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In the last few years, and within the framework of different European projects, KENO-VI
code from SCALE system has been employed to perform detailed continuous-energy Mon-
te Carlo transport calculations for advanced fast reactors. The core characterization of both
the sodium-cooled ASTRID and the lead-cooled ALFRED reactors was performed during
the FP7 cross-cutting ESNII+ project; more recently, core calculations for the sodium-
cooled Superphénix reactor and the improved European Sodium Fast Reactor design were
performed within the HORIZON2020 ESFR-SMART project. In all cases, the effective mul-
tiplication factor predicted by KENO-VI was systematically higher (around 400-500 pcm)
than the values computed by MCNP and Serpent Monte Carlo codes, using the same nu-
clear data library.

In order to provide insight into the origin of the observed discrepancies, a simplified 2D
MOX-fueled SFR pin-cell benchmark has been launched. The multiplication factor, as well
as 1-group and VITAMINJ 175-group cross-sections computed by KENO-VI, Serpent and
MCNP codes employing ENDF/B-VII.1 data library, have been compared.

Significant differences between KENO-VI and the other codes have been found in the un-
resolved resonance regions of 2°Pu and 2*'Pu capture and production cross sections,
while negligible differences appeared outside those energy ranges. On the other hand,
calculations without using probability tables have shown very good agreement. Quantita-
tive comparison is presented and analyzed, along with a discussion of the impact of the
probability-table treatment in the three codes for MOX-fueled systems with typical SFR
spectrum.

KEYWORDS: Unresolved Resonance Region, Probability Tables, Monte Carlo simu-
lations of SFR

Introduction

The Horizon2020 European project ESFR-SMART (European Sodium Fast Reactor Safety Measures and
Research Tools) [1] was launched in September 2017 with the main objective of further enhancing the
safety of Generation-IV Sodium Fast Reactors (SFR) and particularly of the commercial-size European
Sodium Fast Reactor.

In order to assess the new safety measures implemented in the optimized ESFR core, well-calibrated
and validated simulation tools have to be used. Verification and validation of the computational tools
and methodologies, along with uncertainty quantification, is then required to give credibility to simula-
tion-based results.

With that goal, and related with the initial core performance assessment of the 3-D heterogeneous
ESFR core, several neutronics codes have been employed and widely benchmarked. In particular,
results provided by three continuous-energy Monte Carlo codes have been compared: Serpent,
MCNP and KENO-VI.
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Significant differences in the effective multiplication factor were encountered. KENO-VI predicted an
effective multiplication factor around 400-500 pcm higher than the values computed by Serpent and
MCNP using the same nuclear data library (ENDF/B-VII.1). An overestimation of reactivity was also
predicted by KENO-VI for Superphénix reactor benchmark also in the frame of the ESFR-SMART
project [2].

These tools have been previously used for calculation of advanced fast reactors within the framework
of different European projects and similar differences were found systematically between KENO-VI
and Serpent or MCNP outcomes. Firstly, during ESNII+ project and related to SFR core characteriza-
tion, ASTRID calculations at End of Cycle (EoC) were performed obtaining a difference in the k.,
value of ~400 pcm between KENO-VI and Serpent by using the same nuclear data library (ENDF/B-
VII.0) [3]. Secondly and also during ESNII+ project, lead-cooled ALFRED core calculations at Begin-
ning of Cycle (BoC) were conducted and, in this case, a disagreement of ~500 pcm was found be-
tween KENO-VI and MCNP using the ENDF/B-VII.1 nuclear data library [4]. On the other hand, within
CHANDA project [5], MYRRHA calculations for critical and sub-critical homogeneous models at Be-
ginning of Life (BoL) were performed. In both cases and using the ENDF/B-VII.O library, core multipli-
cation factors showed a discrepancy around 250 pcm between KENO-VI and MCNP [6].

The objective of this work is to provide insight into the origin of the observed discrepancies. To
achieve this goal, a simplified SFR pin-cell benchmark has been launched in order to carry out an
exhaustive comparison between the three Monte Carlo codes employing the ENDF/B-VII.1 data li-
brary.

In this paper, main results of this simplified benchmark are presented and in-depth analyzed. Initially,
the multiplication factor as well as one-group collapsed cross sections evaluated by each have been
compared to identify the main contributors to the differences. At the next stage, a detailed inter-
comparison of multi-group cross sections of the most important nuclides/reactions has been conduct-
ed employing the VITAMINJ 175-group structure. An important effect of the unresolved resonance
regions (URR) of some nuclides/reactions cross sections, which leads to the discrepancies on the k¢
values predicted by each code, has been detected taking into account the calculations performed by
switching off the use of the probability tables.

Probability-Table Method for Unresolved Resonance Region

For certain isotopes at sufficiently high incident neutron energies, there is an energy region where the
cross section resonances are practically overlapped not allowing their experimental resolution. This
region is known as the unresolved resonance region and it is located between the resolved resonance
and continuum regions. Consequently, the structure associated with the URR does not allow a precise
description of the neutron cross section values, which must be described by average resonance pa-
rameters and statistical distributions over energy.

Detailed Monte Carlo transport simulations must implicitly take into account the important physical
phenomena in the unresolved resonance energy region. Typically, the probability table method has
been employed in order to account for URR structure preserving the energy self-shielding effects [7].
This method relies on the statistical nature of the resonance parameters in this region and is based on
the sampling of pre-generated discrete cross sections values with related energy-discretized probabil-
ity distributions. During the simulation these discrete data, which are organized in a set of tables, are
sampled to obtain the cross section values in the URR.

The effect of the probability-table treatment in various uranium and plutonium benchmarks has been
assessed [8], and the systems for which the probability-table method has an important effect have
been identified. Here, it is shown that advanced fast reactors, such as the sodium-cooled ASTRID,
Superphénix or optimized ESFR or the lead-cooled ALFRED and MYRRHA reactors, are especially
sensitive to the unresolved resonance energy region due to the neutron energy spectra in this type of
systems.

Monte Carlo simulation tools

As previously stated, this study is based on the calculations performed by the continuous-energy Mon-
te Carlo codes KENO-VI, MCNP and Serpent.



Vs

£

KENO-VI [9] is the three-dimensional Monte Carlo criticality module of SCALE Code System [10],
developed and maintained by Oak Ridge National Laboratory (ORNL). In this work, calculations are
performed using the continuous-energy AMPX-formatted data provided by SCALE, in its version 6.2.3,
based on the ENDF/B-VII.1 library [11]. The effect of the interpolation method implemented to provide
problem-dependent temperature corrections is avoided by selecting as benchmark temperatures those
for which continuous-energy data are available in SCALE.

MCNP6 [12] is a reference general-purpose, continuous-energy, generalized-geometry and time-
dependent Monte Carlo code designed to track many particle types over broad ranges of energies,
developed and maintained by Los Alamos National Laboratory. In this work, the ENDF/B-VII.1 based
ACE-formatted nuclear data library, processed at CIEMAT with NJOY2016 [13] to the benchmark
temperatures, was used for MCNP calculations.

Serpent [14] is a multi-purpose three-dimensional continuous-energy Monte Carlo code, developed at
VTT Technical Research Centre of Finland. The Serpent calculations have been performed using
ENDF/B-VII.1 based ACE-formatted nuclear data processed at VTT.

Since MCNP shares the ACE data format with Serpent, MCNP calculations have been also performed
using the nuclear data library originally processed for Serpent calculations. This case is identified as
“MCNP-HZDR” along the paper and it is used to assess the impact of the processing on computed
results.

Impact of Unresolved Resonance Region using a simplified SFR pin-cell model

The benchmark exercise is based on a very simplified 2D SFR pin-cell model (see Figure 1) compris-
ing three regions: 1) a MOX-based fuel region (composed of 160, 235U, 238y, 239py, 240py, 241py, 242py
and 2*1Am); 2) a cladding region modeled using a single isotope (°®Fe), and 3) the sodium coolant
(33Na). The model does not include the central hole as well as the gap between the fuel material and
the cladding. Reflective boundary conditions are applied in all directions. Temperatures for ENDF/B-
VIl.1-based cross-sections are 1200 K for fuel material and 900 K for cladding and sodium.

cladding

N

sodium

1.1897 cm

Figure 1: Simplified 2-D SFR pin-cell model.

A first set of the results includes a comparison of both the infinite multiplication factor (k;,) and main
one-group collapsed problem-dependent cross sections. In this sense, the computed multiplication
factors are compared in Table 1 and the one-group cross sections and their deviations with respect to
the Serpent ones are summarized in Figure 2.

Calculation kins Ap = (1 /kper — 1/kinf) [PCM]
Serpent 1.31687(2) reference
MCNP-HZDR 1.31685(5) -1
MCNP-CIEMAT 1.31853(5) 96
KENO-VI 1.32607(2) 527

Table 1: Criticality calculations for the pin-cell. The 1o standard deviation of the Monte Carlo results is
given in parentheses.
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Regarding the multiplication factor comparison, KENO-VI overpredicts the reactivity with respect to
Serpent and MCNP, exhibiting the same behavior observed in the previously mentioned whole core
calculations. Comparison of both MCNP results illustrates the impact on reactivity of the different nu-
clear data processing carried out with NJOY for this benchmark.

The comparison of the one-group cross sections in Figure 2 reveals significant differences for some
nuclide reactions. As it can be seen, 23°Pu and 2*'Pu capture and production cross sections can be
identified as the major contributors to the deviations. The highest difference corresponds to 2*'Pu(n, y)
cross section since the value obtained by KENO-VI differs more than 4% to the ones provided by both
Serpent and MCNP. In addition, 2**Pu(n, f) cross section computed by KENO-VI has a 2.3% difference
regarding Serpent and MCNP results. On the other hand, 2%°Pu(n,y) and 23°Pu(n,f) cross sections
provided by KENO-VI differ up to 0.5% with respect to the other codes. Moreover, systematic underes-
timation of capture reactions for nuclides such as 238U, 56Fe and ?3Na can be also observed.
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Figure 2. Collapsed one-group cross sections and relative deviations with respect to Serpent (bars

refer to 1-g cross sections on the left, dotted lines refer to deviations on the right).

A detailed comparison of the major contributors to the differences can be carried out by collapsing the
continuous-energy cross sections into the VITAMINJ 175-group structure. Relative deviations to Ser-
pent results concerning 23°Pu and 2*'Pu production and capture reactions are depicted in Figure 3 and
Figure 4, respectively. It can be noted that significant differences appear in the unresolved resonance
regions for both isotopes, being the URR boundaries marked. On the other hand, negligible differ-
ences appear outside this region in all cases. Specifically, KENO-VI is overestimating the production
cross section in both cases while the capture is being underestimated. Then, the unresolved range
treatment applied by each code leads to the large differences in the multiplication factor which has
been previously observed.
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In order to analyze the effect of the unresolved range treatment on the multiplication factor, calcula-
tions have been repeated by omitting the data embedded into the probability-tables (P-T) for this
range. The results from these calculations are summarized in Table 2. Firstly, Serpent and MCNP-
HZDR predicted identical results regarding the URR effect on the k;,; which is consistent since both
cases are based in the same NJOY-processed library. Secondly, MCNP-CIEMAT shows a slightly
larger URR effect compared to MCNP-HZDR that can be attributed to the processing of basic ENDF
data. Furthermore, KENO significantly overestimates the URR effect with respect to Serpent and
MCNP, i.e. 525 pcm in contrast to 50-100 pcm, which could be related to both the AMPX-formatted
data processing and inherent Monte Carlo methods. In addition, all results are in a very good agree-
ment when the P-T data are not considered which confirms that the URR treatment can explain the
differences.
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Figure 3: Relative deviations in 2°Pu production and capture microscopic cross section with respect to
Serpent results collapsed into 175-groups.
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Figure 4: Relative deviations in ?*’Pu production and capture microscopic cross section with respect to
Serpent results collapsed into 175-groups.

Calculation kinr with P-T kinr Without P-T URR effect [pcm] Ap without P-T [pcm]
Serpent 1.31687(2) 1.31601(2) 50 reference
MCNP-HZDR 1.31685(5) 1.31599(5) 50 -1
MCNP-CIEMAT 1.31853(5) 1.31683(5) 98 47
KENO-VI 1.32607(2) 1.31689(3) 525 51

Table 2: Quantification of the unresolved resonance region effect on the multiplication factor predicted in
each case and differences with respect to Serpent
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For one-group cross sections, significant differences concerning the URR effect are obtained accord-
ingly (see Figure 5). It can be seen that KENO-VI overestimates this effect compared to Serpent and
MCNP for those isotope/reaction pairs which have been identified as the major contributors to the
discrepancies.
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Figure 5: Effect of the unresolved resonance region on the one-group cross sections.

Updated ENDF/B-VII.1 library for KENO-VI SFR calculations

As detailed in the previous section, the application of the probability tables for the unresolved reso-
nance region causes significant discrepancies between KENO-VI and Serpent and MCNP Monte Car-
lo codes. These differences are caused by differences in the generation of the applied nuclear data
libraries. While Serpent and MCNP use data generated by NJOY, KENO-VI uses nuclear data pro-
cessed by AMPX [15]. During the analysis of fast spectrum systems, it was discovered that the proba-
bility tables generated by AMPX included a normalization issue [16]. This issue has recently been
fixed, and the next SCALE release (i.e. 6.3.0) will include nuclear data libraries that include corrected
probability tables.

In addition to KENO-VI calculations using the released data library that include the normalization is-
sue, KENO-VI calculation using a pre-release of the corrected ENDF/B-VII.1 data library was per-
formed on the same simplified pin-cell benchmark.

Calculation kinr with P-T ks without P-T  URR effect [pcm] Ap with P-T [pcm] Ap without P-T [pcm]
Serpent 1.31687(2) 1.31601(2) 50 reference reference
MCNP-HZDR 1.31685(5) 1.31599(5) 50 -1 -1
MCNP-CIEMAT 1.31853(5) 1.31683(5) 98 96 47
KENO-VI/AMPX-6.2.3  1.32607(2) 1.31689(3) 525 527 51
KENO-VI/AMPX-6.3.0 1.31838(2) 87

Table 3: Quantification of the unresolved resonance region effect on the multiplication factor predicted in
each case and differences compared to Serpent.

Table 3 presents the results of the criticality calculations as well as the effect of the unresolved reso-
nance range in all cases. Using the optimized SCALE library, k;,; shows a more reasonable agree-



Relative deviation [%]

o
4

Relative deviation [%]
o

Relative deviation [%]

ICAPP 2019 - International Congress on Advances |
France, Juan-les-pins — 2019, May12 | 15

/[
/ Z
ment compared to the other codes, decreasing the impact of the probability tables up to 87 pcm, which
is slightly higher than Serpent but consistent with MCNP-CIEMAT. In all cases the reactivity differ-
ences are lower than 100 pcm, in contrast to the discrepancy of 527 pcm previously obtained.

Concerning the one-group collapsed cross sections, the optimized library shows a clear improvement
with respect to the reference KENO-VI calculation. The cross sections related to the isotopes which
were previously identified as major contributors to the differences show the following enhancements:

e 241Py one-group capture and production cross section differences compared to Serpent con-
siderably decrease from 4.13% to 0.34% and from 2.37% to 0.19% respectively.

e The KENO-Serpent differences in 23°Pu one-group capture and production cross sections are
reduced from 0.79% to 0.09% and from 0.51% to 0.12% respectively.

The improvement can be noticeably seen by collapsing the cross sections into the 175-group structure
(see Figure 6 and Figure 7). As it can be seen, for production and capture cross sections of 23°Pu,
differences with respect to Serpent are in a very good agreement with the MCNP-CIEMAT ones. In
both cases, deviations are lower than 0.5% along the unresolved resonance range. On the other hand,
also production and capture cross section of 241Pu present an improvement although some noise pro-
file remains. Nevertheless, those differences are lower than 1.7% along the range in contrast to the
very close to 10% previously identified.
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Figure 6: Relative deviations in 2°Pu production and capture microscopic cross section with respect to
Serpent results collapsed into 175-groups.
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Figure 7: Relative deviations in ?*’Pu production and capture microscopic cross section with respect to
Serpent results collapsed into 175-groups.

In summary, the updated library significantly improves KENO-VI simulation for Sodium Fast Reactors
solving the differences with respect to Serpent or MCNP previously observed.
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Conclusions

A simplified pin-cell benchmark has been carried out in the frame of the ESFR-SMART project in order
to provide insight into the discrepancies that KENO-VI exhibits when compared to other Monte Carlo
codes for advanced fast reactor systems. Those deviations have appeared not only for Sodium Fast
Reactors such as ASTRID, Superphénix or the optimized ESFR but also for the Lead-cooled Fast
Reactors ALFRED and MYRRHA.

The three Monte Carlo codes, namely, KENO-VI, Serpent and MCNP were benchmarked in this work
using the ENDF/B-VII.1 nuclear data library, AMPX-formatted for KENO-VI and NJOY processed for
both Serpent and MCNP.

Criticality calculations have been performed, being the infinite multiplication factor predicted by KENO-
VI around 500 pcm higher than the values predicted by Serpent and MCNP. Fission, production and
capture cross sections for the main isotopes were collapsed into one-group in order to identify the
major contributors to the discrepancies. Both 24'Pu and 23°Pu production and capture cross sections
were identified as the most important contributors. By collapsing those cross sections into 175-group
structure, it was concluded that differences are mainly due to the unresolved resonance region treat-
ment. KENO-VI is considerably overestimating the effect of this region on the multiplication factor pre-
diction with respect to both Serpent and MCNP. Calculations without the probability tables confirmed
this statement.

The observed differences could be explained by a normalization issue in the generation of probability
tables with AMPX for SCALE, which has recently been fixed. Significant enhancements regarding the
effect of the unresolved range were observed when using a pre-release of the corrected ENDF/B-VII.1
library.

Regarding the results provided by Serpent and MCNP, a perfect agreement can be observed when
using exactly the same processed library. Different options in the NJOY processing system to convert
evaluated data into final application libraries lead to slight deviations.

This simplified benchmark exercise is therefore a good benchmark to check the impact of the URR in
Monte Carlo simulations of fast reactors and to assess the adequacy of the processed continuous-
energy libraries for best-estimate reactor calculations.
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