2.5%and 12% respectively [127]. This is comparatively lower than the

respective uncertainties obtained using the TENDL-2015 random files.

Table 5.10a: Comparison of total neutron kerma coefficient in 6Fe in various neutron spectra
calculated using different basic evaluated nuclear data libraries

Reactor Neutron Heating (W / kg)

E7.1 J4.0 T142 T15 Mean + uncertaintyb
PFBR: core centre 518 519 523 522 520+ 24.2
ITER D-T 136 121 113 112 141 £40.5
PWR-RPV 1.06e-2 1.05e-2 1.02e-2 1.02e-2 1.03e-2 + 4.29%¢-4

aT14 = TENDL 2014, T15 = TENDL-2015: ® from random files in TENDL-2015

Table 5.10b: Comparison of total neutron kerma coefficient in 8Ni in various neutron spectra
calculated using different basic evaluated nuclear data libraries

Neutron Heating (W / kg)

Reactor -
E7.1 J4.0 T14 T15 Mean + uncertainty

PFBR: core centre 1110 915 1090 1090 1070 + 111

ITER D-T 487 495 492 494 490+61.4
PWR-RPV 3.32e-2 2.45e-2 3.15e-2 3.15e-2 3.10e-2 + 3.90e-3

Table 5.10c: Comparison of total neutron kerma coefficient in 28Si in various neutron spectra
calculated using different basic evaluated nuclear data libraries

Neutron Heating (W / kg) (mean + uncertainty)

Reactor

E7.1 J4.0 T14 T15 Mean + uncertainty
PFBR: core centre 2170 2030 2020 2020 2050 £ 70.6
ITER D-T 565 613 583 582 579 £52.2
PWR-RPV 4.60e-2 4.09e-2 4.29e-2 4.29e-2 4.33e-2 + 1.47e-3
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Table 5.10d: Comparison of total neutron kerma coefficient in “8Ti in various neutron spectra
calculated using different basic evaluated nuclear data libraries

Neutron Heating (W / kg) (mean * uncertainty)

Reactor -
E7.1 J4.0 T14 T15 Mean £ uncertainty
PFBR: core centre 784 837 769 769 756 +51.8
ITER D-T 129 147 99.4 99.4 107 +22.2
PWR-RPV 1.44e-2 1.49e-2 1.33e-2 1.33e-2 1.30e-2 + 9.41e-4

5.9 Summary

The TMC methodology is applied with the help of the CRaD code to propagate the
uncertainties in nuclear data to the uncertainties in the parameters of primary radiation damage.
It is observed that predictions of these parameters by using different basic evaluated nuclear data
libraries differ from one another. In such instances, it will be wise to use the mean value of the
parameters along with their nuclear data uncertainties which are calculated according to the

TMC methodology by using a large number of ENDF-6 random nuclear data files.

The nuclear data uncertainties in total integrated dpa, average PKA energy, damage
energy and number of vacancies produced in the material are estimated to be around 6 to 7%.
However, the uncertainties in energy-wise variations of dpa cross sections (with neutron energy)
and PKA spectra (with recoil energy) are found to be larger and vary with energy. The TMC
methodology propagates uncertainty in a non-linear way by incorporating correlations between
different nuclear physics parameters. Hence, when applied in a similar way, it can help to
understand how the non-negligible correlations between various parameters of the damage
energy function and atom-displacement models affect their final uncertainties [119]. The
uncertainties in the gas production cross sections and concentrations of gases in elemental Fe are

found to vary in the range between 16% and 56%, with the larger uncertainties being observed in
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case of tritium and helium-3 gases. The uncertainties in neutron kerma coefficients are found to
be in the range of 9 to 29%. The distributions of the parameters of primary radiation damage
obtained by using the random ENDF-6 files are found to be non-Gaussian. The energy-energy
correlation coefficients of these parameters are found to be non-negligible is some cases, which

can be used to fine-tailor basic evaluated nuclear data.
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Chapter 6

Summary and Future Scope

6.1  Summary of the thesis

The primary radiation damage phenomena occur in materials in about first 100
picoseconds of the interaction between incoming radiations with matter. It is generally quantified
by estimating the damage metrics, viz. PKA spectra, dpa cross sections, gas production cross
sections and heating cross sections, by using neutron interaction data from evaluated nuclear data
libraries. This study is very important to enable accurate assessment of radiation damage of core
structural materials in a nuclear reactor for ensuring its safe and economic operation.

There have been continuous efforts worldwide towards improving the basic evaluated
nuclear data, particularly focusing on comprehensive evaluation of the covariances of data and
making the evaluations more complete and general purpose. Several collaborative efforts have
also been made to model the displacement damage phenomena more realistically and achieve
consistency with the observations made in irradiation experiments. These collective efforts and
improvements in the basic evaluated nuclear data and modeling of displacement damage quite
essentially demand of investigating their effects on the estimation of the metrics of primary
radiation damage. There exist a number of basic evaluated nuclear data libraries such as
ENDF/B-VII.1, JENDL-4.0, ENDF/B-VIII.0, JEFF-3.3, TENDL-2017, etc. which result from
the evaluations using different fundamental nuclear physics models, computer codes, subjective
assessments and methodologies by the evaluators of nuclear data. The metrics of primary
radiation damage estimated using different such basic evaluated nuclear data libraries show

differences among them and have associated uncertainties which are due to nuclear data. The
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recently proposed and widely applied TMC methodology is realized as feasible to apply for the
propagation of these uncertainties from nuclear data to the metrics of primary damage. It is also
observed that the dpa cross sections in polyatomic materials are generally computed
unrealistically by weighted addition of individual elemental contributions and alternatively, in a
pragmatic approach by considering databases of interactions between different sub-lattices in the
Parkin-Coulter method. The latter method is however limited to application only in case of few-
component polyatomic materials. Thus, a need is perceived to devise a computationally viable
method to estimate dpa cross sections in polyatomic structural materials. However, it is
appreciable that a dedicated computational tool is necessary in order to perform the above noted
investigations in a detailed manner. There has been a long-standing lack of availability of such a
tool. Hence, the requirement of these investigations being self-inspiring, it is targeted to
overcome the challenge of developing the computer code needed for the study. In this thesis, the
following works are performed to address the above objectives and challenges:
(@) Development of a computer code CRaD

A computer code CRaD is developed to quantify the metrics of primary radiation damage
of structural materials by neutrons, viz. PKA spectra, dpa cross sections, production of gases,
heating cross sections and their respective spectra-integrated quantities, by using the data in
latest basic evaluated nuclear data libraries. It post-processes the neutron cross sections from pre-
processed File 3 and other necessary data from Files 1, 4, 5, 6, 12 and 15 of the raw evaluated
nuclear data file to estimate the metrics according to the ENDF-6 standard procedures. The
databases of these metrics generated using the CRaD code are compiled into a library named as

CRaD-PRDL 1.0 for future fast reactor design purposes.
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(b) Comparison of CRaD results with standard codes and data

The results of CRaD code are compared with the reported data such as ASTM E693-12
standard dpa cross sections in iron, JEFF-3.3 dpa database, etc.; reported data in literature and
other standard codes such as NJOY-2016, NJOY21, RECOIL and SPECTER. The agreements

observed in these exercises are satisfactory.

While performing validation of CRaD code with the NJOY-2016 code, a discrepancy is
noted in the computation of dpa cross sections using NJOY-2016 code with respect to the
application of the complete NRT model. This is illustrated in case of *®Fe. In some cases, it is
observed that NJOY-2016.31 and NJOY21 codes generate the (n, p) and (n, a) cross sections
(which are incomplete, not containing the continuum contributions), even though they are not
completely disentangled in the original evaluation. These are noted in case of isotopes of Fe from

ENDF/B-VIII1.0 and >>*Mn from ENDF/B-VII.1 and ENDF/B-VIII.0.

The neutron heating cross sections computed by applying the direct method in the CRaD
code are found to differ with the values obtained from the energy balance method applied in
NJOY-2016 code in the incident energy region where contributions from both recoil nucleus and
light charged particles to the heating by direct method are important. The direct method as used
in CRaD code is found to be advantageous because the heating values are always positive and
damage cross sections due to atom-displacement phenomena (where only heavy recoil nuclei are

considered) can be compared to the heating cross sections in a more apparent way.
(© Neutron spectrum dependence of primary radiation damage metrics

The dependences of the damage metrics on neutron spectra are investigated in detail by
using the recent basic evaluated nuclear data libraries. The effect of fast and thermal fission and
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fusion neutron spectra on the four metrics of primary radiation damage are demonstrated
elaborately. The incident neutron spectrum at the location of application of the structural material
plays an important role in the determination of the integrated damage parameter. In addition to
the neutron spectrum, the neutron energy-wise variations of PKA spectra, dpa cross sections, gas
production cross sections and heating cross sections in the particular material also determine the

magnitudes of the corresponding spectrum integrated parameters.

(d) Development of a novel method to estimate dpa in polyatomic materials

A new method is proposed to compute neutron dpa cross sections in elemental and
polyatomic materials by performing simulations with self-ions using the SRIM-2013 code. This
method is envisaged to be useful in correlating the primary radiation damage due to neutrons by
using corresponding energy self-ions in the irradiation experiments and modern simulation
techniques like MD, BCA, MC, etc. It is shown that the source term of neutron-induced primary

radiation damage, i.e. dpa can be determined equivalently by applying the self-ion simulations.

(e) Implementation of arc-dpa model in regular applications

Apart from the NRT model, the improved arc-dpa model is also implemented in the
CRaD code to estimate the primary displacement damage in materials. It is shown that the arc-
dpa model along with its set of parameters can reproduce the primary damage phenomena as
observed in irradiation experiments and realistic simulations. Hence, it is established that this
model can be used in regular applications to predict primary radiation damage more realistically,

without having to depend on the extensive MD simulations each time.
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()] Proposal for rescaling of measured damage to the improved dpa predictions

The rescaling of experimentally observed changes in the properties of materials (such as
hardness, electrical resistivity, swelling, etc.) with the improved values of dpa obtained using the
improved nuclear data and displacement damage modeling of materials is necessary in order to
be consistent with the recent improvements. The measured parameters of radiation damage can
be rescaled with the improved dpa without affecting their designed time limits of operation in the

radiation environment.

(9) Nuclear data uncertainties and statistical parameters for primary radiation damage

metrics by TMC methodology

The uncertainties of nuclear data in the metrics of primary radiation damage are
quantified for a few important structural isotopes by applying the TMC methodology in the
indigenously developed code, CRaD. The large number of ENDF-6 random files in TENDL-
2015 and TENDL-2017 are used to propagate the uncertainties and random databases of the
derived damage metrics are generated. The statistical quantities such as mean, standard
deviation, skewness and correlation coefficients of the damage metrics are estimated. The
metrics computed using other basic evaluated nuclear data libraries are compared with their
corresponding mean values obtained using the random files. In most cases the estimations using
different libraries are found to be within the quantified nuclear data uncertainties, with some
exceptions. The distributions of the metrics are found to be non-Gaussian. The non-negligible
inter-channel and inter-isotope energy-energy correlations of the metrics can be used to adjust

and fine-tailor nuclear data to achieve the desired accuracy of derived quantities.
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To conclude, this thesis work has successfully developed and validated an indigenous
computer code CRaD, which has helped to extensively investigate the effects of improvements in
the evaluated nuclear data and displacement damage modeling on the metrics of primary
radiation damage. These improvements are found to hold significant impacts in the estimation of
the damage metrics. The study has also logically justified the necessity to rescale the measured
damage with the improved values of dpa, proposed a new method to compute dpa cross sections
in polyatomic materials using self-ion simulations and quantified the nuclear data uncertainties

in the damage metrics by applying the TMC methodology.

6.2  Scope of future study
@ The computer code CRaD can be made to perform calculations in a more efficient
manner. The features that can be included to improve its capabilities are as follows:

Q) A detailed study to calculate the spectra of recoil atoms from the nuclear reaction
models and measured experimental data in various reactions induced by neutrons
and other particles can be made.

(i) Methodologies to simulate displacement damages in polyatomic targets can be
revisited and developed further. The dpa cross sections in materials such D-9
steel, Eurofer97 ferritic steel, etc can be computed by the proposed method of
self-ion simulations using the SRIM-2013 code and compared with the existing
data from standard method.

(ili))  The metrics of primary radiation damage due to other incident particles like
proton, deuteron, alpha and gamma can be estimated from the respective nuclear

data libraries.
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(b)

(©)

(d)

(€)

(iv)  Methodologies to compute primary radiation damage due to higher (> 20 MeV)
energy particles can be developed.

(V) The time-dependent transmutation effects of structural nuclides under various
irradiation spectra and the build-up of inventories can be simulated in a detailed
manner.

(vi)  The effect of energy self-shielding can be included in the calculation of the dpa
cross sections, kerma cross sections and gas production rates.

(vii) The energy balance method to compute neutron heating cross sections can be
developed.

The library CRaD-PRDL 1.0 can be extended further by performing computation of the

metrics of primary radiation damage for more materials from different ENDF-6 libraries

and also by developing the methodologies discussed in points (a) (i) to (vii).

The uncertainties in dpa cross sections due to uncertainties in the parameters of PKA

energy partition function and in the parameters of atom displacement damage models can

be rigorously quantified. The knowledge of the probability distributions of these material
physics model parameters can help to perform the propagation of these uncertainties by
an approach similar to that of the TMC methodology.

Experiments to measure the heating, production of gases and displacement damage due to

interactions of neutrons in structural materials can be carried out to validate the theories

and models that are developed in the CRaD code.

The self-ion plus arc-dpa methodology can be extended for the important polyatomic

materials by finding their corresponding model parameters.
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Appendix A: Typical Energy Group Structure

The point cross sections data have been multigrouped into various energy group
structures for applications in different neutron spectra. A typical energy group structure used in

the study is presented in Table A.1, for illustration.

Table A.1: The 100 energy group structure [43]

Group Neutron Group Neutron Group Neutron Group Neutron
Number  energy (eV)  Number  energy (eV) Number  energy (V)  Number  energy (eV)

1 1.00E-04 31 5.70E+02 61 4.00E+05 91 1.00E+07
2 1.00E-03 32 7.60E+02 62 4.50E+05 92 1.10E+07
3 1.00E-02 33 9.60E+02 63 5.00E+05 93 1.20E+07
4 2.30E-02 34 1.28E+03 64 5.50E+05 94 1.30E+07
5 5.00E-02 35 1.60E+03 65 6.00E+05 95 1.40E+07
6 7.60E-02 36 2.00E+03 66 6.60E+05 96 1.50E+07
7 1.10E-01 37 2.70E+03 67 7.20E+05 97 1.60E+07
8 1.70E-01 38 3.40E+03 68 7.80E+05 98 1.70E+07
9 2.50E-01 39 4.50E+03 69 8.40E+05 99 1.80E+07
10 3.80E-01 40 5.50E+03 70 9.20E+05 100 1.90E+07*
11 5.50E-01 41 7.20E+03 71 1.00E+06

12 8.40E-01 42 9.20E+03 72 1.20E+06

13 1.28E+00 43 1.20E+04 73 1.40E+06

14 1.90E+00 44 1.50E+04 74 1.60E+06

15 2.80E+00 45 1.90E+04 75 1.80E+06

16 4.20E+00 46 2.50E+04 76 2.00E+06

17 6.30E+00 47 3.20E+04 77 2.30E+06

18 9.20E+00 48 4.00E+04 78 2.60E+06

19 1.30E+01 49 5.20E+04 79 2.90E+06

20 2.10E+01 50 6.60E+04 80 3.30E+06

21 3.00E+01 51 8.80E+04 81 3.70E+06

22 4.50E+01 52 1.10E+05 82 4.10E+06

23 6.90E+01 53 1.30E+05 83 4.50E+06

24 1.00E+02 54 1.60E+05 84 5.00E+06

25 1.30E+02 55 1.90E+05 85 5.50E+06

26 1.70E+02 56 2.20E+05 86 6.00E+06

27 2.20E+02 57 2.50E+05 87 6.70E+06

28 2.80E+02 58 2.90E+05 88 7.40E+06

29 3.60E+02 59 3.20E+05 89 8.20E+06

30 4.50E+02 60 3.60E+05 90 9.00E+06

*upper limit = 2.00E+07
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