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Abstract — The operation of many nuclear pressurized water reactors is being extended beyond their design
lifetime threshold. From the perspective of possible further lifetime extension, satisfying safety requirements is
a priority. Characterization of the structural integrity of the reactor pressure vessel (RPV) is an important issue as it
is a guiding parameter that influences the reactor lifetime. Embrittlement of RP) material is primarily induced by
the bombardment of fast neutrons (with energies greater than 1 MeV). Consequently, fast neutron fluence is one of
the quantities used by safety authorities fo characterize the structural integrity of RPV. However, fiture RPV aging
assessments might lean on new variables with respect to current laws, such as neutron fluence considering the
whole neutron spectrum or displacements per atom (dpa) since the latter is more representative of overall damage
generated in the RPV. In order to meet these challenges, a versatile calculation scheme for RPYV aging assessments is
proposed in this paper. The developed methodology allows one to compute (fast and non-fast) neutron fluence as
well as dpa rate, using the Norgett-Robinson-Torrens dpa model and the Athermal Recombination Corrected dpa
model, for a wide azimuthal and axial range on the RPVand in the capsules of the aging monitoring program (which
contain dosimeters and vessel material samples). This methodology is based on a coupling between deterministic
(CASMOS and SIMULATES) and Monte Carlo (MCNP6) numerical approaches. First, the deterministic approach
is used to evaluate the fitll-core fission neutron source term. Second, Monte Carlo modeling is used to perform the
neutron attenuation from the core fo sites of interest, such as the RPV. The computational efficiency, accuracy, and
potential benefits of the methodology are presented. Moreover, the frequency at which neutron transport calcula-
tions should be performed in order to obtain sufficiently accurate time-integrated data over a reactor cycle is
discussed. Finally, the validity of the fast neutron fluence as an indicator of RPV aging is compared against the use

of dpa.

Keywords — Nuclear safety, vessel aging, fast neutron fluence, displacements per atom, neutronics.

Note — Some figures may be in color only in the electronic version.

|. INTRODUCTION

The lifespan of nuclear power plants and their extension
are strongly related to the aging of the reactor pressure vessel

*E-mail: romain.vuiart@gmail.com

This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which
permits non-commercial re-use, distribution, and reproduction in
any medium, provided the original work is properly cited, and is not
altered, transformed, or built upon in any way.

(RPV) due to neutronic irradiation. Indeed, irradiation-
mduced displacement damage causes the reactor vessel to
embrittle throughout its operating lifetime. This embrittle-
ment is primarily induced by the bombardment of fast neu-
trons (i.e., with energies greater than 1 MeV) (Ref. 1), which
displaces atoms from their lattice site. To monitor this embrit-
tlement, the majority of RPVs have an individual irradiation
surveillance program.?* These surveillance programs include
so-called capsules that are usually composed of vessel mate-
rial specimens for mechanical tests of strength and toughness
as well as dosimeters. These capsules are usually attached to
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the core barrel or the thermal neutron shield, so the specimens
receive a neutron flux higher than the neutron flux at the
vessel. Thus, their state of embrittlement 1s more advanced
with respect to the RPV inner wall. These capsules are with-
drawn during plant outages, when predefined fast neutron
fluence (fast neutron flux integrated over time) levels have
been reached. The mechanical tests performed on the speci-
mens allow—in conjunction with the data provided by the
dosimeters—one to establish an empirical correlation
between the accumulated fast neutron fluence and the struc-
tural mtegrity of the vessel.

Estimations of the fast neutron fluence in the vessel can
be carried out by numerical simulations, and various
approaches have been developed worldwide to perform
such estimations.*”” However, fast neutron fluence estima-
tions by numerical simulations are subject to large uncertain-
ties [between 10% and 20% (Refs. 8, 9, and 10), which can
represent about 5 to 15 years of operating time]. These uncer-
tainties are due to nuclear data,'’ approximations in the
modeling,'* geometrical uncertainties, ctc. Moreover, as reac-
tors are aging, the fast neutron fluence accumulated at the
RPV may approach the safety limit value evaluated by the
surveillance program, and the reactor operation may be mod-
ified. Such modifications of operation may result in various
spatial and energetic neutron fluence distributions at the RPV.
For these reasons, there is a need to better quantify the
uncertainty of aging estimations. Furthermore, the validity
of the surveillance programs for every reactor configuration/
management and positions on the vessel can be questioned.
Consequently, the issues related to possible further extensions
of reactor lifetime are challenging, and the question of the
development of a precise and accurate method for RPV aging
assessments is relevant. Such development requires in-depth
analysis of the parameters that may influence vessel aging
(fuel management variability, core power history, etc.), and
other quantities such as displacements per atom (dpa) could
be considered in further approaches. All these issues imply
a need for innovative and versatile calculation methods.

To meet these needs, an effort has been undertaken
toward the development of a versatile, best-estimate calcu-
lation scheme for fast neutron flux as well as dpa rate
estimations. In particular, the authors are focusing on esti-
mating these quantities over a wide azimuthal and axial
range in the RPV of pressurized water reactors (PWRs)
and in the capsules of the surveillance program.

First, the adopted calculation scheme is presented in
Sec. I along with the expected precision and computa-
tional efficiency. Second, the developed methodology is
used to assess, for a particular reactor cycle, the best
time-integration method. The corresponding study 1s fea-
tured in Sec. III. Third, an example of a research question
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that can be addressed using the developed methodology is
presented in Sec. IV. This study aims at comparing the
use of fast neutron fluence against dpa for aging assess-
ments. Finally, conclusions are drawn in Sec. V.

Il. METHODOLOGY FOR AGING ASSESSMENTS

The methodology relies on a two-step approach,
coupling deterministic and Monte Carlo calculations.
The first step estimates the full-core fission neutron
source term, and the second step consists of the trans-
port of neutrons from the core to the RPV using the
fission neutron distribution determined in the previous
step. This methodology aims at evaluating various
quantities (neutron flux, dpa, lead factors, etc.) for
a wide axial and azimuthal range in the RPV (and in
the capsules), with a high level of precision, accuracy,
and efficiency.

Il.A. Evaluation of the Fission Neutron Source Term

As outlined previously, the first step of the calcula-
tion is to evaluate the fission neutron source term.
Besides the angular dependency, the number of fission
neutrons emitted per second at time 7, per unit volume
around point 7 in space, and per unit energy around
energy F' can be defined as

S(FE 1) = ZJ Ry (7, E, 1) - vi(E)

; JE
lE — E) - dE, (D

where for an isotope 7,

Ry, = fission rate (em - s -eV*I)
v; = number of neutrons emitted per fission
y; = fission spectrum (eV 1)
E = energy of the neutron inducing the fission (¢V)
FE' = energy of the emitted neutron (eV).

The R - v product represents the spatial distribution
of fission neutrons whereas j describes the energetic
distribution of these neutrons.

In general, the neutrons generated in the process of
nuclear fission can be broadly classified as prompt neutrons
and delayed neutrons. These neutrons differ in energies and
timescale of generation. However, the present study con-
siders that both the prompt neutron energy spectra and the
delayed neutron energy spectra can be sufficiently modeled
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by an average neutron spectrum. Moreover, fission neutrons
are considered to be emitted isotropically. The authors con-
sider that this modeling is acceptable to carry out aging
analysis while avoiding the complexities involved by the
use of two different neutron spectra and by a detailed angu-
lar treatment of fission reactions.

In the present case, the spatial dependency of the fission
neutron source term (R - v product) is evaluated by means of
core-following calculations performed by a deterministic
approach, coupling the CASMOS5 code” and the
SIMULATES code.™* The CASMOS code is used to generate
fuel assembly homogenized eight-group macroscopic cross-
section data. Then, the SIMULATES code uses these data as
a multiparametric database (since the energy group cross
sections depend on moderator density, boron concentration,
etc.) to compute the full-core fission neutron source term.

On the CASMOS side, the two-dimensional (2-D)
stationary transport equation (the axial dimension being
considered as infinite) is solved for assemblies in an
mfinite lattice, using a 586-group data library based on
ENDF/B-VIIL.1 nuclear data.'” First, the collision prob-
ability P; method'® is used with 586 energy groups, on
a coarse spatial mesh. Second, the method of
characteristics'® is used on a refined spatial mesh with
19 energy groups for uranium oxide (UOX) assemblies
and 35 energy groups for mixed oxide (MOX)

assemblies.
On the SIMULATES side, the diffusion equation is

solved with 8 energy groups on 4 radial nodes and 20
axial divisions in each assembly. SIMULATES evalu-
ates the total fission neutron emission rate distribution
(Rr-v) in the reactor core, at an assembly scale, at
multiple burnup steps throughout the reactor cycle.
Then, fuel pin level fission neutron emission rate dis-
tributions are reconstructed from the assembly level
using the three-dimensional (3-D) form factors of the
pin power reconstruction of SIMULATES (Ref. 17).
These are multiplicative coefficients that specify how
the power of an assembly is distributed among the
different pins.

In addition to its low computational time (about
8 min.cpuw/burnup step), this methodology has several
benefits.  First, deterministic codes, such as
SIMULATES?, include a module that takes into account
simplified thermal-hydraulic feedbacks. Second, nuclide
concentrations are automatically updated, for 16 actinides
and about 40 fission products and burnable absorbers, by
solving their buildup and decay chans (Bateman
equations).'®'” Third, this methodology has the ability
to model reactor core power variations and the asso-
ciated control rod insertions. This may be needed for

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2021

reactors operating, on average, below their nominal
power.'* Finally, boron concentration is automatically
adjusted by SIMULATES to reach criticality.

The fission neutron emission rates calculated by
SIMULATES are then used to compute the average fis-
sion neutron spectra of each fuel assembly y,, (which
correspond to the energetic distribution of fission neu-
trons), according to formula (2):

e

where for isotope 7 and fuel assembly m at time ¢,

Ry im = space-energy—integrated fission rate (sfl)

v; = average number of neutrons emitted per fission
y, = fission spectrum (eV 1)
E' = energy of the emitted neutron (eV).

In Eq. (2), the fission neutron spectrum of cach
1sotope is weighted by the probability for a neutron to
come from the fission of a particular isotope. Here, only
35U, 28U, »*°Pu, and **'Pu are accounted for in the
fission spectrum reconstruction since it was observed
(in a study performed with CASMO3 on assemblies in
an infinite medium) that these isotopes account for at
least 98.4% and 95.8% of the total fission neutron emis-
sion rate of UOX and MOX assemblies, respectively, for
exposures up to 72 GWd/ton (see Fig. 1).

The fission spectrum of the above-mentioned iso-
topes >°U, *°U, **’Pu, and **'Pu is pre-evaluated on
the basis cither of a Watt spectrum [see Eq. (3)] or
a Maxwell spectrum [see Eq. (4)] using @ and b spectrum
coefficients indicated in Table I:

W(E') = C - exp(—E'Ja) - sinh(\/b_E) (3)

and
WE) =C-E'? - exp(~F'Ja), 4)
where

' = energy of the emitted neutron (MeV)

a, b = spectrum coefficients indicated in Table I (MeV,
MeV %, respectively)

C = normalization constant.

@ANS
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Fig. 1. Contribution of *°U, 238U, 2°Pu, and ?*'Pu to the total fission neutron emission rate as a function of time in the case of

(a) UOX assemblies and (b) MOX assemblies.

TABLE I
Data for Fission Neutron Spectrum Modeling
Incident Fission Spectrum Spectrum Spectrum
Nuclide Neutron Energy Type Coefficient, a (MeV) Coefficient, b MeV™1)
U Thermal Watt 0.988 2.249
U 2.6 MeV Watt 0.920 3.121
*py Thermal Watt 0.966 2.842
21py Thermal Maxwell 1.3597 —

In Table I, the 2°U, ?*°Pu, and **'Pu coefficients are
taken from the MCNP6 manual,”® and the ?**U coefficients
are taken from Ref. 5 in which a PWR is considered. It has
been observed that the spectrum of neutrons produced by
2381 does not vary significantly between UOX and MOX
assemblies. Therefore, 2%U coefficients are considered as
the same for both types of assemblies.

As a result, this approach induces some additional
approximations, leading to the following fission neutron
source term description:

Sp(E0) =D Ry im(t) Vi - Xp(0) - x(E' 1), ()

where for isotope 7 and fuel pin p within fuel assembly m
at time ¢,

@ANS

Ry im = space-energy—integrated fission rate over the
assembly m (s~ 1)

v; = average number of neutrons emitted per fission

X, = average fission spectrum of the assembly
m (V1)

E' = energy of the emitted neutron (¢V)

X, = form factor of the pin power reconstruction
of SIMULATES.

With respect to Eq. (1), Eq. (5) implies that the
fission neutron emission rate (R;-v product) is inte-
grated over all energies of incident neutrons. The
dependence of fission spectrum y on the incident neu-
tron energy was treated separately (and is therefore
also considered as integrated over these energies).

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2021



A VERSATILE METHODOLOGY FOR REACTOR PRESSURE VESSEL AGING ASSESSMENTS - VUIART et al. 5

Moreover, spatial discretizations were introduced, and
the neutron fission emission rates are considered as
radially flat in cach fuel pin while the same neutron
fission spectrum is attributed to each fuel pin of an
assembly. Furthermore, fuel pin fission neutron emis-
sion rates were reconstructed from the assembly level
using the form factors from the pin power reconstruc-
tion of SIMULATES. This implies that the average
energy and the average number of neutrons emitted
per fission are identical in each fuel pin of an assem-
bly. This hypothesis is likely to have little impact for
UOX fuel assemblies that are composed of only one
type of fuel rod. However, since MOX fuel assemblies
are composed of three types of fuel rods (with different
enrichments), a greater impact of this hypothesis is
expected for these assemblies. However, the impact of
this assumption is expected to be small compared to
other assumptions such as the diffusion approximation.

Finally, the fission neutron source term is automati-
cally converted by a linking tool into a spatial and ener-
getic source description for the MCNP6 (Ref. 21) model

that performs the neutron transport from the core to the
vessel. The spatial representation is treated by using 200
axial divisions in each fuel pin, with values mnterpolated
from the 3-D fission neutron emission rate distribution
evaluated by SIMULATES. As for the energy, the fission
neutron spectra of each assembly are described over 2000
energy bins distributed logarithmically between 10~* and
20 MeV. The precision of the generated fission neutron
source term is discussed in Sec. I1.D.1.

I1.B. Transport of Source Neutrons to Sites of Interest

The second step of the methodology deals with the
transport of neutrons from the core to the sites of interest
(RPV, capsules, etc.) using the fission neutron distribution
determined in the previous step. To carry out this step,
a detailed MCNP6 PWR model was developed (Figs. 2
and 3).

The MCNP6 model geometry and materials are repre-
sentative of a French 900-MW(electric) PWR type of reactor
with hybrid UOX/MOX fuel loading. The reactor core is

Concrete

@)

®)

Fig. 2. Radial cut of the MCNPG reactor modeling with tallies indicated by black and white sections. (1) Fuel assemblies; (2) core
baftle; (3) moderator bypass; (4) core barrel; (5) thermal neutron shield; (6) downcomer, (7) RPV; (8) capsules of the French

surveillance program.
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Fig. 3. Axial cut of the MCNPG6 reactor modeling and axial segmentation of the considered tallies indicated by black and white
sections. (1) Fuel assemblies; (2) core baftle; (3) moderator bypass; (4) core barrel; (5) thermal neutron shield; (6) downcomer;

(7) RPV.

quarter-symmetric and described at a pin level. The UOX and
MOX assemblies contain 264 pins plus 24 guide tubes for
control rod insertion and an additional central instrumentation
tube. In the case of MOX assemblies, three zones are mod-
eled, with higher enrichment at the center and lower enrich-
ment at the periphery of the assemblies. A pictorial
representation of the fuel pin arrangements of both types of
assemblies is presented in Fig. 4. Fuel compositions are
defined at a pin level and are representative of the beginning
of the reactor cycle detailed in Sec. IILLA. These are kept
identical for every attenuation calculation since it was
observed that fuel compositions do not significantly affect
neutron transport from the core to the RPV (see Sec. I1.D.2).

The fuel temperature is uniform over the entire reactor
core and is set to 900 K. Similarly, the moderator tempera-
ture inside the reactor core is set to 377.75 K. This tempera-
ture corresponds to the reference reactor outlet temperature,
and this approach is therefore conservative since it tends to
overestimate the fast neutron flux at the RPV. In the same
manner, in the absence of precise data on the temperature of
the moderator in the bypass (between the baffle and the
barrel), a conservative approach was chosen, and the

@ANS

moderator temperature was also uniformly set to the refer-
ence reactor outlet temperature (577.75 K) in this region.
The potential impact of these last two assumptions on vessel
aging assessments is discussed in Sec. I1.D.2.

Moreover, the moderator temperature in the down-
comer (between the barrel and the RPV) is set to the
reference reactor core inlet temperature, equal to
558.15 K. Finally, the boron concentration in the mod-
crator is uniform inside and outside the reactor core and
is adjusted to match the critical concentration calculated
by SIMULATES for every burnup step. These last two
modeling points are considered realistic. However, ana-
lysis showed that the boron concentration is not likely to
have a significant impact on the fast neutron flux and dpa
rate estimates. Indeed, boron acts only as a thermal poi-
son and thus does not affect either fast flux or epithermal
neutron flux, which are the most important contributors to
the dpa rate (see Fig. 15). Therefore, the authors believe
that this model complexity is not required in order to
perform accurate aging assessments.

The geometry outside the core was modeled accu-
rately. The core is surrounded by the baffle, the

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2021
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Fig. 4. Radial cut of the MCNP6 (a) UOX assembly and (b) MOX assembly modeling. For MOX assemblies, three different
types of fuel pins are modeled with high (orange), medium (pink), and low (red) Pu content.

moderator bypass, the barrel, the asymmetric radia-
tion shielding, the downcomer, and the RPV as
Figs. 2 and 3 show. The capsules used in the
French surveillance program have been finely
described to distinguish the two capsules located at
—17 and —20 deg, as displayed in Fig. 2. The capsules
arc modeled as 1 m in height and have the same
composition as the RPV steel. They are located axi-
ally at the center of the active part of the core.

MCNP6 F4 cell flux tallies® are specified at the inner
wall of the RPV and inside the capsules. These tallies allow
one to quantify the energy-dependent neutron flux and dpa
rates [using the Norgett-Robinson-Torrens dpa (NRT-dpa)
model or the Athermal Recombination Corrected dpa (ARC-
dpa) model] for 111 groups of incident neutron energies with
energy bounds between 107! and 20 MeV. For the RPV, the
model includes 15 azimuthal tallies that are 4 deg wide and
1 cm deep. Each of these tallies includes nine axial divisions
that are 40 cm high and distributed over the active height of
the core. The azimuthal and axial segmentation is represented
mn Figs. 2 and 3 where tallies are indicated by black and white
sections. For the capsule, the model includes one tally per
capsule (located at —17 and —20 deg, respectively), and each
of these tallies includes three axial divisions (ecach measuring
33.33 cm) distributed along the capsule’s height.

The lead factor™ (also called anticipation factor) of cach
capsule 1s derived from the acquired data. Usually, this quan-
tity 1s defined as the ratio between the fast neutron flux in the
capsule and the fast neutron flux at the most exposed azi-
muthal location of the RPV. The lead factor is used to
translate the irradiation sample damage into RPV damage.

Despite its original definition, an alternative formula-
tion of the lead factor (called fast neutron lead factor in
this paper) i1s proposed and consists of calculating the

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2021

lead factor in every section of the studied azimuthal and
axial range on the RPV. This choice was motivated by the
mterest in studying the axial and azimuthal variability of
this quantity. Therefore, the fast neutron lead factor at
time 7 is defined by Eq. (6):

¢E 1MeV ] ([)
ﬁead,¢E >1MeV ([) = e ’ (6)
¢E> lMeV,vessel([)

where ¢y. v 18 the fast neutron flux in units
of cm %5,

In addition to the classical fast neutron lead factor, the
dpa lead factor is introduced and serves the same purpose
as the fast neutron lead factor but uses the dpa observable.

The dpa lead factor at time ¢ is defined by Eq. (7):

dea capsul@([)
pad dpa (1)} = D capmer/ 7
ﬁ d,dp ( ) dea, vess@l([) ( )

where Ry, is the dpa rate in units of inverse seconds.

To improve the calculational efficiency, the weight-
window variance reduction method*’ is used. The weight-
window parameters are optimized for 47 neutron energy
bins covering the range (107! MeV to 17.3 MeV). This
cvaluation was performed using the ADVANTG 3.0
tool” and is based on the Forward Weighted Cadis
method,”* which uses the DENOVO deterministic
code.”> One set of weight windows was generated for
tallies located in the capsules, and another one was gen-
erated for those in the RPV. Therefore, neutron transport
calculations are performed separately for the capsules and
for the RPV.

@ANS
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Finally, 5 x 10° neutrons are simulated for each
MCNP6 calculation leading to a statistical uncertainty o
of about 0.3% to 0.4% on fast neutron flux and dpa rate
estimates. These calculations are performed using the
JEFF-3.3 nuclear cross-section data library.?

II.C. Displacement Damage Evaluation

Radiation damage can be estimated considering var-
1ous aspects such as displacement damage induced by
projectiles, stability and mobility of the defects produced,
etc.”’” Among the aspects discussed above, particle-
induced displacement damage is a versatile option that
provides better understanding of radiation damage in
materials. In particular, neutron-induced displacement
damage constitutes a basis for comparison of the embrit-
tlement state at the different locations in the vessel and
the capsules. To perform neutron-induced displacement
damage evaluations, one needs an accurate model, which
is presented Sec. 11.C.1.

I.C.1. Theoretical Background

Irradiation-induced displacement damage is usually
quantified in terms of dpa. This quantity includes infor-
mation about the material response (number of displaced
atoms) and the neutron fluence (magnitude and spectrum)
that the material had undergone. The dpa quantifies the
number of atoms permanently displaced from their initial
site to an interstitial position. Assuming that no point
defects are lost to a surface or other defect sink, the dpa
can be considered as an estimator of the concentration of
primary damage (vacancy-interstitial pairs, also called
Frenkel defects) in the material.

Various methods allow one to quantify the number
of Frenkel defects gencrated by neutron irradiation,
such as the molecular dynamics method,”® the binary
collision  approximation (BCA) method,” etc.
However, the international standard for quantifying
dpa in irradiated materials is the NRT-dpa model,*"
which is based on BCA simulations of ion collisions
in a solid. According to this model, the number of
atomic displacements N; created by an incident ion
[i.e., the primary knocked atom (PKA)] can be esti-
mated according to the following:

0 . T,<Ey
Nd(Td) = 1 , Eg<Iy< % ) (8)
Oiz'id ; %< Td<OO

where

@ANS

N; = nmumber of atomic displacements
E4 = average threshold displacement energy (eV)

T; = damage energy (i.c., the kinetic energy of the
mcident ion available to create atomic displa-
cements) (eV)

0.8 = factor introduced to take into account the
probability of instantancous recombination of
the defect due to ballistic processes.

Once the damage energy 7 is calculated, this
model allows one to compute the number of displaced
atoms by an incident ion in any material for which £y
is known. However, one limitation of the NRT-dpa
model is its inability to take into account atomic repla-
cements that happen after the collision cascade. This
leads to significant overestimates of the total number of
displaced atoms. This overestimation can be of the
order of three for some metals.>! Therefore, Nordlund
et al. proposed the ARC-dpa model,>! which provides
a more realistic description of primary defect creation
in materials:

0 . Ty <Ey
Nd(Td): 1 5 E;<T,; < % (9)
%gARcfdpa(Td) , B < T <00

with the efficiency function €re_gpa(7a) given by

= cARC—dpa bARC_d
g (T = —_CARC-da_ it
€are—dpalTa) (2E/0.8)Fwcw 4
e CARC—dpa 5 (10)

where in the same way as for the NRT-dpa model,

N; = number of atomic displacements
E,; = average threshold displacement energy (eV)
T; = damage energy (eV).

In addition, barc-dapa and carc-dpa are material-
related constants and are given for several metals (Fe,
Cu, Ni, Pd, Pt, and W) in Ref. 31.

The NRT-dpa and ARC-dpa formulations can be used
to address the number of atoms displaced in a given
volume of material. Finally, by dividing the number of
displaced atoms N; by the total number of atoms in the
same volume, one obtains dpa.
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I.C.2. Displacements per Atom Calculations

The dpa rate in the vessel material at a time # can be
calculated as

Rip(0) = | (E.1) -0u(t) - (11)

where for an energy of incident neutron £ (in units of
electron volt), ¢(F,t) represents the energy-dependent
neutron flux (in units of cm~2-s~' - eV 1) and o, repre-
sents the atomic displacement cross section (in units
of barn).

The atomic displacement cross section 1s determined
by weighing the result of three different processes””:

1. nuclear reaction between the incident neutron
and the nucleus and the induced energy transfer
from neutron to nucleus (recoil energy)

2. loss of the acquired energy by the nucleus due to
mteractions with the electrons of the system
(T4 = recoil energy — electronic losses)

3. actual production of atomic displacements based
on Eq. (8) or Eq. (9), once 7, is known (and
assuming F,; 1s given).

For mstance, the NJOY nuclear data processing
code® allows one to compute atomic displacement
cross sections, which can be used by Monte Carlo codes
such as MCNP6 to perform dpa evaluations. In the stan-
dard version of NJOY2016, the number of atomic dis-
placements N, created by an incident ion is defined as™

0.87,

Na(Ta) = T

(12)

where

E,; = average threshold displacement energy (eV)

T; = damage energy (i.c., the kinetic energy of the
mcident ion available to create atomic displa-
cements) (eV).

In the HEATR module of NJOY, the damage energy
T, is calculated as

Fr
1+ FL(3.4008€1/6 +0.402443/4 + €)

(13)

1y

if the recoil energy of the PKA Fx is greater than £; and
0 otherwise. Terms appearing in Eq. (13) are defined in
Ref. 33
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Equations (12) and (13) induce that the LEGACY-
NJOY model is not consistent with the NRT-dpa model in
the region where £y < Ty < %. In the present study, the
NRT-dpa model and the ARC-dpa model have been
mplemented in NJOY2016. This matter is discussed in
detail in Sec. I1.C.3.

I1.C.3. Implementation of NRT-dpa and ARC-dpa Models
in NJOY2016

The HEATR module of NJOY2016 (Ref. 32) has
been updated in order to implement the NRT-dpa and
the ARC-dpa models as specified in Egs. (8) and (9).
Similar work was performed by the Karlsruhe Institute of
Technology™*~° (KIT) in NJOY2012. In order to validate
the developments, the authors compared the dpa rates
obtained with the developments carried out in this paper
to those obtained using the cross sections generated by
KIT (Ref. 36) (with the NRT-dpa and the ARC-dpa
models). A good agreement was observed between the
two developments. However, it was found out that o, 1s
very sensitive to £y, barc—dpa, and carc_dpa. Literature
suggests that these constants vary depending on the mole-
cular modeling simulations. For instance, in Ref. 31, F,
for Cu is equal to 30 ¢V whereas in Ref. 35, 33 eV is
indicated. This difference in £, leads to a difference of
9% on the NRT-dpa estimates. Therefore, careful estima-
tions of these parameters is needed.

It is important to demonstrate at this point the differences
that one may encounter in the damage cross sections based on
the NRT-dpa model or the ARC-dpa model. Figure 5 com-
pares the NRT-dpa model and the ARC-dpa model in the
displacement cross section o, evaluations of *°Fe processed
at 300 K from the JEFF-3.3 nuclear data library. As can be
seen in Fig. 3, the relative differences between the NRT-dpa
model and the ARC-dpa model are significant, especially for
incident energies of neutrons above 10* ¢V. These neutrons
contribute a minimum of 97% of the generated displacements
in the RPV (see Fig. 15). Therefore, a large reduction of the
dpa estimates is expected using the ARC-dpa model com-
pared to the NRT-dpa model.

Based on the observed differences mentioned
above, it was important to quantify the impact on the
dpa rates of using the NRT-dpa model or the ARC-dpa
model. To perform this test, a benchmark was set up that
consisted of a sphere having natural material (Fe, Cu, or
Ni). The radius of this sphere was equal to the thickness
of the vessel (20 cm), and the calculations were per-
formed imposing an emission spectrum representative
of the neutron spectrum that the RPV undergoes. The

@ANS
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Fig. 5. Atomic displacement cross section of *°Fe pro-
cessed at 300 K from the JEFF-3.3 nuclear data library
and comparison between the NRT-dpa model and the
ARC-dpa model.

dpa rates in this sphere of natural material were calcu-
lated using the NRT-dpa and the ARC-dpa models.
A significant decrease in dpa rates was observed when
switching from the NRT-dpa model to the ARC-dpa
model, induced by the consideration of recombination
processes. This decrease is of the order of a factor of 3
for Fe, 5 for Cu, and 4 for Ni. Since Fe is the principal
material used in RPVs, the decrease in dpa estimates in
the RPV when switching from the NRT-dpa model to
the ARC-dpa model is expected to be a factor of
about 3.

As mentioned before, the ARC-dpa model acts as
a correction to the NRT-dpa model. However, it is
worth mentioning here that the accuracy of this correction
1s contingent upon the estimated parameters (£,
bARcfdpay and CARcfdpa)

I1.C.4. Atomic Displacement Cross Section Generated for
the Present Work

In the present work, the atomic displacement cross
sections o; were computed at 300 K and 600 K from the

@ANS

JEFF-3.3 nuclear data library using the NRT-dpa model
[see Eq. (8)] and the ARC-dpa model [see Eq. (9)].
However, the 6; generation was limited to stable isotopes
of Fe (**Fe, *°Fe, “'Fe, and *®Fe), Cu (**Cu and ®Cu),
and Ni (°®Ni, °“Ni, °'Ni, ®*Ni, and ®*Ni). This choice was
motivated by a lack of available data regarding the
barc-dpa and carc-_gpa constants of the other nuclides
composing the RPV steel (see Table I1). The stable iso-
topes of Fe, Cu, and Ni account for 96.7% of the RPV
nuclides, and the potential bias induced by this modeling
approximation of the dpa rate estimates is discussed in
Sec. IL.D.3.

The values of the material constants (¥4, barc—dpa,
and carc_dpa) used in the o generation are specified in
Table III. Although the material constants specified in
Table III were evaluated for natural materials, these
were kept identical to compute the o, of all the iso-
topes of a given material. This assumption was made to
model the RPV steel composition as accurately as
possible considering the available data in the literature.
In the present scope, the above hypothesis has no
impact on the objectives and results of this work
since dpa are currently of interest only in relative
terms. Precise estimation of F; barc_dpa, and
CARC—dpa 15 a matter for further studies.

TABLE II

Composition of RPV Steel*

Normalized Normalized

Atomic Atomic
Nuclide Fraction Nuclide Fraction

nalC 9.2284E-03 | 28si 3.6399E-03
50Cy 1.1591E-04 | 2Si 1.8430E-04
2o 2.2327E-03 | 3°si 1.2234E-04
3Cr 2.5314E-04 | *Mn 1.3619E-02
MCr 6.2886E-05 | 3'p 1.4314E-04
N1 4.1908E-03 | 328 1.3141E-04
SONIi 1.6015E-03 | *3S 1.0372E-06
SING 6.9335E-05 | **s 5.8221E-06
S2Nji 2.2028E-04 | 39S 2.3510E-08
54N 5.5836E-05 | ®Cu 4.8282E-04
ZMo 4.2747E-04 | %Cu 2.1490E-04
Mo 2.6861E-04 | *Co 2.8212E-04
Mo 4.5924E-04 | "Va 1.0879E-04
Mo 4.8235E-04 | >Fe 5.5666E-02
Mo 2.7728E-04 | °Fe 8.8106E-01
%Mo 6.9608E-04 | 3"Fe 2.0635E-02
1000\ o 2.7728E-04 | 3%Fe 2.7833E-03

*]6MND5 steel >’
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TABLE III
Material Constants*
Material | Ei(eV) barc—dpa CARC—-dpa
Fe 40 -0.568 £ 0.020 | 0.286 =+ 0.005
Cu 33 -0.68 £+ 0.050 0.16 £ 0.010
Ni 39 -1.01 £ 0.110 0.23 £ 0.010

*Reference 31.

I1.D. Accuracy of the Methodology

The biases induced by the assumptions made at the
different stages of the calculation (see Secs. IILA, 11.B,
and II.C) on the neutron flux or dpa estimates were
assessed in specific studies.

ILD.1. Accuracy of the Fission Neutron Source Term

In order to assess the accuracy of the fission neutron
source term evaluation (see Sec. I[.A), a comparison to
a full Monte Carlo methodology is proposed. However, in
order to have a more detailed analysis of the origins of
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(a)

potential biases, the accuracy of the spatial and energetic
dependencies of the fission neutron source term was
analyzed in two separate studies.

First, the accuracy of the spatial description of the
fission neutron source term was estimated. To do so, the
2-D fuel pin fission neutron emission rate distribution
computed by the developed methodology (using
SIMULATES) was compared to one obtained by aver-
aging the results of 70 MOCNP6 criticality source
calculations® with different random seeds. This study
was carried out on a “zero power state” with fresh fuel
where the Monte Carlo methodology is expected to be
more precise. Therefore, the Monte Carlo methodology
is considered there to be the reference. For the full
Monte Carlo methodology, the =+ 1o uncertainty of the
fission neutron emission rate of each fuel pin is about
+ 1% to 3% based on the analysis of the variance of
the independent calculations. Figure 6 presents assembly
and pin level fission neutron emission rates relative
differences between the developed methodology and
the reference one in the case of a French 900-MW
(electric) reactor loaded with UOX and MOX fresh
assemblies.

According to Fig. 6, differences (up to about 3% at the
assembly scale) between the fission neutron emission rate

(b)

Fig. 6. Relative fission neutron emission rate distribution differences (%) between the developed and the reference methodologies
at (a) fuel assembly level and at (b) fuel pin level (SMULATES-MCNPG)

NP6
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12 VUIART et al. - A VERSATILE METHODOLOGY FOR REACTOR PRESSURE VESSEL AGING ASSESSMENTS

distributions predicted by SIMULATES and MCNP6 are
observed and are most likely induced by the diffusion
approximation. These differences are up to 10% at the
pin scale, which is significant considering the uncertainties
of the Monte Carlo methodology on the fission neutron
emission rate fuel pins. However, the full Monte Carlo
methodology requires about 500 000 times more computa-
tional time in order to evaluate the fission neutron source
term. It was also observed that these differences in fission
neutron emission rates do not induce a significant variation
in the fission spectra of the assemblies.

The source term deviations (spatial and energetic)
were propagated to the evaluation of the fast neutron flux
and dpa rate at the vessel, and results are presented in
Fig. 7. The results show that the developed methodology
induces a maximal bias between —2% and +2% with regard
to the Monte Carlo methodology, depending on the azi-
muthal position considered on the vessel. The observed
biases are of the same order of magnitude for the fast
neutron flux and dpa rate estimates. These bias are not
expected to increase for other PWR configurations since

—s— MCNP6
—e— SIMULATES

=
=)

o
o

o
o)

o
(=)}
1

Fast neutron flux (a.u)
o
~l

o
U

°
»

w

19T \\
AR

L

N
1

s

i /
C s i Gt P e pa e b St e W e P et e S

Relative differences (%)
o

-30 -20 -10 0 10 20 30

Azimuthal location on the vessel (°)

(a)

the study case was chosen to maximize flux discontinu-
ities. The evaluated biases are therefore considered to be
conservative.

The authors consider the evaluated bias range to be
acceptable given the global uncertainty of fast neutron
fluence estimations (which is about 10% to 20% accord-
mg to Refs. 8, 9, and 10). Furthermore, the versatility of
SIMULATES (modeling of thermohydraulic feedbacks,
possibility to take into account the power history of the
reactor and the associated control rod insertions, etc.) and
its low computational cost (about 500 000 times lower
than the MCNP6 reference methodology) makes it
a suitable methodology for vessel aging assessments.

A separate study, detailed in Ref. 38, was performed in
order to test the accuracy of the fission neutron spectrum
modeling considering a French PWR with UOX/MOX
loading. This study consisted of comparing the neutron
flux responses in the RPV obtained by using the fission
spectrum modeling (see Sec. I1.A) and those obtained by
means of an eigenvalue Monte Carlo calculation. The eigen-
value Monte Carlo calculations are considered here as
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Fig. 7. (a) Fast neutron flux and (b) ARC-dpa axially integrated azimuthal distributions and relative differences between using the

SIMULATES and MCNP6 fission neutron source terms.
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reference. The observed discrepancies in the neutron flux
responses between the two methodologies were mostly
contained within the -+ 2¢ statistical uncertainty of the
calculated relative differences (o ~ 0.6%). Therefore, the
authors believe that this fission spectrum modeling does not
induce any significant bias in the neutron flux estimates.

Finally, the modeling approximations of the methodol-
ogy developed to compute the fission neutron source term
(see Sec. II.A) induce a maximum bias of about + 2%. In
first instance, the uncertainty/bias induced in the dpa rate
estimates is considered to be of the same order of magni-
tude. As a result, the authors consider that the precision of
the generated fission neutron source term is sufficiently
accurate given the other sources of uncertainty.

I1D.2. Accuracy of the Attenuation Modeling
This section aims at quantifying the potential bias

mduced by the modeling approximations performed in
the MCNP6 neutron attenuation model (see Sec. I1.B).
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First, the specified fuel compositions in the MCNP6
model are representative of the beginning of an equilibrium
cycle and are kept identical for every attenuation calcula-
tion. In order to test this hypothesis, the authors performed
the same MCNP6 fixed source calculation twice (using the
same fission neutron source term), one time using begin-
ning-of-cycle compositions and the other time using end-of-
cycle compositions. The evaluated 2-D azimuthal distribu-
tions of fast neutron flux and dpa rates at the RPV are
presented in Fig. 8. The observed differences of the fast
neutron flux and dpa estimates between the two cases are
mostly contained in the £ 1o uncertainty of the calculated
relative differences (6 ~ 0.3%). Therefore, the hypothesis
of keeping the fuel compositions identical in the MCNP6
model for every attenuation calculation within a cycle is
considered as not inducing any significant bias on the fast
neutron flux and dpa estimates.

Second, the axial moderator density gradients that
exist in the reactor core (see Figs. 2 and 3) were not
taken mto account in the MCNP6 model. Instead, the
moderator temperature was uniformly set to the reference
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Fig. 8. (a) Fast neutron flux and (b) ARC-dpa axially integrated azimuthal distributions and relative differences between the use
of beginning-of-cycle and end-of-cycle fuel compositions in the MCNP6 fixed source calculation.
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core outlet temperature (577.75 K) inside the reactor
core. To assess the potential impact of this hypothesis
on the fast neutron flux estimates at the RPV, the sensi-
tivity coefficients provided in Refs. 5 and 10 were used in
conjunction with the temperature gradients calculated by
SIMULATES. According to this analysis, this assumption
may lead to an overestimation between 2% and 3% of the
fast neutron flux at the vessel, depending on the axial
location on the RPV.

Third, in the absence of precise data on the axial
variation of the temperature of the moderator in the
bypass (between the baffle and the barrel; see Figs. 2
and 3), the moderator temperature was also uniformly
set to the reference core outlet temperature (577.75 K) in
this region. The most penalizing option for assessing the
potential bias of this hypothesis is that there is no
moderator heating in this region of the reactor since
this case maximizes the moderating density difference
between the developed model and reality. Considering
this option in conjunction with the sensitivity coeffi-
cients of Ref. 10, this hypothesis induces an additional
overestimation of the fast neutron flux at the RPV,
about +8%.

In the end, the current MCNP6 model used to
perform neutron attenuation calculations could induce
a maximum overestimation between [+10%; +11%] of
the fast neutron fluence at the RPV (and of the dpa
rate estimates, as a first approach). This bias is
induced exclusively by the absence of modeling of
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the moderating density gradient. However, these mod-
cling approximations result from conservative choices
that were made by the authors in order to enhance
safety. Nonetheless, future works will aim at improv-
ing the MCNP6 model in order to improve the best-
estimate capabilities of the calculation scheme.

I1.D.3. Accuracy of the Atomic Displacement
Cross-Section Modeling

As explained in Sec. I1.C, only the natural isotopes of
Fe, Cu, and Ni are considered in dpa assessments while
using the NRT-dpa and the ARC-dpa models because of
a lack of available data in the literature of £y, barc—dpa,
and carc_gpa for the remaining nuclides. The natural
1sotopes of Fe, Cu, and Ni represent 96.7% of the
nuclides composing the RPV steel. At this point, it is
necessary to quantify the amount of dpa that one would
miss by not taking into account the remaining nuclides.
To do so, an analysis was performed in which two dpa
evaluations were carried out for the reactor cycle consid-
ered in Sec. IIILA: one using a detailed description of the
RPV material and another using a simplified composition
considering only the natural isotopes of Fe, Cu, and Ni.
Such work 1s possible only using the LEGACY-NJOY
dpa model [see Eq. (12)]. The results are presented for
the whole studied axial/azimuthal range on the RPV
Fig. 9.
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Fig. 9. Relative differences (%) in the cycle-averaged dpa rate distribution on the RPV between the use of a detailed vessel
material and the use of a simplified vessel material (MM).
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As can be seen in Fig. 9, the isotopes of Fe, Cu, and
Ni account for between 99.1% and 99.6% of the gener-
ated dpa in the RPV. The same study was conducted for
the capsules, and it was observed that the isotopes of
these three materials account for approximately of
98.5% of the generated dpa in the steel samples. As
a reminder, the =+ 1o statistical uncertainty the evaluated
dpa rates is about 0.3% to 0.4%. Therefore, the maximum
observed differences are of the order of the + 3¢ uncer-
tainty for the RPV and a little above for the capsules.
Considering these differences as significant enough, the
use of the simplified vessel steel composition leads to
a maximum underestimation of about 0.9% of the dpa
rate in the vessel and of approximately 1.5% in the steel
samples of the capsules, which is fairly low.

I1.D.4. Summary of Evaluated Biases

The biases associated with the modeling approxi-
mation of the developed methodology are evaluated in
the Secs. II.D.1, II.D.2, and I.D.3. Table IV sum-
marizes the quantified bias range of the fast neutron
flux ¢z v and the dpa rate Rgp, at the RPV induced
by the modeling approximations at cach step of the
methodology.

In the end, it is possible to notice that the great
majority of the quantified methodological biases come
from the modeling of the moderator density in the
MCNP6 attenuation calculation. However, as explained
previously (see Sec. 11.D.2), this modeling consisted of
a conservative approach that was chosen in order to
enhance safety. Nonetheless, future works could be per-
formed to refine the moderator density gradient in the
MCNP6 model in order to improve the best-estimate
capabilities of the calculation scheme.

TABLE IV
Summary of Methodological Biases on RPV Aging Estimates
Methodology Bias Range
Step Nature (%)
Fission neutron Spatial description +2
source term Fission spectrum Within £ 1
description
Neutron transport | Moderator density < [+10; +11]
Fuel composition Within £+ 0.5
Displacements Use of only Fe, Cu, [-0.9; —0.4]
per atom and Ni
evaluation
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It 1s not the intention of the present paper to fully
explore the impact of uncertainty in the results. Rather,
efforts have been made to determine and understand
some of the biases in connection with the proposed meth-
odology. A detailed estimation of the bias and uncertainty
for RPV aging estimations performed with the developed
methodology is a matter for future work.

Il.E. Computational Efficiency

In Secs. II.A, I1.B, I1.C and I1.D the developed meth-
odology and its accuracy were detailed. Another impor-
tant point of such a methodology is the amount of
computational power needed to perform the calculations.
Therefore, this section aims at highlighting the computa-
tional efficiency of the two steps of the methodology.

On one hand, evaluation of the neutron fission source
term (the first step of the methodology; see Sec. ILA) is
performed by the SIMULATES code and requires, on
average, 8 min-cpu/burnup step. On the other hand, the
transport of the source neutrons to the RPV or the cap-
sules (the second step of the methodology; see Sec. 11.B)
is performed by means of a fixed source MCNP6 calcula-
tion and requires, despite the use of a variance reduction
method, about 1 050 000 min-cpu.

Up to this point in the paper, only static calculations
have been discussed whereas the aging quantities (vessel
fluence, dpa) are time-integrated quantities. The numbers in
the previous paragraph show that in order to improve the
calculational efficiency of the methodology, it is of great
mmportance to limit the number of MCNP6 neutron trans-
port calculations per reactor cycle to what is strictly neces-
sary to achieve sufficiently accurate time-integrated data.

[1l. TIME INTEGRATION OF AGING VARIABLES

In order to perform RPV aging assessments, the
quantities of interest are those integrated over time. In
order to reduce the computational time, it 1s required to
limit the number of MCNPG6 attenuation calculations per
cycle to what 1s strictly necessary to achieve sufficiently
accurate time-integrated data (see Sec. III). Therefore,
this section features the studies that were conducted by
the authors to assess the best time-integration method.
However, before presenting these studies, it seems impor-
tant to highlight the reactor cycle on which they were
conducted and to detail how the aging quantities (fast
neutron flux, dpa rates) evolve during this cycle.

@ANS



16 VUIART et al. - A VERSATILE METHODOLOGY FOR REACTOR PRESSURE VESSEL AGING ASSESSMENTS

KLMNPR

15
14
13
12
11
10
09
08

NIWINIWIN|ARA
WINIARININ|[W|=
NIWINIWIW|[F|=
AININ|W =]~

Alnv[wv|e|Rr|lw(s]|T
NNEIEES

1
1
14
3[4

Fig. 10. Number of irradiation cycles of each fuel assembly
for the considered fuel loading (UOX assemblies are indicated
in green, and MOX assemblies are indicated in purple). For
symmetry reasons, only a quarter of the core is represented.

lll.A. Considered Reactor Cycle

The reactor core geometry has been presented in
Figs. 2 and 3. In addition, the quarter-symmetric fuel
loading is presented in Fig. 10.

In the current study, the reactor operates at nominal
power, with all the control rods fully withdrawn. Fission
neutron source terms were generated for the following
burnup steps along the cycle: 0, 0.05, 0.1, 0.15, 0.2, 0.25,
05,1,15,2,25,3,35,4,45,5,55,6,65,7,75, 8,
8.5,9,9.5, 10, 10.5, and 11 GWd/ton.
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IA.1. Aging Accumulation During the Cycle

A first study was carried out to analyze how the fast
neutron flux and dpa rate evolve during the considered
reactor cycle. Figure 11 presents this evolution for the
fast neutron flux.

Figure 11 shows that the fast neutron fluence is not
accumulated linearly over the reactor cycle since the fast
neutron flux incident on the RPV increases with fuel
exposure. This behavior 1s induced by the fact that the
power distribution inside the reactor core flattens out as
fuel burnup increases, leading to an increase of the rela-
tive power of the assemblies located at the border of the
core. However, it is interesting to note that the azimuthal
distribution of the fast neutron flux on the vessel does not
vary significantly during the cycle. Moreover, the axial
shape of the fast neutron flux, nitially peaked toward the
top of the core (due to the initial axial distribution of
burnup in border assemblies) flattens as the cycle pro-
gresses. This evolution occurs first as a result of the
135Xe transient and then under the effect of fuel deple-
tion. Similar behavior as that described in Fig. 11 was
observed for NRT-dpa and ARC-dpa rates.

From the above discussion, one may conclude that
performing an accurate time integration with reasonable
computational time is not straightforward. Indeed, strong
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Fig. 11. Evolution along the cycle of (a) the azimuthal fast neutron flux distribution on the RPV (axially integrated) and (b) the

axial distribution for azimuthal position 0 deg on the RPV.
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fast neutron flux (or dpa rate) variations during the cycle
imply the need for a very accurate time integration.
Therefore, a large number of attenuation calculations
may be required in order to compute sufficiently accu-
rate time-integrated data. However, as highlighted in
Sec. ILE, in order to improve the computational effi-
ciency of the methodology, it is important to limit the
number of MCNP6 attenuation calculations per cycle to
the minimum amount that is required to perform accu-
rate time integration. Therefore, a study has been con-
ducted to assess the required number of neutron
transport calculations per cycle.

ILA.2. Number of Neutron Transport Calculations per
Active Cycle

A study was conducted to assess if a single MCNP6
attenuation calculation per cycle, using a cycle-averaged
fission neutron source term, is sufficient to compute
accurate time-integrated data. In this instance, two differ-
ent time-integration methodologies are compared:

Method 1: The first method consists of performing
MCNP6 neutron transport calculations for the following
burnup steps: 0, 0.15, 2, 4, 6, 8, 10, and 11 GWd/ton.

Method 2: The second method consists of comput-
ing a cycle-averaged neutron source term (based on
the energy-spatial distributions of fission neutron

160
120
80

40

Axial location on the vessel (cm)
o

-28 -24 -20 -16 -12 -8
Azimuthal location on the vessel (°)

sources of the burnup steps used in method 1) and
performing a single neutron transport calculation,
representative of the whole reactor cycle.

In both cases, the time integration was performed accord-
g to Eq. (14), which indicates that quantities (fission
neutron source term, fast neutron flux, dpa rate, etc.) are
considered constant between two burnup steps:

N X X (bttyy — buy)

X
buN

(14)

where for burnup step 7 and total number of burnup steps
N, X is the quantity to be integrated and bu is the reactor
core exposure. Equation (14) means that the X quantity
computed at the final burnup step NV is not used in the
time-integration process. In the current study N corre-
sponds to 11 GWd/ton.

Method 1 is much more time-consuming than method 2,
but it is also more precise. Therefore, method 1 will be used
m this study as a reference to evaluate the accuracy of
method 2, which is much faster. Figure 12 presents the
relative differences between these two methods of the cycle-
averaged ARC-dpa distribution on the RPV.

The results show that method 2 accurately reproduces
the cycle-averaged ARC-dpa distribution computed by
method 1, with differences mostly inferior to the + 2¢
uncertainty of the calculated relative differences
(o ~ 0.3% to 0.4%; see Sec. I1.B). Similar behavior has

(%) S@2UBIDUIP SAINE|DY
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Fig. 12. Relative dlifferences (%) in the cycle-averaged ARC-dpa rate distribution on the RPV between integration methods 1 and 2

(method 2—method
method 1
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been observed for the cycle-averaged NRT-dpa and fast
neutron flux distributions. Therefore, performing a single
neutron transport calculation per cycle using a fission
neutron source term representative of the average cycle
conditions is sufficient to accurately evaluate cycle-
integrated data.

The use of Eq. (14) implies that the fission neutron
source term (and therefore the fast neutron flux and dpa
rates) is constant between two burnup steps. However,
Fig. 11 shows that the fast neutron flux (and thus the dpa
rates) varies significantly from one bumup step to
another. Therefore, the temporal mesh wused in
SIMULATES to calculate the cycle-averaged fission neu-
tron source term is likely to have a significant impact on
the neutron flux and dpa estimates.

ILA.3. Impact of the SIMULATES Temporal Mesh on the
Aging Estimates

In order to assess the potential impact of the temporal
mesh used in SIMULATES to calculate the cycle-
averaged fission neutron source term, the authors per-
formed a dedicated study. In this study, three
SIMULATES temporal meshes are compared:

1. mesh a: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 1, 1.5,
2,25,.3,35,4,45,5,55,6,65,7,75,8, 85,
9,935, 10, 10.5, and 11 GWd/ton

160
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40

Axial location on the vessel (cm)
o

-160
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Azimuthal location on the vessel (°)

2. mesh b:0,0.05,0.1,0.15,05,1,2,3,4,5,6, 7,
8,9, 10, and 11 GWd/ton

3. meshc¢: 0,0.15,2, 4, 6,8, 10, and 11 GWd/ton.

For all these meshes, the time integration is performed
according to Eq. (14). Mesh « is expected to be the most
accurate of the three meshes indicated above (and also the
most time-consuming). Therefore, mesh a will be used in
this study as a reference to evaluate the accuracy of meshes
b and c. Figure 13 presents the relative differences
obtained between mesh a and mesh 4 on the cycle-
averaged ARC-dpa distribution on the RPV.

The results showed that mesh 5 induces a significant
bias in the estimation of the cycle-integrated ARC-dpa
distributions compared to mesh a. These differences are
mostly located at the bottom of the RPV where the bias
reaches values up to about —1.3%. This behavior is
observed because the axial distribution of the ARC-dpa
rate is peaked on the top of the RPV at the beginning of
the reactor cycle and flattens out as fuel exposure
mcreases. In the same manner, Fig. 14 presents the rela-
tive differences obtained between mesh ¢ and mesh 4 on
the cycle-averaged ARC-dpa distribution on the RPV.

Figure 14 shows that mesh ¢ induces an even greater
bias than mesh 5 with regard to mesh « (about —3% at the
bottom of the RPV). Consequently, the authors believe
that special care must be paid to the temporal mesh
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Fig. 13. Relative differences (%) in the cycle-averaged ARC-dpa distribution on the RPV between the temporal mesh a and the
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r
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Fig. 14. Relative differences (%) in the cycle-averaged ARC-dpa distribution on the RPV between the temporal mesh a and the

temporal mesh ¢ (%)

chosen to calculate the average fission neutron source
term. Indeed, this temporal mesh has to be fine enough
m order not to bias the evaluated integrated quantities.

As a result, the authors recommend the use of refined
temporal meshes (about 30 burnup steps or more) in order to
perform accurate RPV aging studies. In the case of the
methodology discussed here, computing the source term
with fine time discretization over a cycle is not a concern
since the computational cost of the SIMULATES calcula-
tions is fairly low (about 240 min-cpu for 30 burnup steps).
However, in the case of a full Monte Carlo methodology
such as the one considered as reference in Sec. I1.D.1, the
computational cost of such a temporal mesh would be
prohibitive (about 1.2 x 10% min-cpu).

In the end, temporal mesh a was used in a study that
aimed at discussing the use of the fast neutron fluence
with regard to dpa for aging assessments.

IV. VALIDITY OF THE FAST NEUTRON FLUENCE WITH
RESPECT TO DPA

Now that the developed methodology has been pre-
sented and discussed, this section aims to highlight an
example of study that can be conducted using this
methodology.

As explained previously, most surveillance programs
are based on the establishment of an empirical correlation
between the fast neutron fluence and the structural

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2021

mtegrity of the vessel. This correlation is derived from
experimental data obtained from measurements on irra-
diated capsules, containing dosimeters and vessel mate-
rial samples. Since these capsules are closer to the reactor
core than the RPV, the vessel steel samples placed inside
undergo accelerated aging with respect to the RPV.
However, the neutron spectrum incident on these capsules
largely differs from the one at the RPV, inducing large
ARC-dpa spectrum discrepancies between the capsules
and the RPV (see Fig. 15). Moreover, the ARC-dpa
spectrum at the RPV varies significantly as a function
of the location position on the vessel (see Fig. 15).

As a consequence, for the same accumulated fast
neutron fluence, the total amount of dpa produced in
the steel samples of the capsules may differ signifi-
cantly from that in the RPV material. Henceforth, as
reactors are aging, the representativeness of the irradia-
tion damage created in the capsules with respect to the
RPV, for the same measured fast neutron irradiation,
can be questioned. This type of issue is a good exam-
ple of research that can be addressed using the devel-
oped methodology. Therefore, this study proposes to
assess if the use of the fast neutron fluence is an
accurate approach with respect to ARC-dpa, which is
more representative of irradiation damage since it con-
siders the damage induced by the whole neutron spec-
trum. In order to answer this matter, the authors
introduced the relative dpa per fast neutron factor of
the capsules Wypa/g, .- Which is defined as
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Fig. 15. Contributions of neutron energies to the cycle-averaged, axially integrated, ARC-dpa rate in the capsules and at several
azimuthal locations in the RPV, for the reactor cycle described in Sec. III.A.

(Rapa/ g - 11\46\,)mpsulg(t) irradiation, the amount of dpa generated in the capsules and
Wapafbg - e (1) = R ] (15)  in the vessel. As an example, Wy /4 equal to 1.2 indi-
( dpa/d)E > lMCV)vgssgl([) P B IR
cates that for the same measured fast neutron fluence, 20%
. g = more dpa was generated in the capsules than in the RPV.
wher.e Or > nvov 18 the t;ast neutron flux (em™ -s™) and The study was carried out for the reactor cycle
Rypa 1s the dpa rate (s™). described in Sec. IIILA. The corresponding cycle-

According to Eq. (15), the new Wapa/p, ., 18 an indi-  averaged distribution of Warc_dpa/g,. o, O the RPV is
cator comparing, for the same accumulated fast neutron  presented in Fig. 16.
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Fig. 16. Cycle-averaged Warc_dpa/,. e, distribution on the vessel for the reactor cycle described in Sec. IILA.
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Figure 16 shows that for the same accumulated fast
neutron irradiation, between 12% and 26% more dpa are
generated in the capsules than in the RPV. The cycle-
averaged Warc_dpa/o,. o, Mainly varies as a function of
the azimuthal position on the vessel. However, a local
decrease in the value of this factor is observed in the
axial-azimuthal region were the capsules and the struc-
tures that support them are located (azimuthal positions
between —16 and —20 deg and axial positions between
—50 and +50 cm). This decrease is of the order of 8%
compared to values of Warc_dpasg,. ,,, at the same azi-
muthal position but at a different axial position.
Therefore, the presence of the caspules and their support
structures modifies the neutron spectrum incident on the
vessel and thus induces a variation of the amount of dpa
generated per measured fast neutron.

As explained above, the data acquired on the capsules
are used in the surveillance programs in order to derive an
empirical correlation between fast neutron irradiation and
embrittlement of RPV steel. However, the obtained results
show that for the same measured fast neutron fluence, more
irradiation damage is created in the capsules than in the
RPV. Therefore, relying on the capsule steel sample data to
predict vessel aging under irradiation means that the predic-
tion is likely to overestimate the embrittlement of the RPV
relative to its true embrittled state. As a result, the use of fast
neutron fluence is an approach that, although less accurate,
1s conservative (from the safety point of view) compared to
dpa. However, the use of the fast neutron fluence to quantify
the aging of the RPV is not equally conservative everywhere
on the RPV. Indeed, the Warc _dpa/gy- e factor varies up to
12.5% as a function of the position on the RPV, as observed
in Fig. 16. For instance, this variability induces that the fast
neutron fluence approach is more conservative for azi-
muthal position 28 deg than for azimuthal position 0 deg.

A limitation to this study could have been that the
calculated Warc_dpa/¢,. ey LacCtors could be biased by
model approximations. Most of the bias on the fast neu-
tron flux and dpa rate estimates is induced by the perfec-
tible modeling of the moderator density gradient in the
MCNP6 attenuation calculation (see Table IV). However,
fast neutron flux and dpa rate estimates in the RPV are
likely to be biased the same way by this modeling. The
authors believe that this hypothesis is also valid for the
capsules. Therefore, the values of Wgpayy, ..., should not
be overly impacted by the assumptions performed in the
modeling of the moderator density gradient.

Another limitation of this study is that the dpa are
only an indicator of primary radiation damage induced by
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neutrons. This means that many other aspects of radiation
damage (damage mduced by other projectiles, stability
and mobility of the defects produced, etc.) were left out.
Moreover, the performed study was limited to the com-
parison of the total damage induced by neutrons without
considering the speed of irradiation or other types of
particles. Taking into account all these other processes
could lead to significantly different results. However, this
was well beyond the scope of the present study.

V. CONCLUSION

The 1ssues related to possible extensions of operation
of nuclear power plants are becoming more and more
challenging. Such concerns require in-depth analysis of
the parameters that may influence vessel aging (fuel
management variability, core power history, etc.). In addi-
tion, the ability of surveillance programs to accurately
quantify the aging of the RPV needs to be verified for
cach position on the vessel. This question is relevant
since reactor configurations and managements may vary
as reactors are getting closer to the safety limit. For these
reasons, it 1S necessary to have precise, accurate, and
flexible tools.

This paper presented a two-step methodology that
was developed to address these needs. The calculation
scheme couples a deterministic approach (CASMO35 and
SIMULATES codes) to evaluate the full-core fission neu-
tron source term and Monte Carlo modeling (MCNP6
code) to perform the neutron attenuation from the core
to the vessel and the capsules of surveillance programs.
This methodology allows one to evaluate fast neutron
fluence, dpa (using either the NRT-dpa or the ARC-dpa
models), and lead factors of the capsules as well as
neutron and dpa spectra for a wide azimuthal and axial
range on the RPV. Another aspect was to generate all
these parameters within reasonable computational time.

Moreover, studies aiming at evaluating the biases
induced by the assumptions made within the methodol-
ogy were featured. The results showed that the adopted
conservative modeling of the moderator density gradient
m the MCNP6 model may induce the majority of the
biases on the estimates of the quantitiecs of interest.
Therefore, future works will aim at improving this
model in order to improve the best-estimate capabilities
of the calculation scheme.

Then, the best methodology to compute cycle-
mtegrated data (fast neutron fluence, dpa) was assessed.
The results showed that only one attenuation calculation
is required per cycle in order to compute accurate time-
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integrated data. However, the authors found that the tem-
poral mesh used to compute the cycle-averaged fission
neutron source term must be fine enough (about 30
burnup steps or more) in order to not bias the computed
fast neutron fluence and dpa estimates.

Finally, this paper highlighted an example of
a research question that can be adressed using the meth-
odology. In this study the authors discussed the validity
of using the fast neutron fluence in surveillance pro-
grams. To do so, the amount of dpa generated in the
capsule steel samples of surveillance programs was com-
pared to the amount generated in the vessel, for the same
accumulated fast neutron irradiation. The results showed
that for the same measured fast neutron fluence, between
16% and 26% additional dpa are generated in the steel
samples compared to the RPV. Therefore, relying on the
steel sample data to predict vessel aging under irradiation
means that the prediction may overestimate the embrit-
tlement of the RPV with respect to its true embrittled
state. However, there is no existing formula that links the
total amount of dpa generated to the degradation of the
mechanical properties of the RPV. Establishing a formula
linking dpa and RPV steel embrittlement is a state-of-the-
art research question. Therefore, scientific projects such
as ENTENTE® have been created to address this matter.

Further studies may use the ability of the methodol-
ogy to compute fast neutron fluence and dpa over a wide
axial and azimuthal range to explore reactor core cycles
that differ from the considered one (various fuel manage-
ments, reactors operating in load-following mode, inser-
tion of hafnium rods in assemblies at the periphery of the
core, etc.). Moreover, other timescales such as the entire
lifetime of nuclear PWRs could be considered.
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