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Abstract

The present work investigates the attenuation of neutron and photon-induced
irradiation damage in a Pressurized Water Reactor (PWR)-like mock-up Reactor
Pressure Vessel (RPV) using Tripoli-4® Monte Carlo simulations with a particular
emphasis on the presence of a thick stainless steel heavy reflector between the core and
RPV. Results show that the photon-induced damage is well described by the exponential
law. The neutron-induced damage attenuates quicker than the exponential form near the
outer surface of RPV. Nevertheless, an exponential form can represent the attenuation
of neutron-induced damage within 5% discrepancy for penetration < 17 cm in a typical
22 cm thick RPV and within 20% in the outermost 3 cm. The exponential form with an
additional negative term fits the attenuation of neutron-induced damage in RPV as the
negative term considers the “leakage” of neutron near the outer surface. It is observed
that the presence of a Gen IlI-like representative heavy reflector reduces the estimated
neutron-induced damage by a factor of 2. On the other hand, this paper verifies that the
neutron flux with energies above 0.5 MeV (¢-(5) is more representative of the
displacement damage attenuation than the flux above 0, 0.1, and 1 MeV in RPVs. The
damage rate is approximatively equal to K¢sos with K = 9.5 X 10722 DPA/(n -
cm™2) in PWR RPVs.

Keywords: Displacement per Atom, Reactor Pressure Vessel, Heavy reflector, PERLE
experiment, Attenuation, Neutron and Photon, Monte Carlo simulation

1. Introduction

The irradiation-induced damage in the Reactor Pressure Vessel (RPV) is one of the
most important issues for commercial Pressurized Water Reactors (PWRs). The number
of Displacement per Atom (DPA) is widely used to quantify the irradiation damage of
materials. Due to the slowing down and absorption of neutrons in RPV, the DPA
attenuates with increasing penetration in RPV. Stoller and Greenwood [1] investigated
the neutron-induced DPA in different penetrations in RPV using both the standard
Norgett-Robinson-Torrens (NRT) formula [2] and Molecular Dynamics (MD)
simulations. Carew and Hu [3] studied the radial and axial dependence of neutron-
induced DPA in RPV. Remec [4] investigated the DPA attenuation in RPVs with
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different thicknesses thermal shield and RPV. Ref. [3] points out that a simple
exponential form cannot fit the shape of attenuation of neutron-induced DPA in stainless
steel (SS) RPVs, whereas our previous paper [5] shows that the exponential form is
quite suitable to describe the attenuation of neutron-induced DPA rates in the SS heavy
reflector. Since the neutron and photon (called also as gamma-ray) spectra in a RPV are
quite different to those in a SS heavy reflector (details are presented in Section 3), this
paper investigates the attenuation of neutron and photon-induced DPA in RPVs with
and without a 22 cm thick SS heavy reflector surrounding the core, using Tripoli-4® [6]
Monte Carlo simulation. The methods are summarized in Section 2. The results and
discussion are presented in Sections 3.2 and 3.3.

On the other hand, since the measurement of fast neutron fluence is much easier
than the measurement of accumulated DPA, the fast neutron fluence is traditionally
used to correlate DPA. In general, the neutron fluence above 1 MeV is considered for
experimental neutron irradiation damage measurement [7]. However, Refs. [1], [3]
show that the attenuation of DPA is different from the recommended formula of the US
Nuclear Regulatory Commission (NRC) regulatory guide 1.99 revision 2 [8], based on
neutron fluence above 1 MeV [8]. Our recent work [5] points out that the neutron
fluence above 0.5 MeV is quite representative of DPA in the SS heavy reflector from
the point of view of attenuation. Moreover, the 0.5 MeV threshold is the Eastern
European Standard [7]. Therefore, the present work compares the attenuations of DPA
and neutron fluence with different threshold energies in Section 3.4. An empirical
formula for correlating DPA with neutron fluence above 0.5 MeV is also deduced in
Section 3.4.

2. Description of the models

2.1 Monte Carlo simulations

In the European Gen III design, the core is surrounded by a heavy reflector with 8
cm to 30 cm thickness [9]. The PERLE experiment [10], [11] was designed for studying
neutron properties in a representative Gen III thick stainless steel reflector. As the
present work focuses on the verification and validation of the methodology, the PERLE-
based PWR-like mock-ups are used as purely numerical benchmarks, in order to
economize the computation burden of Monte Carlo simulations. A typical 22 cm thick
RPV (not present in the experiment) is added for studying the neutron and photon-
induced irradiation damage. The typical thermal peaks of neutron spectra in the RPV
are observed in the RPV of such a simplified PWR mock-up (shown in Section 3). The
1/4 configuration of the PERLE experiment with an additional RPV is shown in Figure
1(a).

In a typical Gen II PWR, the reactor core is enclosed by a ~3 cm SS baffle. For the
sake of comparison, we use the same geometry of the PERLE core but a different
reflector for a typical PWR. Since the baffle is about 10 times thinner than the heavy
reflector, we use for an example a case in which the core is directly surrounded by the
moderator without a reflector (shown in Figure 1(b)).

In addition, the primary concrete and the 30 cm air between the RPV and the
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primary concrete are considered to simulate the neutron and photon reactions outside
the outer surface of RPV. All Tripoli-4.10 Monte Carlo simulations are based on the
JEFF-3.1.1 evaluated pointwise nuclear data library [12]. The accuracy of Tripoli-4
simulations of the PERLE core and heavy reflector with JEFF-3.1.1 was validated
against experimental measurements on reactivity [5], [11], [13], pin-by-pin power
distribution [11], neutron and photon doses in the SS heavy reflector [11], [13]. The
neutron and photon spectra used for calculating DPA rates in the RPV are the volume-
averages in the hollow cylinders for z-axis from the bottom to the top of fuel pins. The
thicknesses of these hollow cylinders are respectively 1 cm for the innermost 4 ones, 2
cm for the middle 3 ones, and 3 cm for the outermost 4 ones for optimizing the
computation burden and the statistical uncertainties from stochastic simulations.

Figure 1. Configuration of the 1/4 geometry of the PERLE experiment by adding a 22
cm thick RPV with (left) and without the SS heavy reflector (right). The primary
concrete and the enclosed air are included but not shown in this figure.

2.2 Attenuation of DPA

The present work focuses on studying the DPA. However, it should be noted that
DPA is only a quantity used to estimate the irradiation damage: DPA is not equivalent
to damage. Because the attenuations of DPA using both MD simulations and NRT
formula are almost the same [14], the present work directly uses the current
international standard NRT metric. As explained in Ref. [5], the DPA rates presented in
this paper are calculated by folding the neutron and photon flux spectra from Tripoli-
4.10 simulations with the corresponding neutron and photon-induced damage cross
sections. By analogy to the attenuation of flux density in a 1-D approximation, our
previous work [5] proposed a simple formula for describing the neutron-induced DPA
rate versus the penetration in steel reflector as:

~5DPAy

DPA, (x) = DPA, e (D)

where x represents the penetration in material, 2P4 and DPA,,, are free parameters
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that can be deduced from computation data fitting.

It should be noted that Ref. [3] points out that the neutron-induced DPA in a RPV
should require an additional term of the form:

DPA,(x) = Ae™B* + C (2)
where A, B, and C are determined by numerical fitting. An intuitive explanation of the
additional parameter is due to the leakage of neutrons at the outer surface of RPV.
Therefore, C should be negative. More discussion on this formula is found in Section
3.3. For simplification, the fittings of the neutron-induced DPA using Eqgs. (1) and (2)
are simply noted by neutron (1) and neutron (2) hereinafter. The number 1 or 2
corresponds to the number of free parameters for the normalization: 1 in Eq. (1) (i.e.
DPA,) and 2 in Eq. (2) (i.e. A and C). It is noted that the attenuation coefficient B in
Eq. (2) obtained from the least square fitting is numerically different from the value of
»PP4 in Eq. (1). Therefore, the difference between the fittings from Egs. (1) and (2) is
not simply equal to the numerical value of C from fitting.

In the heavy reflector, due to the important albedo of thermal neutrons from the
external moderator, the thermal neutron radiative capture reaction rate is an important
source of photon production [5]. In the vicinity of the RPV outer surface, because there
are only negligible backscattered thermal neutrons (as illustrated in Figure 2), the
photon-induced DPA can be simplified as:

—ZDPAX

DPA,(x) = DPA,,e™=¥ 3)

where X774 and DPA,, are free parameters that can be deduced from fitting.

3. Results and discussion

3.1 Attenuation of neutron flux and photon flux

Figure 2 shows the neutron spectra at different penetrations in the RPV with a 22
cm SS heavy reflector. The typical thermal peaks of neutron spectra close to the inner
surface of a PWR RPV are found in Figure 2. We remark that all neutron and photon
spectra shown in this paper are renormalized by a 40 W thermal power, which is the
power of the PERLE experiment. As explained in Ref. [5], the dips of neutron spectra
are induced by resonant reactions. Owing to the slowing down and absorption of
neutrons in the RPV, the neutron flux decreases with the penetration. The increase of
thermal neutrons near the external surface of RPV (e.g. comparing neutron flux at 14.5
and 20.5 cm penetrations in Figure 2) is due to the slowing down and “reflection” by
the primary concrete (i.e. the biological shield wall) and the enclosed air. For
comparison, Figure 11 in the Appendix shows the ratios of neutron spectra computed
without considering the primary concrete nor the air between the RPV and the concrete
(i.e. leakage boundary condition at the outer surface of RPV) to the neutron flux spectra
shown in Figure 2.
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Figure 2. Neutron spectra at different penetrations in the RPV with a 22 cm SS heavy

reflector. The Monte Carlo statistical uncertainties of neutron flux are within 3% for
most groups and within 0.5% for total flux.

Comparing the neutron flux spectra in the RPV shown in Figure 2 with those in the
SS heavy reflector shown in Ref. [5], one can find much higher proportions of thermal
neutron in RPV because of the slowing down by the moderator surrounding the reflector.
As a consequence, most conclusions shown in Ref. [5] for a SS heavy reflector are not
necessarily the same as those in the RPV. Similarly, it is also the case for photon-
induced DPA if one compares the photon spectra in RPV shown in this paper and those
in the SS heavy reflector shown in Ref. [5]. Therefore, the present work focuses on the
properties of DPA in the RPV.

The prompt photon spectra at different penetrations are shown in Figure 3. The
methods for simulating electron and photon transport in Tripoli-4 are explained in Ref.
[15]. The peaks of the photon spectra in the RPV respectively correspond to: electron-
positron annihilation (0.511 MeV), inelastic scattering of °Fe (0.847 MeV), and
neutron radiative capture reactions of 'H (2.22 MeV), >*Mn (7.27 MeV), ¥Ni (9.00
MeV), and >*Cr (9.72 MeV).

From Figure 3, it is observed that the photon flux above the displacement threshold
0.63 MeV [16] and below 10 MeV follows the exponential law of attenuation well. The
photon flux with energies higher than 10 MeV is more than 3 orders of magnitude lower
than those at several MeV. Since the photon-induced DPA cross section at 15 MeV is
only 7 times larger than that at 5 MeV [5], [16], the photons with energies above 10
MeV have a quite limited contribution to photon-induced atomic displacement.
Therefore, the attenuation of photon-induced atomic displacement in the RPV should
have an exponential form as given in Eq. (3).



1016 [
1015
:‘m 104
o
St S WS e
5 v
g 1012 .
=
< 10"
@
< 10
3 10
B 5 x=7.0 cm
20 — x=1.5cm x=11.5cm
108 —_— X=2.5cm — X=14.5cm
— Xx=5.0cm == x=20.5cm
107 T I 1
1072 10? 10° 10!

Photon energy (MeV)

Figure 3. Photon spectra at different penetrations in the RPV.

The case with a 22 cm thick heavy reflector and primary concrete and the enclosed
30 cm air is referred to as the reference case hereinafter. The ratios of neutron spectra
and photon spectra in the case of no reflector to those of the reference case are
respectively illustrated in Figure 4. Compared with the case with a SS heavy reflector,
the neutron flux in the RPV without a reflector has a larger proportion of fast neutrons.
For photon flux, the attenuation also follows the exponential law well above the 0.63
MeV threshold for atomic displacements [16]. More photons with energies above 10
MeV are found without a SS reflector. However, as previously explained, due to the
quite negligible quantity as shown in Figure 4, the photons with energies above 10 MeV
are negligible for the contribution to total damage.
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Figure 4. Ratio of neutron (upper) and photon (lower) spectra at different penetrations
in the RPV without a reflector to the reference case

3.2 Attenuation of DPA rate

In the present work, the total neutron and photon-induced DPA rates are calculated
using the neutron and photon spectra from Tripoli-4.10 Monte Carlo simulations and
the corresponding DPA cross sections (the self-shielding correction on multigroup DPA
cross section [17] is not considered here). The total neutron-induced damage cross
sections calculated by NJOY-2016 [18] are used in the present work. The total photon-
induced DPA cross sections are from our previous work [16]. In order to show the
results more comparable to commercial reactors, all the DPA rates shown in this paper
are renormalized according to the neutron flux density of a 4500 MWth Gen III
commercial reactor as explained in Ref. [5].

The total neutron and photon-induced irradiation damage in the RPV are illustrated
in Figure 5 with scattered points. The results without a reflector are shown in Figure 6.
The 1o uncertainties of DPA rates due to statistical uncertainties from Monte Carlo
simulation are respectively within 3% and 5% for neutron and photon-induced DPA
rates (without considering the correlation matrix between flux at different energy
groups, i.e. the direct sum of uncertainties of DPA rates in different groups) whether
with or without a heavy reflector. The neutron-induced DPA rates are about 100 times
larger than the photon-induced ones in the RPVs, whereas the factor is about 5000 in
the SS heavy reflector [5]. This is a consequence of a much more efficient attenuation
of neutrons than photons in the moderator, as explained by Alexander and Rehn [19].
Even though the photon-induced damage is negligible in a PWR reflector and RPYV, it
is noted that it is comparable with neutron-induced DPA in a Boiling Water Reactor
(BWR) RPV [19], [20] and in the High Flux Isotope Reactor (HFIR) surveillance [21].
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The curves illustrated in Figure 5 and Figure 6 represent non-linear curve fittings
for the cases with and without a heavy reflector. The corresponding analytical
expressions are given in the corresponding legends. For photon-induced atomic
displacement rate (in DPA/year) versus the penetration (in cm) in the RPV, the
analytical expression

DPA,(x) = 1.600 X 10-5¢~0-31316x @
is determined in the case of a 22 cm heavy reflector (Figure 5) and the formula

DPA,(x) = 1.536 X 105 —028739x 5)

is obtained for the case without a reflector (Figure 6). The corresponding coefficients
of determination (R?) and the chi-square goodness of fit (y2) are given in Table 1. Both
the graphical illustrations in Figure 5 and Figure 6 and the quantitative summaries in
Table 1 show that the exponential formula (3) gives a quite good description of the
attenuation of photon-induced damage in RPVs. The non-linear curve fittings also show
that the photon-induced irradiation damage at the inner surface of a RPV is similar both
with and without a SS reflector.

Table 1. Goodness of non-linear curve fitting of the attenuation of damage rates

With reflector Without reflector
Photon Neutron (1) Neutron (2) Photon Neutron (1) Neutron (2)
R? 0.99992  0.99931 0.99997  0.99997  0.99911 0.99974

x° 0.00053  0.00055  0.00002  0.00698  0.02110  0.01091
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Figure 6. Attenuation of DPA rates in the simulated RPV of the PERLE experiment
without a reflector

For neutron-induced damage shown in Figure 5 (i.e. with a SS heavy reflector) and
Figure 6 (i.e. without a SS heavy reflector), the exponential form (i.e. Eq. (1)) is not
sufficient to describe the DPA rate for penetration x > 17 cm. If one considers only the
region where x < 17 cm, the fitted exponential forms

DPA,(x) = 0.670 x 10~3g~0-09443x (6)
and

DPA,(x) = 1.053 x 107 3¢~0-10227x (7)
with x in cm and DPA, in DPA/year, are suitable for predicting the attenuation of
neutron-induced damage in RPVs with and without a heavy reflector, respectively. In
the whole region of a RPV, Eq. (2) gives an accurate description of the attenuation of
neutron-induced damage (in DPA/year):

DPA,(x) = (0.720e7997919x _ ,060) x 1073 8)
for the case of a 22 cm heavy reflector and
DPA,(x) = (1.118¢7908728x _ 0 081) x 1073 9

without a reflector. The goodness of fitting for neutron-induced damage with Egs. (1)
and (2) are also summarized in Table 1.

It is found that the presence of a 22 cm SS heavy reflector reduces the neutron-
induced damage by a factor close to 2. Since the case without reflector directly replaces
the SS heavy reflector by moderator, the distance between the core and RPV of this case
is larger than the realistic case. If a smaller and more realistic distance between the core
and RPV is considered, the neutron-induced DPA rates are larger than the ones obtained
by directly replacing the SS reflector by the moderator. Consequently, the reduction of
the neutron-induced damage by the presence of the 22 cm SS heavy reflector should be
larger than a factor of 2. The conclusion on the total damage rate is the same as the
neutron-induced one because the photon-induced damage is smaller than 3% of the

neutron-induced damage. The reduction of irradiation damage in RPV owing to the
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presence of a SS heavy reflector is thus verified for Gen III reactors.
3.3 Further discussion on the attenuation of DPA rate

Figure 5 and Figure 6 point out that the exponential form is not sufficient to deal
with the attenuation of neutron-induced damage at a penetration in a RPV larger than
17 cm. In fact, the simple reasoning (as given in Ref. [5]) that the attenuation of
irradiation damage follows an exponential law is based on the number of neutrons
passing through the surface. However, a neutron passing through a surface is not
equivalent to neutron reacting at this surface. As the 2D example illustrated in Figure
7, except for the neutrons having collisions at both x and x+dx (blue paths) or being
absorbed in [x, x+dx] (orange paths), the neutrons having reactions at penetration x+dx
can be from multiple scatterings of neutrons passing through x but without reaction at
x (red paths). Similarly, the neutrons at x can be scattered to a penetration larger than
x+dx (green paths). In the intermediate region of a specific material, the balance
between the red paths and green paths shown in Figure 7 leads to an exponential form
of the attenuation of neutron flux and DPA. However, near the surfaces of the material,
this balance is not guaranteed.

Material

X x+dx

v

Figure 7. Schematic of neutron transport in 2D geometry
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Figure 8. Attenuation of neutron-induced damage in the RPV with (upper) and
without (lower) a SS reflector and the primary concrete. The lower subplots illustrate
the differences between the Analytical Fitting (AF) of each case (shown in Figure 5,

Figure 6, Figure 12, and Figure 13) and the Monte Carlo (MC)-based results. The
large AF/MC discrepancies at 20.5 cm penetration are numerically pointed out in the
figures. The directly summed statistical uncertainties (10) from MC simulations are

shown for comparison.

Near the outer surface of RPYV, the attenuation should be faster than the exponential
form if there is no material surrounding the RPV (the sources from red paths and dashed
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blue paths illustrated in Figure 7 are reduced). The air/concrete can reflect the neutrons
going out of the RPV (comparing Figure 2 and Figure 11), the attenuation of damage
rate near the outer surface of RPV without the surrounding air/concrete is thus higher
than that with the surrounding air/concrete. In order to quantitatively show the effect at
the periphery of RPV, Figure 8 compares the Monte Carlo simulation-based DPA rates
with exponential analytical fitting. Figure 8 shows also the discrepancy between
calculations and fittings with an additional negative term, noted as neutron (2) (notation
defined in Section 2.2).

Upper subplots in Figure 8 show together the neutron-induced damage with 50 cm
air + concrete and without air/concrete. The analytical fittings of neutron and photon-
induced DPA rates without air/concrete (with 50 cm air between the RPV and concrete,
resp.) surrounding are shown in Figure 12 (Figure 13 resp.) in the Appendix. The
analytical exponential formulae given in Figure 5 and Figure 6 (i.e. from the standard
simulations) are also included for intuitive comparison. Lower subplots in Figure 8
illustrate the differences between the calculated DPA rates and the analytical fittings
(shown in Figure 5, Figure 6, Figure 12, and Figure 13). In other words, the differences
shown in lower subplots in Figure 8 are individually deduced from the fittings and
calculated points shown in Figure 5, Figure 6, Figure 12, and Figure 13.

In fact, the air between the RPV and the primary concrete have a negative
contribution to DPA near the outer surface of RPV due to a lower backscattering-to-
absorption ratio in the air and concrete than that in the RPV SS. This can be verified by
comparing the results with 30 cm and 50 cm air shown in Figure 8 and comparing the
results with different thicknesses RPVs investigated by Remec [4]. Therefore, it is
emphasized that the primary concrete and the air between the RPV and the concrete
should be considered in neutronic calculations for studying neutron-induced irradiation
damage near the outer surface of RPV. Comparing the discrepancies to the
corresponding exponential fittings for the three cases (30 cm air + concrete, 50 cm air
+ concrete, and without concrete), one can deduce that the attenuation of neutron-
induced damage should be closer to an exponential form if the SS thermal insulation
barrier [22] is used.

On the contrary, close to the inner surface of a RPV, the attenuation is slower than
the exponential law because the source from red paths shown in Figure 7 is enhanced.
Consequently, the damage rates near the inner surface are slightly below the exponential
curves. Nevertheless, Figure 8 verifies that the exponential law can describe the
neutron-induced damage at x = 0.5 cm (simulated in the volume determined by x = 0
and x = 1 cm) within 2% (3% without air/concrete) overestimation for the two cases
(i.e. with a 22 cm heavy reflector and without a reflector).

In general, Figure 8 shows that the exponential law can well describe the
attenuation of neutron-induced damage until 17 cm penetration within 5% discrepancy
in a typical 22 cm thick RPV. For penetration x > 17 cm, the fitted exponential formula
overestimates the damage due to the strong “leakage” of neutrons near the outer surface.
For the outermost 3 cm thick volume, this overestimation reaches 20% (40% if
air/concrete is not considered) whether with or without the heavy reflector. However,
this overestimation is not very important because of the relatively small irradiation

12



damage. Eq. (2) with C < 0 (due to the “leakage”) is shown able to fit the attenuation
of neutron-induced DPA with the discrepancy included in the statistical uncertainty.

3.4 Comparison of total DPA with neutron flux

Our previous work shows that neutron flux above 0.5 MeV is representative of DPA
in the SS heavy reflector [5]. However, because the neutron flux spectra in RPV are
quite different from those in SS heavy reflector (c.f. Section 3), this conclusion cannot
be directly generalized for a RPV. This subsection thus studies the representativity of

neutron flux of total DPA in RPVs.
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Figure 9. DPA rates and neutron flux in RPV from Monte Carlo simulations with
(upper) and without (lower) reflector by arbitrary renormalizations. The different
normalizations are used only for an intuitive comparison of the attenuations.

Figure 9 compares the attenuation of total DPA rates and neutron flux in RPVs. The
data shown in Figure 9 are renormalized by arbitrary values for the sake of intuitive
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comparison. As explained in Ref. [5], the attenuation of DPA rates based on the NRT
metric is similar to the one based on MD simulations [14]. Figure 9 shows that the
neutron flux with energy above 0.5 MeV is not very representative of the attenuation of
damage rates in RPVs as it in the SS heavy reflector shown in Ref. [S]. However, the
neutron flux above 0.5 MeV is much more representative of damage rate than the total
flux, the flux above 0.1 MeV, and the flux above 1 MeV for the attenuation in the RPVs.
This conclusion is also verified by the data presented in Ref. [23] and shown in Figure
10: the ratio of DPA rates to neutron flux above 0.5 MeV in a RPV varies much less
than the ratios to flux above 0, 0.1, and 1 MeV for a VVER-1000 (with standard and
low leakage fuel loadings), German 1300 MW PWR, and German 900 MW BWR (the
ratios of maximum to minimum shown in Figure 10 are respectively 2.7, 2.3, 1.3, and
2.3 for neutron flux above 0, 0.1, 0.5, and 1 MeV).
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Figure 10. Normalized ratio of neutron-induced DPA to neutron flux above different
threshold energies in RPVs for various reactors [23] and the ratio of K deduced from
Ref. [23] to that obtained in this work (denoted by Ktw). The normalized ratios
computed from Ref. [23] are normalized by the corresponding values for the inner
surface of the VVER-1000 RPV with standard fuel loading (i.e. the left-most points in
the figure). K = DPA/¢~( 5 is defined in Eq. (11).

For comparison, Figure 9 also plots the attenuation formula proposed by the US
NRC [8]:

DPA, (x) = DPA,je~0-0944%% (10)
where x is in cm. Figure 9 shows that the US-NRC attenuation formula is globally
consistent with the attenuations of DPA and neutron flux above 0.5 MeV in the RPVs
of the presented PWR mock-ups. This formula is primarily proposed for fluence above
1 MeV [8], whereas the attenuation of neutron flux with energies above 1 MeV is faster
than this formula. However, the US-NRC regulatory guide also mentions that the
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attenuation of DPA may be substituted for the attenuation formula [8]. In this case, there
is no large difference between the use of the US-NRC formula and the DPA calculations
shown in the present work.

The NRC-proposed attenuation coefficient -0.09449/cm is quite close to the values
determined in the present work: -0.09443/cm with a 22 cm thick heavy reflector and -
0.10227/cm without a reflector. Especially for the case with a 22 cm SS heavy reflector,
the difference is only 0.06% and Figure 9 shows quite good agreement between the
damage rate and NRC’s formula for penetration smaller than 17 cm. It is noteworthy
that if Eq. (2) is applied, the absolute value of the attenuation coefficient is smaller. In
the present study, the attenuation coefficients of Eq. (2) with and without the heavy
reflector are respectively -0.07919/cm and -0.08728/cm. The absolute values of these
two coefficients are larger than the ones determined in Ref. [3] (~ -0.07/cm for four
PWRs).

Supposing the relationship between damage and neutron fluence above 0.5 MeV
(¢>0.5) as:

DPA = K¢ (11)
where K is the factor converting the neutron fluence ¢ with energies above 0.5 MeV
(i.e. ¢-gs) into the searched DPA. It is deduced that K =~ 9.5 X 10722 DPA/(n -
cm™2) in the RPV with and without a 22 cm thick heavy reflector. This value is slightly
larger than K = 8.6 X 10722 DPA/(n-cm™2) for the heavy reflector [5] because the
neutron flux in a RPV has a lower proportion of neutrons with energies above 0.5 MeV.
It is noted that at the inner surface of the RPV in a 900 MWe French PWR of which the
spectrum is given in Ref. [24], K = 9.3 X 10722 DPA/(n‘cm™2) (based on JEFF-
3.1.1). Figure 10 illustrates the ratios of K deduced from Ref. [23] to the coefficient
K ~ 9.5 x 10722 DPA/(n - cm™2) obtained in the present work. It is observed that our
value is quite close to the values for a VVER-1000 (with standard and low leakage fuel
loadings), German 1300 MW PWR, and German 900 MW BWR (within [-10%, 15%]
deviation except at surveillance position of the BWR), based on MCNP using ENDF/B-
VI [23]. Therefore, the additional RPV in the PERLE benchmark is complementarily
justified for studying the neutron-induced irradiation damage in PWR RPV. Moreover,
Eq. (11) could provide an additional criterion on the representativity of neutron flux in
RPV for experimental designs.

4. Conclusions

The present work investigates the attenuation of neutron and photon-induced
irradiation damage in a PWR RPV. The studies are carried out on a simulated
benchmark reproducing a Gen Ill-like UO» core surrounded by a SS thick reflector
(issued from the PERLE experiment, conducted in the EOLE zero power reactor) with
an additional RPV using Tripoli-4.10 Monte Carlo simulations. In order to evaluate the
effect of different reflector thicknesses on irradiation damage, an extreme case that
replaces the heavy reflector by a moderator is studied. In both cases, the photon-induced
damage is well described by the exponential law with two free parameters (amplitude
and attenuation coefficient). It is noteworthy that the photon-induced damage in PWR
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RPV is about 100 times smaller than the neutron-induced one, whereas this factor is
about 5000 in the SS heavy reflector [5].

For neutron-induced damage, the attenuation near the outer surface of a RPV is
stronger than that predicted by exponential law due to the “leakage” of neutrons. The
present work shows that the primary concrete has a positive contribution to the DPA in
the RPV close to the outer surface by reflecting neutrons, whereas the contribution of
the primary concrete and the enclosed air to DPA in the RPV is still less important than
a SS. Regardless, the exponential law can be used to describe the attenuation of neutron-
induced damage for penetration < 17 cm in a typical 22 cm RPV within 5% discrepancy.
The exponential law with an additional negative term well fits the attenuation of
neutron-induced damage in RPV. On the other hand, it is found that the presence of a
SS heavy reflector reduces the neutron-induced damage in a RPV by a factor close to 2
(and > 2 if a smaller but more realistic distance between the core and RPV is considered).

Comparing the attenuation of neutron-induced damage and the neutron flux, it is
verified that the neutron flux above 0.5 MeV is more representative of irradiation
damage than the flux above 0, 0.1, and 1 MeV thresholds in RPV, while our previous
work shows a similar conclusion in the SS heavy reflector [5]. The relationship DPA =
K¢psos with K =9.5x 10722 DPA/(n-cm™2%) is determined in the RPVs for the
two cases (i.e. with the heavy reflector and without a reflector). This coefficient is
comparable with K = 9.3 X 10722 DPA/(n-cm™2) at the inner surface of RPV of a
French 900 MWe PWR. It is also coherent with the values at different depths of
penetration in RPVs of a VVER-1000, a German 1300 MW PWR, and a German 900
MW BWR [23]. Moreover, the attenuation coefficients in the exponential form for
neutron-induced damage determined in the present studies are close to the value
proposed by the US NRC. However, it is notable that this value is larger than K =
8.6 x 10722 DPA/(n-cm™2) [5]in the SS heavy reflector.

Appendix

Figure 11 shows the ratio of neutron spectra in the RPV illustrated in Figure 1(a)
without the primary concrete nor the enclosed air to the reference case. It is used for
comparison with Figure 2. Figure 12 (Figure 13 resp.) illustrates the attenuation of
neutron and photon-induced damage rates with and without the heavy reflector in the
case of no surrounded air/concrete (50 cm air + concrete resp.). These figures are for
the sake of comparison with Figure 5 and Figure 6. Table 2 summarizes the goodness
of fittings shown in Figure 12 and Figure 13.
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Figure 13. Attenuation of DPA rates in the RPV of the PERLE experiment with (upper)
and without (lower) reflector with 50 cm air between the RPV and the concrete

Table 2. Goodness of non-linear curve fitting of the attenuation of damage rates
shown in Figure 12 and Figure 13

Case With reflector Without reflector
Photon  Neutron (1) Neutron (2) Photon Neutron (1) Neutron (2)
Without R? 0.99990  0.99861 0.99994  0.99997  0.99842  0.99981
concrete x2 0.01178 0.00263  0.00498  0.00488  0.00346  0.00038
50 cm air R? 0.99992  0.99904  0.99995  0.99997  0.99871 0.99966
+ concrete x? 0.00050  0.00078  0.00004  0.00697  0.02572  0.01271
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