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Abstract
Nuclear data constitutes the primary source of uncertainty in nuclear reactor
physics calculation results. Investigating the impact of nuclear data uncertainty
on results can improve the accuracy of nuclear reactor physics calculations,
thereby ensuring the economic efficiency and safety of nuclear reactor systems.
This study utilizes the nuclear data sampling tool SANDY to perform multiple
sampling perturbations on nuclide cross sections within the limits permitted by
covariance, and based on the BEAVRS commercial pressurized water reactor
benchmark hot zero-power core physics model, combined with the Monte Carlo
transport calculation code OpenMC, calculates the perturbed effective multipli-
cation factor (keff). By fitting the keff distribution curve, the impact of nuclide
cross-section uncertainty in the nuclear data library on keff is quantitatively
analyzed and evaluated. The results indicate that under BEAVRS benchmark
hot zero-power conditions, the fission cross section of 235U is the most sensitive,
with a sensitivity coefficient of 0.45; the uncertainty of the inelastic scattering
cross section of 238U has the most significant impact on keff, with the standard
deviation of keff reaching 91*10-5. Through comparison of the calculation re-
sults, the feasibility and applicability of the SANDY-based statistical sampling
method for uncertainty analysis of nuclear data cross sections are demonstrated.
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Abstract
[Background] The input parameters for nuclear reactor physics calculations
primarily include nuclear data, geometric dimensions, and fuel enrichment,
among others. Among these, nuclear data is widely recognized as one of
the most significant sources of uncertainty impacting the accuracy of reactor
analysis. Consequently, quantitative research on the propagation of nuclear
data uncertainty enhances the precision of nuclear reactor physics calculations,
thereby ensuring the safety of nuclear reactor systems and improving their
economic efficiency. [Purpose] This study aims to introduce a highly adapt-
able method for analyzing nuclear data uncertainty. This method enables the
perturbation of nuclear databases and generates perturbation files with broad
applicability, which can be utilized to conduct uncertainty analysis across
various computational tools and models. [Methods] This study first employed
the direct numerical perturbation method to conduct a sensitivity analysis on
typical nuclide cross-sections, thereby validating the feasibility of the nuclear
data sampling tool SANDY for perturbing nuclide cross-sections. Subsequently,
within the range permitted by covariance, SANDY was utilized to perform
multiple sampling perturbations on nuclide cross-sections, constructing multiple
sets of perturbed nuclear databases for uncertainty analysis. To validate the
effectiveness of the method, the study selected the BEAVRS benchmark, a
commercial pressurized water reactor with complex geometric features, and
calculated the effective multiplication factor (keff) for each perturbed database
based on its hot zero-power core physics model using the Monte Carlo transport
code OpenMC. To enhance computational efficiency, the sampling process
was optimized: the parallelizable application perturbation module in SANDY
was isolated and ProcessPoolExecutor was used to accelerate the generation
of perturbation files; simultaneously, the OpenMC calculation process was
parallelized using MPI technology on a supercomputing cloud platform. Finally,
by fitting the distribution curve of keff, the impact of nuclide cross-section
uncertainties in the nuclear database on keff was quantified. [Results] Under
the hot zero-power condition of the BEAVRS benchmark, the sensitivity coeffi-
cients, ranked from highest to lowest, are as follows: 235U fission cross-section,
238U capture cross-section, 1H elastic scattering cross-section, 235U capture
cross-section, and 238U fission cross-section. Among these, the 235U fission
cross-section exhibits the highest sensitivity, with a sensitivity coefficient of
0.45. The uncertainties, ranked from largest to smallest, are as follows: 235U
fission cross-section, 238U capture cross-section, 235U capture cross-section, and
238U inelastic scattering cross-section. Notably, the uncertainty of the 238U
inelastic scattering cross-section has the most significant impact on keff, with a
standard deviation of up to 91$×10^{-5}$. [Conclusions] This study proposes
a nuclear data cross-section uncertainty analysis method based on SANDY.
Through validation with the BEAVRS benchmark, the feasibility of this method
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under complex geometric conditions has been demonstrated. Furthermore,
the perturbation files generated by SANDY support both ACE and HDF5
formats, rendering them compatible with various Monte Carlo programs such
as OpenMC and MCNP. This underscores the method’s robust cross-tool
and multi-model application capabilities, highlighting its strong adaptability.
The research indicates that the sampling method based on SANDY not only
effectively perturbs nuclear databases but is also compatible with multiple
Monte Carlo computational tools, rendering it suitable for uncertainty analysis
across models and under various operational conditions.

Keywords: Nuclear data; BEAVRS benchmark; Effective multiplication factor;
Uncertainty analysis; Sampling method

1. Introduction
In recent years, modern numerical computing technology has advanced rapidly,
coupled with the widespread application of high-performance computing
platforms, enabling the construction of increasingly accurate and efficient
mathematical-physical models for complex physical processes within nuclear
reactor systems. This technological progress has not only enhanced simulation
precision but also significantly reduced computational time, thereby delivering
substantial advantages for commercial nuclear reactor systems in critical areas
such as safety and economics. Simultaneously, the improvement in simulation
accuracy has imposed more stringent requirements on numerical uncertainty
quantification. Among various uncertainty sources, nuclear data is widely rec-
ognized as a primary contributor to uncertainty in reactor analysis. Therefore,
quantitative investigation of nuclear data uncertainty propagation not only
improves the accuracy of nuclear reactor physics calculations but also plays a
vital role in ensuring system safety and enhancing economic performance.

1.1 Research Background

Currently, the methods widely used internationally for uncertainty quantifica-
tion and propagation can be broadly categorized into two classes, as illustrated
in [Figure 1: see original paper]. The first class comprises deterministic methods
based on relative sensitivity coefficients. The fundamental principle involves cal-
culating the relative covariance matrix of responses using the “Sandwich Rule”
approach, which combines the relative sensitivity coefficient vector of the re-
sponse with respect to input parameters and the relative covariance matrix of
the input parameters. The critical component of deterministic methods is sen-
sitivity analysis, with widely adopted techniques including perturbation theory
methods and direct numerical perturbation methods.

Depending on the analysis object, perturbation theory methods can be further
divided into Classical Perturbation Theory (CPT) and Generalized Perturbation
Theory (GPT). CPT is exclusively applicable to eigenvalue sensitivity analysis,
whereas GPT is required for other responses such as few-group homogenized
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parameters and power distributions. The primary advantage of perturbation
theory lies in its high efficiency when the number of responses in the simulation
system is significantly smaller than the number of input parameters. However,
for different nuclear reactor physics codes and response types, perturbation
theory necessitates the development of corresponding perturbation equations
and modifications to the source code to incorporate the required computational
functionalities. Consequently, this approach exhibits strong dependence on and
requires substantial alterations to the source program, resulting in limited ap-
plicability.

The Direct Numerical Perturbation Method (DNPM) employs difference quo-
tients to approximate partial derivatives for calculating relative sensitivity co-
efficients. This method requires artificially applying specific perturbations to
the input parameters of the simulation system and recording the perturbed re-
sponses to determine the relative sensitivity coefficients. For different response
types, DNPM requires no additional processing steps, offering strong applica-
bility, and has consistently served as a benchmark method for validating the
accuracy of perturbation theory-based sensitivity analysis results.

The second class encompasses Statistical Sampling Methods (SSM), which can
be further subdivided based on the uncertainty propagation pathway into input
parameter uncertainty propagation methods and output parameter uncertainty
extrapolation methods. The currently predominant approach is the input pa-
rameter uncertainty propagation method, whose core concept involves selecting
a certain number of sample points within the distribution range of input pa-
rameters as inputs to the simulation system, executing calculations to obtain
corresponding response values, and subsequently performing statistical analysis
on all response samples to acquire response uncertainty and related information,
thereby achieving uncertainty quantification. Statistical sampling methods treat
the simulation system as a“black box”without requiring source code modifica-
tions, thus demonstrating strong applicability. However, this method demands
large sample sizes, making the uncertainty quantification process relatively time-
consuming.

A comparative analysis of these two common uncertainty analysis methods re-
veals that deterministic methods, despite their higher computational efficiency
in specific scenarios, fundamentally rely on first-order linear approximations, ex-
hibiting significant limitations when handling large perturbations and nonlinear
problems. Moreover, they require additional modeling for different responses,
making it difficult to meet cross-model adaptation requirements. In contrast,
statistical sampling methods do not depend on low-order approximations and
can more accurately capture system response characteristics under nonlinear
conditions and large perturbations. Although this method requires substantial
sample sizes resulting in longer computational times, the individual computa-
tional tasks are completely independent, a limitation that can be effectively
mitigated through parallel computing or cloud computing technologies. There-
fore, this study will employ statistical sampling methods for relevant research.
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1.2 Research Status

Currently, uncertainty analysis programs developed based on statistical sam-
pling methods have achieved certain progress, such as the SAMPLER program
from Oak Ridge National Laboratory and the UNICORN program from Xi’an
Jiaotong University. Wan Chenghui et al. implemented a “two-step”uncer-
tainty propagation study based on the UNICORN program, which essentially
adopted statistical sampling methods and avoided statistical errors through two-
stage sampling. However, resampling remains necessary when changing compu-
tational models, indicating that its applicability requires further improvement.
Sun Jingyu et al. employed SANDY with statistical sampling methods to in-
vestigate the impact of nuclear data uncertainty on the effective multiplication
factor calculation for the Japan Research Reactor No.3 Modified (JRR-3M).
Nevertheless, research reactors feature relatively simple geometric designs and
low power levels, with analysis processes that differ from commercial reactors,
such as computational optimization approaches.

Based on the above analysis, it is evident that few studies have applied sampling
methods to analyze cross-section uncertainty for nuclear data in commercial re-
actors with complex geometric structures. Additionally, in nuclear database
cross-section uncertainty analysis, avoiding separate modeling for each applica-
tion scenario and achieving unified code analysis for different reactor systems
can reduce workload and error accumulation caused by repeated model gener-
ation. Furthermore, supporting the use of multiple computational tools (such
as OpenMC, MCNP, etc.) enables comparison of results across different tools,
thereby providing more reliable theoretical foundations for nuclear database
cross-section impact analysis. In response to these research gaps and require-
ments, developing a highly adaptable process holds practical significance and
necessitates relevant research.

This study first employs the direct numerical perturbation method to conduct
sensitivity analysis on selected key nuclides to validate SANDY’s feasibility.
Subsequently, based on the commercial pressurized water reactor benchmark
Benchmark for Evaluation and Validation of Reactor Simulations (BEAVRS),
the nuclear data sampling tool SANDY is utilized to perturb nuclide cross-
sections within the limits permitted by covariance, combined with OpenMC to
calculate the perturbed keff. Python scripts are developed to quantify and dis-
play the fitted keff distribution. To address the low computational efficiency for
large sample sizes, this study accelerates OpenMC calculations through super-
computing servers and develops Python scripts to overcome SANDY’s limitation
of being unable to generate multiple sampling samples simultaneously, thereby
significantly improving computational efficiency.

2. Theoretical Model
SANDY is a Python package for reading and writing ENDF-6 format nuclear
data files, producing a set of perturbed ENDF-6 format files as output. This
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uncertainty propagation approach can be used for brute-force uncertainty prop-
agation and is applicable to any model, response, or computer code compatible
with ENDF-6 format files. Moreover, perturbed files are not constrained by any
implicit effects arising from processing, such as multi-group approximations,
resonance self-shielding, or temperature effects. This section first identifies nu-
clides of interest through sensitivity analysis, then employs statistical sampling
methods using SANDY and OpenMC to complete sampling and calculations,
and finally utilizes Python scripts to implement curve fitting for uncertainty
analysis.

2.1 Sensitivity Analysis

To validate the feasibility of SANDY for nuclear data cross-section perturba-
tion, this study screened several typical nuclide cross-sections as research ob-
jects through literature review and theoretical analysis. Direct numerical per-
turbation method was employed for sensitivity analysis of key nuclides, and
the feasibility was verified by comparing analysis results. The direct numeri-
cal perturbation method uses the difference quotient shown in Equation 1 to
approximate the differential and obtain the sensitivity coefficient of output pa-
rameters.

𝑑𝑅/𝑅
𝑑𝜎/𝜎

where 𝑅 represents the model output, such as keff, and 𝜎 represents the micro-
scopic cross-section of the nuclide.

2.2 Sampling Principle

SANDY extracts random nuclear data samples based on the cross-section co-
variance matrix (MF=33) from ENDF-6 format files. However, the ENDF-102
manual does not explicitly specify the distribution function type for nuclear re-
action cross-sections, though the mathematical form of the covariance matrix
is highly compatible with the statistical characteristics of normal distributions.
Therefore, to simplify statistical processing and quantify nuclear data uncer-
tainty, nuclear reaction cross-sections are typically assumed to follow a normal
or approximately normal distribution. This assumption is widely applied in
Monte Carlo sampling and other nuclear data processing tools.

This study further assumes that nuclide cross-sections follow a multivariate nor-
mal distribution, with correlations defined by the covariance matrix provided
in ENDF-6 files. First, SANDY extracts the covariance matrix Σ from ENDF-6
format files and constructs a multivariate normal distribution 𝑁(0, Σ). To sam-
ple from this multivariate normal distribution, an 𝑚 × 𝑛 matrix 𝑋 must first be
generated:
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𝑋 = ⎛⎜
⎝

𝑥11 ⋯ 𝑥1𝑛
⋮ ⋱ ⋮

𝑥𝑚1 ⋯ 𝑥𝑚𝑛

⎞⎟
⎠

where each column consists of independent random variables following the stan-
dard normal distribution 𝑁(0, 1), 𝑛 is the sample size, and 𝑥𝑖𝑗 represents sample
values.

To transform 𝑋 into samples 𝐾 that follow the target distribution 𝑁(0, Σ), a
linear operator 𝐿 is defined such that 𝐾 = 𝐿𝑋. The linear operator 𝐿 has two
key properties: (1) The linearity of 𝐿 ensures the distribution shape remains
unchanged and does not alter the distribution mean; (2) Through linear algebra
derivation, we obtain 𝐾𝐾𝑇 = 𝐿𝑋𝑋𝑇 𝐿𝑇 = 𝐿𝐿𝑇 = Σ.

Since 𝑋𝑋𝑇 is an identity matrix, 𝐸(𝐿𝑋(𝐿𝑋)𝑇 ) = 𝐿𝐸(𝑋𝑋𝑇 )𝐿𝑇 = 𝐿𝐿𝑇 = Σ.
To find a linear operator 𝐿 satisfying this equation, SANDY employs eigenvalue
decomposition: Σ = 𝑆Λ𝑆𝑇 , where 𝐿 = 𝑆Λ1/2.

After obtaining sample 𝐾, SANDY shifts the distribution mean to the unit
vector to obtain the final sample matrix 𝑃 = 𝐾 + 1. Therefore, 𝑃 is an 𝑚 × 𝑛
matrix following the 𝑁(1, Σ) distribution. Taking column 𝑗 as an example, each
column element represents one sample, with a total of 𝑛 samples, and each
sample consists of perturbation values corresponding to 𝑚 energy points:

𝑃𝑗 = ⎛⎜
⎝

𝑝1𝑗
⋮

𝑝𝑚𝑗

⎞⎟
⎠

2.3 Sampling Times

The key to statistical sampling methods is effective coverage of the sample space.
Wilks’formula can determine the required minimum sample size based on spec-
ified confidence and probability levels, as shown in the following equation:

1 − 𝛼𝑁 ≥ 𝛽

where 𝛼, 𝛽, and 𝑁 represent the confidence level, probability level, and mini-
mum required sampling times, respectively. Calculations show that with both
confidence and probability levels at 99%, the minimum required sampling times
is 663. To achieve higher computational accuracy, this study selects 1000 sam-
pling times.

2.4 Calculation Process

Considering the enormous computational load of 1000 samplings and SANDY’
s lack of support for Message Passing Interface (MPI) parallelization, the paral-
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lelizable application perturbation module in the program was isolated and Pro-
cessPoolExecutor was employed to simultaneously generate 64 sets of ACE files
at different temperature points on a supercomputing server, which were then
converted to HDF5 files. Experimental results demonstrate that with 64 node
cores, each set of 1000 samplings requires approximately 160 CPU core-hours,
with an actual time of about 2.5 hours, significantly reducing computational
time. The overall calculation flow is illustrated in [Figure 2: see original paper],
which can be divided into three steps: (1) Sampling Stage: SANDY downloads
ENDF-6 format files as input and calls Python APIs to perform data process-
ing including cross-section reconstruction, matrix reading, sampling execution,
and perturbation application. Finally, SANDY generates ACE files at various
temperature points through the get_{ace} function. (2) Calculation Stage:
OpenMC’s ace-to-hdf5 script converts each set of ACE files into correspond-
ing HDF5 files, which replace the original unperturbed files in the database.
OpenMC then calculates and generates statepoint files for the replaced nuclear
database. (3) Statistical Stage: Python scripts batch-read the statepoint files,
fit the keff distribution curve, and perform uncertainty quantification analysis
through mean and variance calculations.

3. Results and Discussion
3.1 BEAVRS Benchmark

The BEAVRS benchmark is a commercial pressurized water reactor core neu-
tronics calculation model constructed based on actual nuclear power plants and
holds significant importance in the validation of reactor analysis tools. The
core consists of 193 17$×$17 fuel assemblies, comprising 264 fuel rod lattice
cells categorized into three enrichment levels of 235U: 3.1%, 2.4%, and 1.6%.
The remaining 25 lattice cells outside fuel cells include instrumentation tubes,
burnable poison rods, and control rods. Instrumentation tubes are dispersedly
arranged in assemblies at different positions, while the number and arrangement
of burnable poison rods are related to assembly location. Control rods can be
divided into power regulation rods (types A, B, C, D) and shutdown rods (types
SA, SB, SC, SD, SE).

The core exhibits quarter-rotational symmetry overall, with high-enrichment
fuel assemblies surrounding the periphery and medium- to low-enrichment fuel
assemblies arranged alternately in the interior. The radial and axial geometric
structures of the BEAVRS model plotted using OpenMC are shown in Figure 3:
see original paper and (b). This study selected the condition with control rod
D fully inserted and set the boron concentration to 902 ppm (parts per million)
to calculate keff under Hot Zero Power (HZP) conditions. The cross-section
database used was ENDF/B-VII.1, with 1 million neutrons per generation, 500
total generations, and the first 100 generations skipped to exclude initial inac-
tive generation effects. The calculated reference keff value is 1.00173 ± 0.00003.
In comparison, Tang Xiao et al. calculated keff as 1.00080 ± 0.00004 using
OpenMC under identical conditions. Considering differences in database ver-
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sions and BEAVRS model versions, the discrepancy of 93$×10^{-5}$ remains
within acceptable limits.

3.2 Sensitivity Analysis

Since the direct numerical perturbation method has certain limitations on per-
turbation magnitude, this study used SANDY to extract the standard deviation
𝜎 of each nuclide cross-section and set the perturbation value to 1% based on the
3𝜎 rule of normal distribution to ensure perturbation rationality. Considering
numerical error cancellation issues, OpenMC calculations were configured with
1 million neutrons per generation and 500 total generations to achieve higher
precision results.

Hassan et al. investigated keff sensitivity to nuclide cross-sections for the
BEAVRS benchmark under all-rods-out conditions using perturbation theory,
demonstrating that the 235U fission cross-section is the most sensitive with a
sensitivity coefficient of 0.437, indicating that keff increases most dramatically
with increasing fission cross-section. The 238U capture cross-section also shows
relatively high sensitivity but with a negative coefficient, indicating that keff
decreases with increasing capture cross-section. Based on these findings and
considering the nuclear fuel composition characteristics of BEAVRS, this study
selected several key nuclide cross-sections for validation research as listed in .
The sensitivity coefficients calculated using Equation 1 are compared in [Figure
4: see original paper].

records the specific keff values and sensitivity coefficients after perturbing each
cross-section. Comparison with Hassan’s sensitivity coefficients reveals consis-
tent trends in magnitude, though numerical values differ slightly due to minor
condition variations, which remains within reasonable bounds. Consequently,
the feasibility of SANDY for cross-section perturbation has been validated.

3.3 Uncertainty Analysis

Given the substantial computational requirements for 1000 OpenMC runs, the
number of neutrons per generation, total neutron generations, and inactive gen-
erations were adjusted to 200,000, 100, and 20, respectively, while maintaining
unchanged control rod insertion and boron concentration. The reference keff
under these settings became 1.00129 ± 0.00023.

Experiments showed that each set of 1000 sampling calculations requires ap-
proximately 4000 CPU core-hours. To reduce actual computational time, MPI
parallel technology supported by OpenMC was employed on a supercomput-
ing server to complete the calculations. The uncertainty distributions for the
four selected nuclide cross-sections are shown in [Figure 5: see original paper].
records the mean and standard deviation of the uncertainty distributions for
the four cross-sections after sampling calculations.

The results indicate that although the sensitivity coefficients of 235U fission and
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238U capture cross-sections are significantly higher, their uncertainties differ
little from that of the 235U capture cross-section, consistent with Hassan et
al.’s findings. Notably, the 238U inelastic scattering cross-section exhibits an
extremely small sensitivity coefficient (<0.01), yet its uncertainty distribution
shows a relatively large standard deviation of approximately 100$×10^{-5}$.
This occurs because high nuclide sensitivity does not necessarily imply high
cross-section standard deviation. Taking 235U fission and 238U inelastic scat-
tering cross-sections as examples, the standard deviation distributions shown
in [Figure 6: see original paper] reveal that the 238U inelastic scattering cross-
section standard deviation is indeed significantly larger than that of 235U fission
cross-section across most energy ranges, leading to scenarios of high sensitivity
but low uncertainty. Therefore, the SANDY-based sampling method demon-
strates feasibility for investigating the impact of nuclear data uncertainty on
commercial reactors.

3.4 Applicability Analysis

Through SANDY’s get_{ace} function, perturbed ACE files at different tem-
perature points can be generated. By setting the required temperature points,
a set of perturbed ACE files for the same nuclide cross-section can be produced.
These perturbed files are then converted to HDF5 format (.h5 files) using the
openmc-ace-to-hdf5 command, which can directly replace the unperturbed
files in the original database to create a single-perturbation database. To study
uncertainty distributions under simultaneous perturbations of multiple nuclear
data, no additional work is required—simply replacing the original unperturbed
files with these perturbed files suffices. Since the perturbed files are in HDF5 for-
mat supported by OpenMC, these perturbed databases can be directly applied
when using OpenMC for any benchmark calculation.

For other computational tools, only format conversion from ACE to the sup-
ported file format is needed. Therefore, whether using OpenMC or other Monte
Carlo simulation software, the perturbed data generated through this method
is universal and applicable to other computational tools and models.

This paper presents a nuclear data cross-section uncertainty analysis workflow
based on SANDY and validates its feasibility under complex geometries using
the commercial pressurized water reactor benchmark BEAVRS. The research
process comprises three stages: First, direct numerical perturbation method
was employed for sensitivity analysis of selected key nuclides. Results show that
under BEAVRS hot zero-power conditions, the 235U fission cross-section is the
most sensitive with a coefficient of 0.45, consistent with actual conditions and
other studies, validating SANDY’s effectiveness in generating nuclide cross-
section perturbations. Second, within the covariance limits of nuclide cross-
sections, ProcessPoolExecutor was used to accelerate SANDY sampling and
perturbation file generation, with supercomputing servers and parallel technol-
ogy accelerating OpenMC calculations. Results demonstrate that 238U inelastic
scattering cross-section uncertainty most significantly impacts keff with a stan-
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dard deviation of 91$×10^{-5}$, aligning with actual conditions and confirming
the feasibility of SANDY-based sampling methods for commercial reactor nu-
clear data cross-section uncertainty analysis. Additionally, by plotting standard
deviation comparison charts for 235U fission and 238U inelastic scattering cross-
sections, the conclusion that high nuclide sensitivity does not necessarily imply
high uncertainty was derived. Finally, the perturbed ACE files generated by
SANDY can be converted to HDF5 or other formats, making them compati-
ble with various Monte Carlo programs including OpenMC and MCNP, and
supporting cross-model and multi-condition analyses, demonstrating strong ap-
plicability.

In summary, this study proposes a SANDY-based nuclear data cross-section
uncertainty analysis workflow and validates its feasibility for quantifying nu-
clear data cross-section uncertainty under complex geometries through sensitiv-
ity and uncertainty analysis. The research demonstrates that this method can
effectively perturb nuclear databases and generates highly applicable perturbed
files suitable for uncertainty analysis across different computational tools and
models.

Author Contribution Statement
Cai Zhoutong: Drafted the manuscript; performed modeling and validation;
analyzed and interpreted data. Liu Xiaojing: Developed research concepts;
critically reviewed intellectual content. Zhang Tengfei: Provided theoretical
guidance; supervised writing and review; acquired research funding.

References
1. Luca Fiorito. Sandy Docs[EB/OL]. http://luca-fiorito-11.github.io/sandy-

docs/index.html, 2024-8-09. [LinkOut]
2. Cacuci D G. Sensitivity and Uncertainty Analysis[M]. Vol. 1: Theory.

Boca Raton: Chapman & Hall/CRC, 2003.
3. Rearden B, Petrie L, Jessee M. SAMS: Sensitivity Analysis Module for

SCALE[R]. Oak Ridge National Laboratory, 2009.
4. Pusa M. Incorporating sensitivity and uncertainty analysis to a lattice

physics code with application to CASMO-4[J]. Annals of Nuclear Energy,
2012, 40(1): 153–162. DOI: 10.1016/j.anucene.2011.10.013. [LinkOut]

5. Jessee M, Williams M, Dehart M. Development of Generalized Perturba-
tion Theory Capability within the SCALE Code Package[C]. M&C 2009,
Saratoga Springs, NY, 2009. [LinkOut]

6. Pusa M. Adjoint-based Sensitivity and Uncertainty Analysis of Lattice
Physics Calculation with CASMO-4[C]. PHYSOR 2014, Kyoto, Japan,
2014.

7. Wan Chenghui. Sensitivity and uncertainty analysis of nuclear reactor
physics calculations and its application in code verification[D]. Xi’an: Xi’
an Jiaotong University, 2018.

chinarxiv.org/items/chinaxiv-202504.00258 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00258


8. Ball M R, Novog D R, Luxat J C. Analysis of implicit and explicit lattice
sensitivities using DRAGON[J]. Nuclear Engineering and Design, 2013,
265: 1–12. DOI: 10.1016/j.nucengdes.2013.07.011. [LinkOut]

9. Ball M. Uncertainty Analysis in Lattice Reactor Physics Calculations[D].
Ontario: MacMaster University, 2012.

10. Wieselquist W, Zhu T, Vasiliev A, et al. PSI methodologies for nuclear
data uncertainty propagation with CASMO-5M and MCNPX: results for
OECD/NEA UAM benchmark phase I[J]. Science and Technology of Nu-
clear Installations, 2013, 2013: 549793. DOI: 10.1155/2013/549793. [Link-
Out]

11. Helton J, Davis F. Sampling-Based Methods for Uncertainty and Sensitiv-
ity Analysis[R]. New Mexico: Sandia, 2000.

12. Helton J C, Davis F J. Illustration of sampling-based methods for un-
certainty and sensitivity analysis[J]. Risk Analysis, 2002, 22(3): 591–622.
DOI: 10.1111/0272-4332.00041. [PubMed]

13. Helton J C, Johnson J D, Sallaberry C J, et al. Survey of sampling-
based methods for uncertainty and sensitivity analysis[J]. Reliability
Engineering & System Safety, 2006, 91(10–11): 1175–1209. DOI:
10.1016/j.ress.2005.11.017. [LinkOut]

14. Peng Cuiyuan, Hu Mengyan, Xiong Qingwen, et al. Overview of
uncertainty research in coupled calculations of multiphysics fields in
reactors[J]. Nuclear Science and Technology, 2024, 12(1): 36−51. DOI:
10.12677/nst.2024.121005

15. Williams M, Wiarda D, Smith H, et al. Development of a Statistical Sam-
pling Method for Uncertainty Analysis with SCALE[C]. La Grange Park:
American Nuclear Society, Inc., 2012.

16. Wan C H, Cao L Z, Wu H C, et al. Code development for eigenvalue total
sensitivity analysis and total uncertainty analysis[J]. Annals of Nuclear
Energy, 2015, 85: 788–797. DOI: 10.1016/j.anucene.2015.06.036. [Link-
Out]

17. Wan C H, Cao L Z, Wu H C, et al. Uncertainty analysis for
the assembly and core simulation of BEAVRS at the HZP condi-
tions[J]. Nuclear Engineering and Design, 2017, 315: 11–19. DOI:
10.1016/j.nucengdes.2017.02.020. [LinkOut]

18. Sun Jingyu, Ma Jimin. Quantification of calculated effective multiplica-
tion factor uncertainty caused by nuclear data in research reactor[J]. High
Power Laser and Particle Beams, 2024, 36(9): 124–130.

19. L. Fiorito, G. Žerovnik, A. Stankovskiy, et al. Nuclear data uncertainty
propagation to integral responses using SANDY[J]. Annals of Nuclear En-
ergy, 2017, 101:359-366. DOI: 10.1016/j.anucene.2016.11.026. [LinkOut]

20. ENDF-102 Manual: Data Formats and Procedures for the Evaluated Nu-
clear Data File ENDF-6[R]. BNL-90365-2009, 2009.

21. Wilks S S. Determination of sample sizes for setting tolerance limits[J].
The Annals of Mathematical Statistics, 1941, 12(1): 91–96. DOI:
10.1214/aoms/1177731788. [LinkOut]

22. Horelik N, Herman B, Forget B, et al. Benchmark for evaluation and

chinarxiv.org/items/chinaxiv-202504.00258 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00258


validation of reactor simulations (BEAVRS)[J]. International Conference
on Mathematics and Computational Methods Applied to Nuclear Science
and Engineering, M and C 2013, 2013, 4: 2986–2999. [LinkOut]

23. Macfarlane R E. Code system for producing pointwise and multigroup neu-
tron and photon cross-sections from ENDF/B Data[R]. NJOY99.0, 2000.

24. Tang Xiao, Liang Jingang, Wang Kan, et al. Verification of RMC
critical calculation based on BEAVRS full-stack benchmark prob-
lem[J]. Nuclear Power Engineering, 2014, 35(S2): 235–238. DOI:
10.13832/j.jnpe.2014.S2.0235. [LinkOut]

25. Hassan M. Sensitivity and uncertainty analysis of BEAVRS benchmark[J].
Arab Journal of Nuclear Sciences and Applications, 2021, 54(1): 151–161.
DOI: 10.21608/ajnsa.2020.38566.1392. [LinkOut]

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202504.00258 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00258

	Sensitivity and Uncertainty Analysis of Nuclear Data Based on Sampling Methods
	Abstract
	Full Text
	Preamble
	Abstract
	1. Introduction
	1.1 Research Background
	1.2 Research Status

	2. Theoretical Model
	2.1 Sensitivity Analysis
	2.2 Sampling Principle
	2.3 Sampling Times
	2.4 Calculation Process

	3. Results and Discussion
	3.1 BEAVRS Benchmark
	3.2 Sensitivity Analysis
	3.3 Uncertainty Analysis
	3.4 Applicability Analysis

	Author Contribution Statement
	References


