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Abstract

This study explores methodologies for propagating nuclear data uncertainties in radiation shielding
calculations. The work is motivated by the aging of Pressurized Water Reactor (PWR) vessels,
where quantifying uncertainties can contribute to improved risk assessment; in this context, the
present analysis serves as a preliminary step toward more complex, application-specific scenar-
ios. Two approaches are considered: First-Order Second-Moment (FOSM) sensitivity analysis and
Monte Carlo Sampling (MCS), both implemented through MCNP6.3. In the FOSM approach, we
examine the use of variance reduction in combination with sensitivity calculations, while the MCS
method is optimized to address its higher computational demand. Our analysis revealed discrep-
ancies in certain cases when applying variance reduction with sensitivity calculations, which may
compromise its applicability under certain conditions. Conversely, the MCS approach, using Sobol
and Latin Hypercube Sampling (LHS) with fast Total Monte Carlo or fast GRS techniques, yielded
results comparable to FOSM. These findings suggest that using MCS for propagating nuclear data
uncertainties in shielding problems should be feasible, while maintaining computational demand
similar to that of traditional first-order methods. Future work will test this approach in more

complex, realistic configurations.

Keywords — Uncertainty Quantification, Sensitivity Analysis, Monte Carlo Sampling (MCS),
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I. INTRODUCTION

Extending the operational lifespan of PWRs relies among other challenges, on an accurate
understanding of how structural components respond over time to neutron irradiation. Measure-
ments of neutron flux inside the reactor vessel is usually limited to dosimeters present in the steel
samples holder positioned outside the reactor envelop at a specific azimuth, needing the use of
detailed simulations that account for complex geometries, multiple materials, and dynamic condi-
tions to evaluate the flux on the vessel [1, 2]. As a result, accurately predicting neutron fluence
becomes a key aspect of reactor safety analysis, where uncertainty analysis plays a central role in
identifying and quantifying various error sources.

According to the U.S. Nuclear Regulatory Commission [3], uncertainties are divided into two
groups. One group consists of systematic errors (epistemic) that influence the fluence prediction
in a specific direction. These errors arise from factors such as nuclear data (e.g., transport and
dosimeter reaction cross-sections and fission spectra), geometric deviations, variations in material
composition, differences in neutron source characteristics, and approximations in the method used.
The other group consists of independent random uncertainties (aleatoric) that are combined sta-
tistically without regard to any directional bias. Nevertheless, other sources of uncertainty may
be present in specific reactor designs or calculational methods.

Monte Carlo simulations serve as a robust tool for modeling the physical processes encoun-
tered in nuclear engineering. However, reliable simulation outcomes depend on a comprehensive
understanding of inherent uncertainties [4]. Aleatoric uncertainties can be reduced by increasing
the number of simulated particle histories or by applying variance reduction techniques, which
also improve computational efficiency. In contrast, epistemic uncertainties associated with nuclear
data remain linked to the underlying physical processes and are independent of the simulation
approach.

While numerous studies have investigated uncertainties in criticality safety assessments [5, 6,
7, 8, 9], research on uncertainty quantification in fluence and shielding calculations is less extensive.
Although methodologies have been developed and applied in some cases [10, 11, 12], there remains
a need for further comparison and refinement of these methods in the context of radiation shielding.

In this work, we investigate methodologies for nuclear data uncertainty quantification, fo-

cusing on neutron flux calculations relevant to radiation shielding applications. While the broader



motivation is related to neutron fluence uncertainties in PWR reactor vessels, the aim here is to
assess and compare methodological strategies in a simplified setting. Two approaches are explored:
a first-order method based on sensitivity analysis and uncertainty propagation using covariance
matrices, and a full-order Monte Carlo sampling technique involving perturbations to nuclear data.
The integration of variance reduction techniques in the first-order approach is also examined. By
comparing these methods in terms of computational cost and accuracy, we identify their respective
strengths and limitations.

The simplified model used in this study is not intended to replicate real-world PWR, condi-
tions or provide directly applicable fluence uncertainty results. Rather, it serves as a controlled
environment to isolate and evaluate methodological aspects before extending the analysis to more
realistic scenarios, such as SINBAD benchmarks or full reactor simulations. It is also worth not-
ing that the current analysis focuses solely on cross section uncertainties. Although this choice
aligns with the goal of comparing methodologies, we acknowledge that other nuclear data—such
as angular distributions—can significantly influence results in shielding problems. Future work
will incorporate these additional sources of uncertainty to move toward a more comprehensive
framework.

In what follows, Sec. II presents the model description and the codes employed, while Sec. III
provides the background and methodology necessary to understand the first-order and probabilistic
approaches used. The results and discussion are presented in Sec. IV, and the main conclusions of

the study are summarized in Sec. V.



II. NEUTRONIC SIMULATION

II.A. Codes

MCNP 6.3 [13] is the main transport code used in this study. It is employed to calculate
sensitivity coefficients and to run all the simulations needed for the uncertainty quantification
through nuclear data sampling.

ADVANTG 3.2.0 [14] is a hybrid code that couples with MCNP simulations to automati-
cally generate variance reduction parameters. It produces a WWINP file containing the Cartesian
mesh-based weight window values applied during the Monte Carlo simulation. ADVANTG uses
DENOVO as its deterministic solver and supports both CADIS (Consistent Adjoint Driven Impor-
tance Sampling) [15] and FW-CADIS (Forward-Weighted CADIS) [16] methods. In the CADIS
approach, an adjoint transport calculation determines the importance function that guides parti-
cle sampling. The FW-CADIS method extends this concept by incorporating the forward flux to
optimize responses over the whole spatial grid region defined by the weight windows. While AD-
VANTG significantly enhances simulation efficiency, it has some limitations: it is limited to fixed
neutron source definitions and supports only Cartesian mesh geometries for the weight window.

Serpent 2.2.1 [17] is used for comparing the results from the sensitivity analysis, since it em-
ploys a different implementation for calculating sensitivity coefficients. This alternative approach
serves as a useful cross-check for the results obtained with MCNP.

FRENDY [18] (FRom Evaluated Nuclear Data librarY to any application) is a nuclear data
processing code developed by the Japan Atomic Energy Agency (JAEA) based on the NJOY [19]
framework. It adapts many of the established data processing routines from NJOY to read evalu-
ated nuclear data libraries and generate cross section libraries compatible with various transport
codes. In this study, only the ACE perturbation file tool of FRENDY was used.

Python was used as the primary tool for processing data. In particular, the CALINS (CAL-
culations and Investigations on Nuclear data uncertainties and Sensitivities) module, developed
at ASNR, was used to propagate uncertainties. CALINS applies a first-order matrix propagation

method to combine the sensitivities with nuclear data covariance matrices.



II.B. Model and Data Description

Figure 1 illustrates a simplified spherical geometry developed to mimic neutron transport in
a PWR environment, tracking the path from the core exit to the reactor vessel and beyond. At the
center of the sphere, a neutron point source emits particles with energies ranging from 1 to 3 MeV,
approximating the fission spectrum commonly described by a Watt distribution. Moving outward,
the configuration consists of successive layers of borated water (10 ppm boron) and 16MND5 steel,
all enclosed by air. A 1 c¢m spherical shell, positioned in the surrounding air, serves as a neutron
flux detector (see Table I). The flux is subdivided into three distinct energy groups (0-0.1 MeV,
0.1-1.0 MeV, and 1.0-3.0 MeV) to provide detailed insights into the energy-dependent interactions

occurring as neutrons are moderated and scattered by the different materials.
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Fig. 1. Schematic Representation of the Sphere’s Geometry (not to scale)

Transport calculations use the ENDF/B-VIIL.O nuclear data library with same ACE files
across all simulations. Sensitivity coefficients were derived using the SCALE 6.1 44-group energy
grid [20]. The associated variance—covariance matrix — constructed from various ENDF/B evalu-
ations and JENDL-3.3 [20] — was used to propagate nuclear data uncertainties. In this procedure,
uncertainty propagation included the following reaction channels with their corresponding MT
numbers: elastic scattering (MT 2), inelastic scattering (MT 4), radiative capture (n,~) (MT 102),
proton production (n,p) (MT 103), and alpha production (n,«) (MT 107). The present study fo-
cuses on the methodology; therefore, the consistency between the nuclear data libraries was not
examined here.

Table II details the precise material compositions used in the model, with the isotopes con-



sidered for the sensitivity analysis highlighted in bold. For steel, 10 isotopes accounting for over

98% of its weight fraction were considered.

TABLE 1
Layer Specifications of Spherical Geometry

Material Inner Radius (cm) | Thickness (cm)
Air 0 162
Steel 162 3

Water 165 5

Steel 170 5
Water 175 6.15
Steel 181.15 6.5
Water 187.65 11.75
Steel 199.4 20

Air/Detector 2194 1
Air 220.4 79.6

II.C. Variance Reduction in Monte Carlo simulations

Variance reduction methods in Monte Carlo simulations [15] decrease the number of particle
histories required to achieve a given statistical precision. Weight windows define acceptable weight
ranges based on spatial and energy criteria to guide simulation behavior. Particles exceeding the
prescribed window are split into several lower-weight particles, while those falling below may be
terminated via Russian roulette. This approach ensures sufficient particle statistics in regions of
interest while reducing computational effort in less critical areas, with weights adjusted to preserve
the underlying physics. The weight window map allows thus to direct particles toward key regions
and to transport them through shielding materials, increasing the probability of particles to reach
detectors or other significant locations that might otherwise yield low statistics.

The application of weight windows has been well established in neutron flux calculations
for shielding, where they have produced accurate results [21, 22, 23, 24] and compared between
different variance reduction methods [25]. However, the application of weight windows in sensi-
tivity analysis is less thoroughly documented. As with any variance reduction strategy, careful
consideration is needed to ensure that changes in particle weights or the scoring process do not
compromise the underlying physics, which could, in turn, affect uncertainty quantification and sen-
sitivity assessments. Automated tools, such as ADVANTG [14], streamline the creation of weight

windows by integrating deterministic transport calculations with Monte Carlo simulations.



Isotopic Composition of Materials in the Model:(a) Water; (b) Air; and (c) Steel. Isotopes Used

TABLE II

for Uncertainty Propagation in bold

a b
Normalized Normalized
Nuclide Atomic Fraction Nuclide Atomic Fraction
H 6.6666 x 107! N 7.8848 x 107!
160 3.3333 x 10! 160 2.1151 x 1071
B 1.1054 x 106
g 4.4495 x 10~
C
Normalized Normalized
Nuclide Atomic Fraction Nuclide Atomic Fraction
2 9.1261 x 1073 56Fe 8.8106 x 101
3¢ 1.0223 x 104 5TFe 2.0634 x 102
288i 3.6398 x 1073 58Fe 2.7833 x 1073
298i 1.8430 x 104 59Co 2.8212 x 10~*
308 1.2234 x 104 58Ni 4.1907 x 1073
31p 1.4314 x 1074 60Ni 1.6014 x 103
328 1.3140 x 1074 6INi 6.9335 x 107°
338 1.0372 x 106 62N 2.2027 x 10~*
349 5.8221 x 106 64N74 5.5836 x 10~°
363 2.3509 x 1078 63Cu 4.8281 x 10~*
50y 2.7198 x 1077 65Cu 2.1489 x 10~*
Y 1.0852 x 104 92Mo 4.2747 x 1074
50Cr 1.1591 x 104 94 Mo 2.6861 x 10~*
52Cr 2.2327 x 1073 95 Mo 4.5924 x 104
53Cr 2.5314 x 10~* 96 Mo 4.8234 x 10~*
54Cr 6.2886 x 10~° 9"Mo 2.7727 x 10~*
5 Mn 1.3618 x 102 98 Mo 6.9608 x 10~*
54Fe 5.5666 x 1072 100Vo 2.7727 x 1074




III. METHODOLOGY

IIT.A. First-Order Second-Moment Sensitivity Analysis (FOSM)

FOSM |[26] sensitivity analysis offers a mathematical framework for quantifying the effects
of variations in input parameters on reactor response functions considering only first-order effects.
The approach relies on sensitivity coefficients that measure the relative change in a reactor response
(e.g., neutron flux) for a given perturbation in an input parameter, combined with covariance
matrices that capture the uncertainties and correlations in the nuclear data. Combining these
components, uncertainties are propagated under assumptions of linearity of the process and normal
distributions of the input and output parameters according to the so-called “Sandwich Formula”
[20]:

onp = VS -COV - ST (1)

where S is a row vector of sensitivity coefficients and COV is the covariance matrix of the nuclear

data uncertainties. In its relative form, the sensitivity coeflicients are defined as:

_ AR/R

where R represents the reactor response function and x the perturbed input parameter.

Different techniques are available for implementing FOSM in probabilistic codes. For in-
stance, Generalized Perturbation Theory (GPT) [27], as used in Serpent, combines direct sensitiv-
ity from cross section derivatives with indirect sensitivity from flux changes by tracking weighted
event perturbations for reaction rate ratios. Alternatively, methods such as Differential Operator
Sampling (DOS) [28] and Correlated Sampling (CS) [29] in MCNP, estimate these sensitivity coef-
ficients by directly assessing the impact of small parameter variations on the computed responses.

In our implementation with MCNP, the DOS approach is applied through the use of PERT
cards, which compute Taylor series coefficients up to second order. The perturbed response R(p)
is modeled by

R(p)=Ro+cip+c P’ (3)

where Ry is the unperturbed response, ¢; and ¢y are the first- and second-order Taylor coefficients,

and p denotes the applied perturbation. The first-order response can be then used in Eq. 2 to



estimate the sensitivity coefficient.

The full procedure on how to use the PERT cards is well explained in [30]. According to
its definitions of approximate and exact uncertainties of the perturbed responses, the differences
between these two were found negligible in this study. In practice, a separate PERT card is required
for each combination of isotope, reaction, and energy bin being perturbed. For example, calculating
the first-order coefficients for 7 reactions across 14 different isotopes in a 44-group energy structure
necessitates 7x14x44 = 4312 PERT cards. Recent developments, such as the FSENS card [31], have
been introduced to compute fixed source sensitivities in a more user-friendly way with promising
results; however, these features are not yet available in MCNP6.3 and not accessible to the authors.

For comparison, sensitivity coefficients were also computed using Serpent’s GPT implemen-
tation, which provides a more direct means to obtain these coefficients. Additionally, integral
sensitivity coefficients for the total cross section reaction were evaluated by perturbing the ma-
terial density directly. Here, the total macroscopic cross section is given by X:pt = N - 040t, and

sensitivity is determined using the central difference method:

SR _ Rpos — Rneg

T 2-Ry-(Ax/x)

where Rp,s and R4 are the responses to positive and negative perturbations, respectively.
Variance reduction in MCNP was addressed using two complementary approaches. First,

ADVANTG code was used to generate weight windows based on the CADIS method, using the

SCALE-6.1 27n19g library for the deterministic calculation and a rectangular 3D mesh with 162

cells in each spatial dimension. Second, the WWN card was used to define user-specified weight

windows at the level of individual geometrical cells, without energy discretization. The weight in

the source cell started at 1 and was halved in each subsequent layer containing either water or

steel.

III.B. Monte Carlo Sampling (MCS) for Uncertainty Quantification

MCS methods [32] adopt a probabilistic approach by drawing uncertain input parameters,
such as nuclear data, from their probability distributions and performing multiple Monte Carlo
simulations. Instead of yielding a single outcome, this method generates a distribution of results

from which mean and standard deviation values can be estimated.
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A key consideration in this approach is the treatment of correlations among nuclear data
parameters. Many parameters (e.g., cross sections) exhibit energy-dependent correlations as well
as correlations between different reactions or isotopes. Ignoring such correlations may lead to
misleading uncertainty estimates. To address this, both structured sampling techniques and co-
variance matrix decomposition methods are used. Common sampling strategies include random
sampling (RS), Latin Hypercube Sampling (LHS) [33], and low-discrepancy sequences such as
Sobol sequences [34]. In RS, pseudo-random numbers are drawn directly from a normal distri-
bution, while LHS and Sobol methods begin with uniformly distributed samples (the former by
dividing the cumulative distribution function into equally probable intervals, and the latter by
generating a deterministic, low-discrepancy set) and subsequently transforming them into normal
values via the inverse cumulative distribution function. Figure 2 illustrates the differences among
these sampling strategies.

An important aspect of the sampling process, as shown in the same figure, is the concept of
nested sampling. With random sampling, any arbitrary number of samples is expected to cover
the entire space. For instance, if 1000 samples are generated, the first 100 samples will typically
represent the whole domain, which allows the samples to be divided into multiple non-overlapping
sets (e.g., 10 sets of 100 samples each or 1 set of 1000 samples) that individually cover the domain.
Similarly, Sobol sequences are constructed in powers of two and have a nested structure. This
means that if 1024 samples are generated, one could consider them as 2 sets of 512 or 4 sets of
256, with each set covering the full domain. In contrast, LHS lacks the nested property because
it divides each variable’s marginal distribution into fixed, equally probable intervals and draws
one sample per interval. In its basic form (indeed, augmentation of sample size is supported
thanks to complementary algorithms [35]), this structure ensures uniform coverage only for the
predetermined sample size, so subdividing a larger set into smaller nested subsets breaks the
uniformity. Consequently, LHS is generally applied with a fixed total number of samples.

When dealing with correlated data, these sampling techniques are combined with a transfor-
mation based on the covariance matrix to produce samples that maintain the original correlation
structure. The covariance matrix, which contains the relationships among the variables, is used to
impose the desired correlation on independently generated samples. A key property required for

many transformations is that the covariance matrix be positive definite.
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Fig. 2. Comparison of sampling techniques in 2D Space: Random, Sobol, LHS. A well-distributed
sampling approach minimizes gaps and ensures better domain coverage.

In our approach, three different matrix decomposition methods were used to factorize the
covariance matrix: Singular Value Decomposition (SVD) [36], Eigenvalue Decomposition (EVD)
[37], and Cholesky Decomposition [38]. SVD is the most flexible since it does not require the matrix
to be positive definite. Figenvalue decomposition involves representing the matrix in terms of its
eigenvalues and eigenvectors, and adjustments need to be made when small negative eigenvalues
appear, often due to rounding errors or consistency problems in the matrix. Cholesky decompo-
sition, on the other hand, requires the matrix to be positive definite. In our case, the covariance
matrix derived from the SCALE 6.1 44-group structure is an adjusted matrix that may not be
strictly positive definite. Therefore, a procedure is implemented to modify the matrix for the sam-
pling, by adjusting its eigenvalues setting those below a small threshold to a small positive number
to ensure that it meets the positive definiteness criterion. This process allows for the application

of the Cholesky decomposition even when the original matrix does not naturally satisfy strictly
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the condition.

By combining each of the three sampling techniques with the three decomposition methods,
a total of nine possible combinations were examined. To evaluate the quality of the samples, the
Frobenius norm was applied to compare the reconstructed covariance matrix, C, with the original

one, C [39, 40]. Here, the relative error is computed as

_llc-Clr
IClr

where the Frobenius norm ||A|| ¢ for a matrix A = [a;;] is defined as

Alle =[S a2 (6

This metric provides a quantitative measure of the agreement between the reconstructed and
the original covariance matrices. Detailed results for several key isotopes are presented in Sec. IV.
Once the samples are generated, they can be used to produce input files for the ACE perturbation
tool in FRENDY [18], enabling the creation of perturbed ACE files to be used in the particle
transport calculation.

Building on this foundation, the resulting correlated datasets support a variety of Monte
Carlo simulation strategies. In particular, the Total Monte Carlo (TMC) method [10] uses a fixed
Monte Carlo seed for all simulations to minimize the probabilistic difference between runs and
be able to identify better the effects produced by variations in nuclear data. The nuclear data

uncertainty, (cnp), is estimated via

2 — 2 9
Oobserved ~ 02Statistics + OND (7)
with
n
— 1
2 = E 2
O “statistics — n Ustatistics,i (8)
i=1

where ogpserved 18 the total observed standard deviation from n simulations and Ggiatistics 1S the
average Monte Carlo uncertainty of the individual runs. To ensure that the variations due to
nuclear data are clearly recognizable, it is recommended that each run’s Monte Carlo uncertainty

be kept at roughly 5% of the overall observed uncertainty [10].
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In contrast, the Fast TMC [10] approach uses a different Monte Carlo seed for each simulation
run. This means that the statistical fluctuations in each run are independent, which allows each
individual run to have a higher Monte Carlo uncertainty compared to TMC, without compromising
the overall uncertainty estimate. A third strategy, Fast GRS [4], involves running two sets of
simulations for each sample using two different seeds. For each sample, let the outputs from the
two simulation sets be denoted as qz(l) and qz@) for i = 1,...,n. The nuclear data uncertainty is

then estimated by computing the covariance between these two sets,

n

oxp = COV(g",¢?) = ﬁ Z; (qgl) - 6(1)) (qz@) - 6(2)) (9)
i=
where 7V and g(® are the means of the respective simulation sets. Under the assumption that the
output variables are identically distributed and conditionally independent, this covariance provides
an estimate of the nuclear data uncertainty.

Each of these decisions — choosing the sampling method, selecting the decomposition tech-
nique, and adopting a particular simulation strategy — can affect how well the resulting uncertain-
ties represent the true behavior of the system. The sampling method and the number of samples
impact how thoroughly the input domain is covered, the decomposition technique influences how
accurately both the individual uncertainties and the correlations are reproduced, and the simu-
lation strategy can shape how quickly and accurately the results converge. All of the methods
impact the total computational time. In Sec. IV, these approaches are compared and evaluated
with respect to their efficiency and accuracy in quantifying uncertainties for the case study at

hand.
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IV. RESULTS

This section presents the sensitivity analysis results obtained using FOSM and the uncer-
tainty propagation results obtained using both FOSM and MCS. Although a broad range of results
has been generated, only the most relevant plots and tables are shown here. In particular, empha-
sis is placed on the 1.0-3.0 MeV energy range, given its significance in irradiation damage studies.

The presented examples reflect the general behavior across multiple isotopes and energy intervals.

IV.A. FOSM Outcomes
IV.A.1. Sensitivity Analysis

Here the results for the sensitivity analysis in MCNP and Serpent are presented. Figure 3
presents a comparison of sensitivity profiles for *®Fe using four simulation approaches: analog
MCNP (without weight windows), MCNP with the WWwN card, MCNP employing ADVANTG-
generated weight windows, and Serpent (without any variance reduction). Each plot includes one
standard deviation of the statistical uncertainties. Results from the analog MCNP, Serpent, and
WWN card simulations are generally in agreement, although Serpent occasionally exhibits higher
uncertainties for smaller sensitivity coefficients and may report no response for extremely small
coefficients (see MT 103 in Figure 3).

For MT 4, however, MCNP did not yield the expected results. Instead of matching the
sum of sensitivities from MT 51 to MT 91, the results for MT 4 were found to be approximately
seven orders of magnitude lower than anticipated. For this reason, the authors used the sum of
the sensitivities of the first two levels (MT 51 and MT 52) instead of the sensitivity to the total
inelastic cross section.

A discrepancy in the results is observed when using the ADVANTG-generated weight win-
dows. This discrepancy, which affects individual reaction sensitivities by underestimating elastic
reactions and overestimating other reactions, mainly inelastic reactions, ultimately compensates in
the total cross section sensitivity. The unperturbed neutron flux remains unaffected by the usage
of these weight windows.

To investigate the origin of this discrepancy, several tests were performed. The analysis

ruled out the PERT cards as a contributing factor, and modifications to ADVANTG parameters,
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Fig. 3. Sensitivity profiles for Fe-56 reactions: total (MT 1); elastic scattering (MT 2); inelastic
scattering to first excited state (MT 51); inelastic scattering to second excited state (MT 51);
radiative capture (MT 102); and proton production (MT 103). The x-axis represents the range
over which perturbations were applied, and the profiles shows the impact of these perturbations
on the detector response for neutrons in the 1-3 MeV range.
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including adjustments to the mesh, can improve performance but have no effect in the observed
discrepancy. Two dedicated tests were conducted using the same ADVANTG weight window values
over identical volumes and within a 27-energy group structure. In one case, the weight windows
were applied through the WWN card, which restricts their application to the geometry cells. In the
other, a super-imposed spherical mesh was defined in the WWINP file to match exactly the geometry
cells. All other parameters were kept identical. As shown in Figure 4, the difference appears
when using the WWINP file but not when employing the WWN card. These observations suggest that
differences in the way MCNP reads and applies weight windows from a WWINP file versus through
the WWN card may be responsible for the discrepancy. Additional testing and discussion on this

issue can be found in Appendix A.
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Fig. 4. Sensitivity profiles for Fe-56 reactions: total (MT 1); elastic scattering (MT 2); and
inelastic scattering to the first excited state (MT 51). Results compare analog simulations (blue)
with simulations using identical weight window values applied via WWN (red) and WWINP file
(green) for neutrons in the 1-3 MeV range.

Figure 5 presents a comparable analysis for 'H. For isotopes that do not experience inelastic
scattering, there is no discrepancies, and all four sets of simulations agree. Serpent again reports
no response for sensitivities coefficients below a certain threshold (e.g., in the radiative capture
channel).

Computationally, the MCNP analog simulation took roughly twice as long as Serpent for
the results shown in Figures 3 and 5. Nevertheless, MCNP yielded lower uncertainties, and the
number of particle histories that could be run in Serpent was restricted by its considerably higher
memory usage, as also reported in previous studies [41, 9].

Comparing the convergence and efficiency of analog MCNP and variance-reduced simulations

17
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Fig. 5. Sensitivity profiles for 'H reactions: total (MT 1); elastic scattering (MT 2); and
radiative capture (MT 102). The x-axis represents the range over which perturbations were
applied, and the profiles shows the impact of these perturbations on the detector response for
neutrons in the 1-3 MeV range.

shows a marked improvement in key statistical indicators, including the relative error and the
Figure of Merit (FOM). Table III illustrates these improvements for a representative case. The
FOM is defined as

1
FOM = — 1
0 =7 (10)

where o is the relative error of the tally result and T is the total simulation run time.

TABLE III
Statistical checks for the first-order Taylor coefficient using the PERT card in MCNP for the Fe-56
elastic cross section reaction from 2.479 to 3.0 MeV (nps=1x107).

Simulation | Error | VOV*! | Slope | FOM
Analog 0.0219 0.0014 4.7 1.6
WWN 0.0067 0.0001 7.4 7.9

ADV-WW | 0.0060 | 0.0000%2 10.0 17

*I'Variance of variance.
*2Corresponding to <0.0001 due to digit number limitation.

Energy-integrated total cross-section sensitivities for °Fe were calculated and compared
across the different methodologies. Perturbations were studied for 1%, 2%, 3%, 4%, 5%, and
10%, with 5% results shown in Figure 6, including three standard deviations of the Monte Carlo
uncertainties. All methods yield consistent sensitivity coefficients. Within the 1-3 MeV energy

range, the neutron flux sensitivity is about twice as large as it is at lower energies.
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Fig. 6. Sensitivity coefficients for Fe-56 integral total cross section with 5% perturbations.

1V.A.2.  First-Order Applicability

A central question when using sensitivity coefficients involves assessing the maximum pertur-
bation magnitude for which linearity still holds. Beyond that, a first-order approach may become
inaccurate. MCNP’s PERT card allows the calculation of both first- and second-order perturba-
tions. Figure 7 shows the perturbed neutron flux as a function of the perturbation in the *Fe total
cross section. Blue lines represents the flux calculated using a first-order approximation, red lines
show the flux obtained with first- and second-order approximations and black points correspond
to the direct (full-order) perturbation results. Below, the ratio of the approximate results (blue
and red) to the direct calculation is displayed, using three standard deviations for the error bars.
For this system, linear approximations remain consistent with direct perturbations up to about
5%. Beyond that, significant deviations arise, particularly at higher neutron energies.

A more systematic analysis can be performed using the PERT cards to analyze the first-
order approximation. To assess this, we evaluate the ratio of the second-order to the first-order
contributions of Eq. 3 for each MT and energy bin.

2

Ratio = -2 , (11)
cap

By plotting this ratio as a function of the perturbation across all perturbed MT and energy
groups, we can assess the relative impact of the second-order term. A steep slope indicates a
stronger influence of the second-order contributions. We then compare these results with the

uncertainty values for each reaction channel and energy bin to quantify the specific impact of the
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Fig. 7. Comparison of the perturbed neutron flux for variations in the Fe-56 total cross section
computed using first-order (blue), first+second order (red), and direct perturbation (black).
Ratio of approximate to direct results shown with 3 standard deviation error bars. (a) 0.1-1 MeV
energy range; (b) 1-3 MeV energy range.
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second-order effects.

For instance, in the SCALE 44-group covariance matrix for **Fe, the maximum uncertainties
are around 7% for elastic scattering, less than 5% for inelastic scattering, and up to 31% for radia-
tive capture. The analysis shows that elastic and inelastic scattering have the highest sensitivity
to second-order effects, with a slope around 1 in the most affected energy bin (see Figure 8). In

contrast, the second-order contributions for radiative capture are negligible, with a maximum slope

of 3.5 x 1073,

—— MT 2 [9.00e-01 - 1.40e+00] MeV
—— MT 2 [1.40e+00 - 1.85¢+00] MeV
—— MT 2 [1.85¢+00 - 2.35¢+00] MeV
—— MT 2 [2.35¢+00 - 2.48e+00] MeV

MT 2 [2.48e+00 - 3.00e+00] MeV

Second-to-First Order Ratio (%)

0 5 10 15 20

Perturbation (%)

Fig. 8. Second-to-first order ratio for Fe-56 elastic scattering (MT 2) as a function of
perturbation for different energy bins.

Given that the maximum uncertainty of the elastic cross section is about 7%, the first-order

approximation remains a valid approach.

IV.A.3.  Uncertainty Quantification

Uncertainty propagation was carried out by accounting for correlations among energy groups
as well as between reactions within the same isotopes when such information was available in the
covariance matrix; no cross correlations between different isotopes were considered. Additionally,
because the matrix provides data only for total inelastic reactions (MT 4) rather than for specific

channels, total inelastic scattering was approximated by combining the sensitivity contributions
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from MT 51 and M 52.

Uncertainty propagation used the sensitivity coefficients from the MCNP analog simulation,
applying Eq. 1 through python-based CALINS tool. Table IV presents the resulting propagated
uncertainties, while Tables V and VI detail the primary contributors to the variance in the 0.1-
1 MeV and 1-3 MeV ranges, respectively. As energy increases, the propagated uncertainty rises.
The largest contributor to variance is Fe, followed by 'H. In the 1-3 MeV range, the top three

isotope-reaction pairs account for more than 96.6% of the total neutron flux variance.

TABLE IV

Nuclear data uncertainty for neutron flux by energy ranges.

Major contributors to the propagated variance in neutron flux between 0.1-1 MeV, with the

Detector Flux per Propagated
Energy (MeV) | neutron-source | uncertainty (%)
0-0.1 2.64e-09 5.14
0.1-1.0 7.65e-09 6.51
1.0-3.0 1.07e-09 11.64
TABLE V

relative contributions of various isotope-reaction pairs.

Major contributors to the propagated variance in neutron flux between 1-3 MeV, with the

Integral Relative contribution
Nuclide | Reaction | Sensitivity | to the variance (%)
56Fe Elastic -1.28 49.74
'H Elastic -3.00 33.15
56Fe Inelastic -0.79 10.47
160 Elastic -0.69 4.49
54Fe Elastic -0.15 1.18
TABLE VI

relative contributions of various isotope-reaction pairs.

Integral Relative contribution
Nuclide | Reaction | Sensitivity | to the variance (%)
Fe Elastic -1.97 55.14
56Fe Inelastic -2.18 27.70
'H Elastic -2.78 13.83
160 Elastic -0.22 1.82
160 Elastic -0.61 1.11
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FOSM typically does not account for the Monte Carlo uncertainty of the calculated sensitiv-
ities; insufficient statistics can lead to misleading outcomes. To estimate this effect, a range was
established by propagating nuclear data uncertainties using sensitivity coefficients varied by +1o,
o being the Monte Carlo uncertainty of the evaluated sensitivity coefficients. Additionally, nuclear
data uncertainties were propagated using sensitivity coefficients from simulations with ADVANTG
generated weight windows to investigate how the previously observed discrepancy in Sec. IV.A.1,
impacts the final propagated uncertainty. Table VII compares these outcomes.

TABLE VII
Propagated nuclear data (ND) uncertainty for different detector energy ranges. Third column
shows the uncertainty range corresponding to +1o,, and last column presents the uncertainty
using ADVANTG-generated weight windows.

Detector Propagated ND Propagated ND Propagated ND
Energy (MeV) | uncertainty (%) | uncertainty 1o, (%) | uncertainty ADV (%)
0-0.1 5.14 4.79 - 5.51 5.21
0.1-1.0 6.51 6.30 - 6.73 6.35
1.0-3.0 11.64 11.04 - 12.24 11.17

Depending on the detector energy, the propagated uncertainty can vary by relative 5-10%.
Although the propagated nuclear data uncertainty computed using sensitivity coefficients from
ADVANTG-generated weight windows falls within the 410 band, this apparent agreement seems
to result from compensating errors between elastic and inelastic sensitivities. A closer inspection of
the contributions from individual isotope-reaction pairs revealed significantly different outcomes,

indicating that the overall propagated uncertainty should not be considered reliable.

IV.B. MCS Outcomes

Nuclear data sampling was performed using the same isotopes, reaction channels, and energy
bins as in the previous FOSM sensitivity analysis. Relative errors, calculated using Eq. 5, between
the reconstructed covariance matrices and the original covariance matrix for °’Fe and 'H, as a
function of the number of samples, are summarized in Table VIII. These results indicate that the
combination of Sobol sampling with SVD decomposition consistently yields the lowest relative
errors across all sample sizes. In the case of *’Fe, where uncertainties are generally higher, the
Sobol-SVD approach stands out from the other methods. Among the sampling techniques, Sobol

outperforms the alternatives, followed by LHS. Concerning the decomposition methods, aside from
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the superior performance of the Sobol-SVD pairing, no significant differences were observed.

TABLE VIII
Relative error for different sampling methods (RS, Sobol, and LHS) and decomposition techniques
(SVD, Cholesky, and EVD) for two different cases (Fe-56 and H-1) across varying sample sizes
(1024, 512, 256, and 128). The best-performing values for each case are highlighted in bold.

Relative Error (%)
Sampling | Decomposition Fe-56 H-1

1024 | 512 | 256 | 128 | 1024 | 512 | 256 | 128
RS SVD 809 1555 21.55 27.65 | 0.80 1.68 588 4.71
RS Cholesky 12.00 16.08 20.80 31.05 | 1.53 5.61 1.07 6.76
RS EVD 10.11 13.41 20.62 37.12 | 596 0.73 4.56 14.70
Sobol SVD 1.36 2.33 5.20 10.28 | 0.05 0.34 0.39 1.16
Sobol Cholesky 6.67 13.89 18.60 31.14 | 0.30 0.19 1.96 4.80
Sobol EVD 5.27 14.72 27.00 39.04 | 0.68 025 0.79 3.00
LHS SVD 9.25 13.11 17.74 24.90 | 026 0.10 092 1.87
LHS Cholesky 9.13 15.03 17.97 29.32 | 1.34 424 193 1.78
LHS EVD 9.37 13.30 20.69 2253 | 0.23 022 080 0.99

In the following step, perturbed ACE files were generated with FRENDY and transport
calculations were performed using SVD for all three sampling techniques (TMC, fast TMC, and
fast GRS). According to [10], to achieve reliable results, TMC requires a Monte Carlo sampling
uncertainty of around 5% of the observed uncertainty, while fast TMC can increase this value
to around 30% or even 50%. Fast GRS, on the other hand, depends only on the convergence
of the mean tally, and in this study it was found that it requires a precision similar to that of
fast TMC. To fulfill these requirements, simulations were carried out using different numbers of
particle histories (NPS), each yielding different Monte Carlo simulation uncertainties relative to
the observed uncertainty. Specifically, a NPS of 1x108 achieved around 5%, 1x107 around 15%,
1x10% about 45%, and 1x10° exceeded 100% of the observed uncertainty.

As explained in Sec. III, Sobol and RS allows the obtaining distributions from smaller sub-
sets, whereas LHS does not. Therefore, evaluating LHS for various sample sizes needed additional
simulations. In addition, fast GRS needed the performance of two independent sets of simula-
tions because of its method of calculating distributions. Table IX summarizes these simulation
efforts and reports the percentage of cases that passed all ten MCNP statistical checks [13]. No
variance reduction techniques were used for any of these simulations. The first five simulations

were performed in identical conditions except for the use of five different sets of sampled nuclear
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data. The behavior of the statistical checks was studied in depth. Simulations conducted with
1 x 10° nps failed most of the statistical checks because the number of particles was insufficient.
As the number of particles increased, more statistical checks passed as expected; however, when
increasing the particle count over 1 x 107, the slope test began to fail. Despite this, other statistics
such as error, VOV, and FOM, showed consistent improvement. Combined with some additional
tests, it lead the authors to consider the results of these simulations as reliable.

Additionally, we examined the neutron flux variation for a set of 1024 nuclear data samples to
evaluate its conformity to a normal distribution. Figure 9 presents the distribution for ID=1 (see
Table IX) along with statistical metrics comparing it to a fitted normal curve. The nominal neutron
flux calculated without nuclear data perturbation aligns with the distribution’s mean. In addition,
skewness and kurtosis values of zero indicate good normal behavior. Despite the Shapiro p-value
being very low due to a longer upper tail, the overall distribution is still considered sufficiently

close to normal for our analysis.

4.00e+9 Nominal Flux: 1.025¢-09

Mean: 1.03e-09
Std: 1.24e-10
Skewness: 0.00
Kurtosis: 0.00
Shapiro p: 2.12e-05

3.00e+9

2.00e+9

Probability Density

1.00e+9

0.00e+0
7.06—10 8.0e—10 9.0e—-10 1.0e-9 1l.le-9 1.2¢-9 13¢9 1l4e9 1.5¢9

Neutron flux (a.u.)

Fig. 9. Distribution of neutron flux values obtained from 1024 samples using Sobol sampling and
the Total Monte Carlo (TMC) method with 108 particle histories.

Figure 10 compare the nuclear data uncertainties from the different simulation sets for the 1—-
3 MeV energy range. For clarity, only the most pertinent results are presented. The reference value
was calculated by averaging the results from five sets of simulations (IDs 1 to 5 from Table IX).
The precision of the reference value is estimated to few percents. For visualization, the plots
include a band of +5% around the reference value. Although the results for the mean values

are not shown, convergence was reached more rapidly than the standard deviation and remained
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TABLE IX
Summary of MCS Simulations: Comparison of Sampling Methods, Strategies, and Statistical

checks
All MCNP Statistical

ID | Method | Strategy NPS Checks Passed (%)
1 Sobol T™MC 1.00E+08 15.63
2 Sobol TMC 1.00E+08 15.72
3 Sobol TMC 1.00E+08 12.60
4 Sobol T™C 1.00E+08 6.25
5 Sobol T™MC 1.00E+08 31.38
6 RS TMC 1.00E+08 15.72
7 LHS TMC 1.00E+08 16.08
8 Sobol T™MC 1.00E+07 88.09
9 RS T™™C 1.00E+07 88.38
10 LHS TMC 1.00E+07 87.35
11 Sobol T™MC 1.00E+06 70.02
12 RS T™C 1.00E+-06 71.39
13 LHS TMC 1.00E+06 72.18
14 Sobol Fast TMC | 1.00E+07 88.48
15 RS Fast TMC | 1.00E+07 88.77
16 LHS Fast TMC | 1.00E+07 88.46
17 Sobol Fast TMC | 1.00E+06 84.77
18 RS Fast TMC | 1.00E+06 81.84
19 LHS Fast TMC | 1.00E+06 81.96
20 Sobol Fast TMC | 1.00E+05 2.93
21 RS Fast TMC | 1.00E+05 3.22
22 LHS Fast TMC | 1.00E+05 3.23
23 Sobol Fast GRS | 1.00E4-07 89.75
24 RS Fast GRS | 1.00E+407 88.09
25 LHS Fast GRS | 1.00E407 88.81
26 Sobol Fast GRS | 1.00E+407 92.87
27 RS Fast GRS | 1.00E407 91.31
28 LHS Fast GRS | 1.00E4-07 91.68
29 Sobol Fast GRS | 1.00E+4-06 70.21
30 RS Fast GRS | 1.00E4-06 72.95
31 LHS Fast GRS | 1.00E4-06 74.19
32 Sobol Fast GRS | 1.00E4-06 92.97
33 RS Fast GRS | 1.00E+4-06 92.68
34 LHS Fast GRS | 1.00E4-06 93.65
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consistently within the +£1% range of its reference in all relevant simulations.

In Figure 10(a) the performance TMC method is examined across the different sampling
techniques. The outcomes highlight the less efficient performances of the random sampling in
comparison to other methods. The limited number of data points available for LHS sampling
restricts the ability to ascertain whether the observed behavior is consistently representative or
the result of a particularly favorable run. Figure 10(b) displays the effects of reducing the particle
count by an order of magnitude.

Figures 10(c) and 10(d) as well as Figures 10(e) and 10(f) display analogous outcomes for the
fast TMC and fast GRS cases, respectively. Across all scenarios, Sobol consistently outperforms
RS in convergence speed, independently of the number of histories run, while LHS yields robust
results. Focusing on the comparison among methods, fast TMC and fast GRS achieve similar
outcomes while using ten times fewer particles than TMC. Overall, fast GRS delivers slightly
better results than fast TMC, but this difference is likely negligible since fast GRS requires twice
as many simulations for the same number of particle histories.

To further extend our analysis, we examined the uncertainty in our results. Bootstrapping
was used to calculate the 95% confidence interval for each data point. Figure 11 displays the
results for Sobol and LHS sampling across three different numbers of particle histories and the
three methods used. For TMC, shown in Figures 11(a) and 11(b), the results demonstrate that
when Monte Carlo uncertainty is not sufficiently reduced (i.e., 10° particle histories), significant
deviations occur. The fast TMC method, illustrated in Figures 11(c) and 11(d), shows that even
with 10° particle histories, the results remain close to the reference value. However, in these cases,
the confidence interval increases substantially to more than +12%.

To select the most optimal approaches a criterion was established based on computational
efficiency and precision requirements. In our study, the precision criteria was arbitrary defined
as follows: (1) the reference value must lie within the 95% confidence interval, and (2) the 95%
confidence interval must be no more than +£8%. Table X provides a summary of the most efficient
parameter combinations for each strategy. Results show that the use of LHS or Sobol for sampling
yields equivalent outcomes. Note that RS is omitted from the comparison because its performance
was proven inferior to Sobol under the same conditions.

In terms of methodology, several observations can be made in contrast to the findings in [10].
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Fig. 10. Evolution of the uncertainty distribution as a function of the number of samples. The
results are grouped by simulation strategy: (a), (b) TMC; (c), (d) fast TMC; and (e), (f) fast
GRS. Each technique is shown for two different numbers of particle histories.
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Fig. 11. Evolution of the uncertainty distribution as a function of the number of samples with a
95% CL. The results are grouped by sampling technique and simulation strategy showing the
difference for different number of particle histories: (a), (b) TMC; (c), (d) fast TMC; and (e), (f)
fast GRS.
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TABLE X
Performance Comparison of Efficient MCS Results

Total Sampling | Number of ND Std. Relative CL

Strategy NPS Technique | of Samples | Deviation (%) | CL at 95% | Width (%)
T™C 1.00e+07 Sobol 512 11.67 10.88 —12.30 6.12
TMC 1.00e+07 LHS 512 11.63 10.77 — 12.44 7.19
Fast TMC | 1.00e+-06 Sobol 1024 11.65 11.01 — 12.28 5.45
Fast TMC | 1.00e+-06 LHS 1024 12.19 11.57 - 12.83 5.16
Fast GRS | 2.00e+06 Sobol 512 11.52 10.73 — 12.28 6.74
Fast GRS | 2.00e+06 LHS 512 11.39 10.54 — 12.21 7.34

First, it is reported that TMC requires approximately 5% Monte Carlo simulation uncertainty
relative to the observed uncertainty to trust the results. Our findings indicate that this percentage
can increase to 15%, which in our model corresponds to 1 x 107 particle histories, while still
providing satisfactory results. On the other hand, Fast TMC is reported to allow the Monte Carlo
simulation uncertainty to be between one-third and one-half of the observed value. This aligns with
our results, which yield acceptable performance for approximately 45% Monte Carlo simulation
uncertainty relative to the observed value. A similar level of precision is observed for Fast GRS,
that requires roughly half the number of samples compared to Fast TMC, but double the number
of simulations.

Regarding computational cost, Fast TMC and Fast GRS are comparable, whereas TMC

requires approximately five times more resources.

IV.C. Final Comparison of Uncertainty Propagation Methods

Finally, Table XI compares the propagated uncertainty between using both the FOSM and
MCS approaches across all energy ranges. For this analysis, we used the MCS results obtained with
fast TMC and Sobol sampling from Table X, along with the reference values from MCS calculated
using simulations 1-5 from Table IX. Overall, the uncertainty estimates from both methods agree
well with the reference values. Although minor differences are observed, they remain within the
uncertainty bounds, indicating that both approaches reliably capture the propagated uncertainties.

Assessing the computational and engineering efforts required by FOSM and MCS for prop-
agating nuclear data uncertainties is challenging due to the strong dependence on problem com-

plexity and target precision, and while optimizing computational cost was one of the main focuses
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Comparison of Nuclear Data Uncertainty Propagation via FOSM and MCS (Fast TMC - Sobol -

TABLE XI

1e+06 histories) Methods

Detector Ref. Uncertainty | MCS Uncertainty | FOSM Uncertainty
Energy (MeV) (%) (95% CL) (%) (95% CL) (%) [£10]
0-0.1 5.26 (5.16 — 5.36) 5.06 (4.75 — 5.34) 5.14 (4.79 - 5.51)
0.1-1.0 6.56 (6.44 — 6.84) 6.59 (6.26 — 6.88) 6.51 (6.30 — 6.73)
1.0-3.0 12.00 (11.77 — 12.22) | 11.65 (11.01 — 12.28) | 11.64 (11.04 — 12.24)

when implementing the MCS methodology, such optimization for FOSM was not initially within
the scope of this study. This makes a direct comparison even more difficult; nonetheless, some
indicative remarks on computational cost are shared to provide a general sense based on the sim-
ulations conducted here.

The MCNP manual [13] notes that each additional PERT card can increase running time by
10-20%, with the exact impact varying with the problem. In fact, this study found that the running
time changed by a factor of four when shifting from perturbing isotopes in water to perturbing
isotopes in steel. As highlighted in [30], although adding extra PERT cards does not always cause
a large increase in runtime, the total number required, determined by the number of isotopes,
reactions, and energy group structures, can grow rapidly if not properly controlled, potentially
resulting in significant longer simulations or the exclusion of less influential contributors to the
propagated uncertainty, thereby increasing the overall error.

In contrast, MCS allows for the inclusion of numerous reactions and isotopes without directly
impacting the simulation runtime. Under an efficient MCS configuration (i.e. using 1 x 105 particle
histories with fast TMC and 1024 samples), the Monte Carlo transport simulations required fewer
computational resources than FOSM. For the results presented in Table XI (excluding the reference
values), MCS used approximately one-fourth of the resources needed for FOSM. This efficiency
gain depends on the number of isotopes perturbed in the FOSM approach, where each isotope was
simulated separately using five different PERT methods. The computational cost gap could likely
be reduced by perturbing all isotopes in a single run with only two PERT cards for first- and second-
order results. Additionally, FOSM offers a more direct means to decompose the contributors to
propagated uncertainty, whereas MCS involves the extra step of creating perturbed ACE files,

which adds further computational costs.
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V. CONCLUSION

This paper presented an in-depth study of methodologies for propagating nuclear data un-
certainties for a fixed source calculation within a simplified spherical model. The objective was to
identify the most appropriate method for application in computationally intensive problems, such
as PWR shielding calculations. Two widely used approaches were considered: first-order second-
moment sensitivity analysis (FOSM) and Monte Carlo Sampling (MCS). The FOSM method prop-
agates uncertainties via Eq. 1, relying on first-order approximations of sensitivity coefficients in
conjunction with the covariance matrix, whereas MCS perturbs the nuclear data library files and
performs separate simulations for each perturbed instance to obtain a distribution from which
statistical quantities can be estimated.

Various aspects of each methodology were evaluated. For the FOSM approach, comparisons
between the MCNP and Serpent codes demonstrated good agreement, with each using a different
implementation to calculate the sensitivity coefficients. Serpent offers an attractive approach for
performing a first-order perturbation analysis by providing all required results within a single
simulation, although its high memory consumption may impose practical limitations. In contrast,
MCNP demands additional post-processing yet offers a broader range of information, including
up to second-order perturbations. This additional detail is particularly beneficial for verifying the
linearity of the problem and confirming the suitability of a first-order approximation.

Additionally, two methods for implementing variance reduction using weight windows were
tested. While the optimization of variance reduction techniques is model-dependent and the present
model did not require substantial efficiency improvements to obtain acceptable statistics, the study
aimed to assess the compatibility of these techniques with sensitivity calculations. It was found
that, in the cases considered, employing the WWINP file to define weight windows showed inconsis-
tencies in the sensitivity coefficients of individual reactions, thereby raising concerns regarding the
applicability of the FOSM methodology in variance reduction—dependent models.

For the MCS approach, efforts were made to identify the most efficient approach to reliably
estimating the uncertainties of nuclear data, thereby reducing the computational demand inherent
to this method. Optimization efforts addressed several aspects, including sampling techniques
(Random Sampling, Latin Hypercube Sampling, and Sobol sequences), decomposition methods for

the covariance matrix (Singular Value Decomposition, Eigenvalue decomposition, and Cholesky
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decomposition), strategies employed for MCS (TMC, fast TMC, and fast GRS), as well as the
number of samples and the Monte Carlo simulation uncertainty of each individual run necessary
for convergence. The results indicate that both Sobol and LHS sampling consistently yield more
reliable outcomes than RS under identical conditions, with no notable differences between the
various decomposition methods. In terms of efficiency, fast GRS with 512 samples and fast TMC
with 1024 samples produced accurate results within a 8% confidence interval at 95%, with each
individual run having approximately 45% Monte Carlo uncertainty relative to the total observed
uncertainty.

Overall, the propagated uncertainties obtained from FOSM and MCS are in strong agree-
ment, consistent with its reasonably linear behavior. Differences between both methods are ex-
pected to become more pronounced for models exhibiting nonlinear behavior. The detailed conver-
gence analysis performed, which provided explicit uncertainty ranges for both methods, supports
the authors’ consideration that, depending on the number of parameters involved, the computa-
tional demand for uncertainty quantification using MCS may not necessarily exceed that of FOSM.
While FOSM relies on first-order approximations and may not always be suitable for comprehensive
uncertainty quantification, its sensitivity analysis remains useful for identifying the most influen-
tial input parameters. In general, FOSM can effectively propagate nuclear data uncertainties to
the neutron flux, provided that: (1) weight-window parameters do not alter sensitivity coefficient
calculations; (2) the problem exhibits sufficient linearity to justify a first-order approximation; and
(3) uncertainties associated with angular distributions and other nuclear data can be considered
negligible, as their sensitivities cannot be computed in MCNP using PERT cards and are therefore
excluded from the FOSM framework. These latter uncertainties could be propagated within a
Monte Carlo Sampling approach provided covariance data is available for them. When the above

conditions are not met, MCS remains the preferable option.
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A. APPENDIX A: SLAB-GEOMETRY TEST FOR WEIGHT WINDOW DISCREP-
ANCY

A simplified 300 cm long slab was modeled to study why the sensitivity coefficients show

discrepancies when ADVANTG weight windows are applied through the WWINP file. The same
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layered materials and the sequence of the spherical model were linearly arranged along the x
direction, with a homogeneous unidirectional neutron source distributed over the volume between
z = 0and z = 0.1, emitting in the range 1 to 3 MeV. Cross-sectional dimensions (e.g., 40 cm x40 cm,
lemx1cm, and others) were varied to see how transverse size might affect the results. MCNP 6.3
was used to calculate reaction-specific sensitivity coefficients (focusing on elastic and inelastic
scattering) in a detector region defined after the last steel layer and coeflicients being calculated
via PERT cards.

Many tests were performed, while three of them are presented below. First, a purely analog
simulation ran without weight windows. Second, the ADVANTG-generated weight window values
were provided through a WWINP file aligned with the geometry cells so that each cell received a set of
energy defined weight-window values. Third, the same ADVANTG-generated values were applied
using the WWN card. Since the weight window mesh and the geometrical cells were perfectly aligned,
we could directly convert these values into the WWN format and the same energy group structure
was used for both cases. Figure 12 shows that, despite using identical data, the WWINP approach
produced a discrepancy in sensitivity coefficients for larger cross sections (e.g., 40 cmx40cm or
100 cmx100 ¢m), while the WWN approach did not. When the slab’s cross section was reduced
to 1emx1cm, the discrepancy disappeared resulting in an overlap with analog and WWN results.
Further refinement of the mesh in the WWINP file did not resolve the difference, suggesting it is not

simply a meshing artifact.
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Fig. 12. Results on Slab-Geometry test for weight window discrepancy.

The main observations can be summarized as follows:
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e Simulations without weight windows or using WWN do not show abnormal results.

e Adjusting ADVANTG parameters (such as the transverse mesh) did not allow to remove the

discrepancy.

e Changing the moment where particle weight is checked, either at surface crossing or collision,

did not have effect on the results.

e The discrepancy with WWINP increases up to around 20cm? but shows little to no further

growth beyond this, with results for 40 cm? and 100 cm? being nearly identical.
e Unperturbed neutron flux is not affected by the discrepancy.

Our study showed that switching from WWN to WWINP led to discrepancies in sensitivity coef-
ficients for the spherical and slab geometries. In the slab geometry, reducing the cross-sectional
dimensions (e.g., to 1cmx1cm,) causes the bias to disappear. It remains to be seen whether a
similar effect might occur in cylindrical geometries, such as those found in PWR shielding prob-
lems. Early results suggest that converting the ADVANTG weight window values into the WWN

format could be a promising solution to explore further.
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