
Original Article

Methodology and preliminary verification of generating heterogeneous 
multigroup microscopic cross-section libraries for neutron transport codes 
based on OpenMC

Bowen Cui a,b,* , Guohua Chen b, Xiaofeng Jiang b

a Polytechnique Montreal, Station Centre-Ville, Montreal, QC, Canada, H3C3A7
b Shanghai NuStar Nuclear Power Technology Co., Ltd., Shanghai, 200240, China

A R T I C L E  I N F O

Keywords:
Monte Carlo
Cross section generation
Multigroup microscopic cross-sections

A B S T R A C T

Advancements in reactor technology, particularly Generation IV and modular reactors, have introduced new 
challenges on the neutronics analysis due to their complex geometries and spectra. This study addresses these 
challenges by developing a methodology to generate heterogeneous multigroup microscopic cross-section li
braries for three-dimensional neutron transport calculations using the OpenMC Monte Carlo code. The approach 
involves two-dimensional transport calculations in OpenMC for various fuel pins or supercells, generating 
multigroup microscopic cross-section libraries for isotopes relevant to burnup, temperature, and moderator 
density. These cross-sections are then post-processed and used in three-dimensional core neutron transport 
calculations with the CRANE deterministic code. This method combines the high accuracy of Monte Carlo 
methods with the computational efficiency of deterministic approaches. Preliminary 2D verification was con
ducted using benchmark problems, including PWR fuel assemblies from the VERA series, a fast reactor pin, a 
3600 MWth subassembly, and a 1000 MWth metallic fuel core. Results indicate that the coupled OpenMC/ 
CRANE method accurately captures reactivity and isotopic evolution during burnup, suggesting potential im
provements in accuracy and efficiency for neutronic simulations of advanced reactor designs.

1. Introduction

As the global pursuit and enhancement of economic efficiency and 
safety in the nuclear energy sector continues, the development of nu
clear reactors has entered a new era, with Generation IV reactors and 
modular reactors becoming more sophisticated and diverse, featuring 
increasingly complex geometries and spectra, which pose additional 
challenges to neutronic simulation tools. The Monte Carlo (MC) method 
with point-wise continuous energy cross-sections can address neutron 
transport problems in complex geometric structures without major 
approximation in resonance treatment. However, this method demands 
significant computational resources and time. In comparison, deter
ministic methods have an advantage in terms of computational resource 
costs but introduce a series of simplifications and assumptions during 
the solution process. The applicability of these assumptions varies 
depending on the reactor type and energy spectrum. For example, in fast 
reactors with hard spectra, where the average neutron free path is 
relatively long, accurate treatment of resonance effects requires complex 

and precise handling, including the use of fine-group treatment, which 
can impact computational efficiency. Additionally, the new advanced 
reactors have a variety of fuel forms. The peculiarities of the pebble bed 
reactor structure introduce challenges due to the presence of double 
heterogeneity.

Some Monte Carlo programs have incorporated the capability to 
generate group constants for coupling with downstream core programs. 
Fridman and Leppänen investigated the use of the Serpent code for 
generating homogeneous cross sections [1]. Park et al. also developed 
McCARD as a few-group constant generator [2], while Hoogenboom 
et al. developed MCNP5 for the generation of multi-group cross sections 
and scattering matrices [3]. In the latest version, OpenMC [4] provides a 
tally system that allows for the calculation of multi-group cross sections 
with arbitrary energy discretizations. Furthermore, a new function, 
openmc.deplete.get_microxs_and_flux (), was introduced in OpenMC 
(v0.14.0) to generate microscopic cross sections along with fluxes, 
thereby making multi-group cross section generation and depletion 
analysis more convenient.
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The development of Monte Carlo codes has led to an increasing focus 
on hybrid methods that combine MC solvers with deterministic strate
gies, aiming to leverage the advantages of both Monte Carlo and 
deterministic approaches. Two-step schemes that couple multigroup 
cross-sections (MGXS) with diffusion core solvers have been extensively 
studied. Examples include Serpent/RAST [5], Serpent/VARIANT [6,7], 
OpenMC/OpenMC [8], MCS/RAST [9] for fast reactors, MCS/PARCS for 
pressurized water reactors [10], Shift/Griffin for heat pipe reactors[11], 
and OpenMC/VSOP for very high-temperature reactors [12].

The aforementioned methods are based on macroscopic cross- 

Fig. 1. Microscopic cross sections of various nuclides stored in the 
HDF5 format.

Fig. 2. Overall coupled calculation process and microscopic cross-section library generation steps.

Fig. 3. Simplified single pin-cell model of fuel.

B. Cui et al.                                                                                                                                                                                                                                      Nuclear Engineering and Technology 57 (2025) 103590 

2 



sections, which require considering various material-related physical 
parameters. This approach also involves spatial homogenization and the 
issue of equivalent homogenization, which necessitates the use of SPH 
factors (in downstream transport codes) or discontinuity factors (in 

downstream diffusion codes). These factors not only affect the accuracy 
but also increase the complexity of the program. However, this study 
aims to explore a direct coupling method that utilizes microscopic cross- 
sections in Monte Carlo-lattice transport calculations. By employing a 
multigroup, heterogeneous, and microscopic cross-section model that 
accounts for variations in fuel burnup rates and nuclide compositions 
resulting from different power histories, the power history effects and 
energy spectrum interference between fuel assemblies can be more 
accurately captured. This approach has better generality, especially for 
thermal reactors with graphite as a moderator, where the neutron mean 
free path is long, as well as for fast neutron reactors.

Nonetheless, as [13,14] have pointed out, even when using hetero
geneous multi-group microscopic cross-section libraries, equivalence 
parameters (such as SPH factors) are still necessary to correct conden
sation errors resulting from the neglect of angle dependency in total 
cross sections and cross-section discretization. These errors are partic
ularly significant for thermal neutron reactors. In practical simulations, 
increasing the number of energy groups can reduce errors caused by 
angle dependency and group condensation; however, this significantly 
raises computational complexity and memory requirements. In this 
study, we utilize a high-performance one-step method with a moderate 
number of energy groups (e.g., 33 groups) to address the multi-group 
problem and observe how this choice affects the accuracy and poten
tial biases in power distribution.

To achieve this goal, a method is proposed for generating hetero
geneous multi-group microscopic cross-section libraries for three- 
dimensional neutron transport calculations using OpenMC. The 
approach involves performing two-dimensional transport calculations in 
OpenMC for various types of fuel pins or supercells, and then generating 
multi-group microscopic cross-section tables for isotopes related to 
burnup, temperature, and density for three-dimensional core neutron 
transport calculations. In this work, an automated process for generating 
multi-group microscopic cross-section libraries and coupling interface 
with the three-dimensional neutron transport code was developed. The 
primary objective of this study is to combine the respective strengths of 
OpenMC and the high-performance full-core transport software CRANE 
to establish a computational framework with strong adaptability to 
various reactor types. This framework enables rapid and reliable anal
ysis for different advanced reactor designs.

However, the current work remains preliminary, and further detailed 
studies will be conducted in the future, such as the selection of supercell 
models, the energy group structure, and the number of groups suitable 
for reactors with different spectra. As a first step toward validating the 

Fig. 4. Simplified single pin-cell model of non-fuel.

Fig. 5. Nine-grid super-cell model.

Fig. 6. Comparison of lethargy width between CASMO 25 group and WIMS 69 group structures.
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feasibility of this methodology, preliminary two-dimensional verifica
tion was conducted using benchmark problems, including pressurized 
water reactor (PWR) single pins, fuel assemblies from the VERA series, a 
fast reactor pin, a 3600 MWth subassembly, and a 1000 MWth metallic 
fuel core. While this study focuses on two-dimensional verification, the 
developed methodology and tools are directly applicable to three- 
dimensional transport simulations. Extending this framework to three- 
dimensional verification is planned as a future step under the same 
computational approach.

The paper structure is the following. 

- in section 2, computer codes used in this study are briefly introduced.
- Section 3 describes the necessary theory and the calculation 

schemes.
- Section 4 discusses the verification results.
- Section 5 concludes the study and discusses future perspectives.

- Appendix provides detailed models and parameters used for gener
ating multigroup microscopic cross-section libraries for fast reactor 
core calculation

2. Computer codes

This section provides an introduction to the computer code used in 
this study. The Monte Carlo code OpenMC is utilized for generating 
microscopic cross-section libraries, which are then provided to the lat
tice neutron deterministic transport code CRANE.

Fig. 7. Neutron spectrum of VERA 1B OpenMC and OpenMC/CRANE.

Fig. 8. Vera 2A&2C assembly Configuration. Fig. 9. VERA Pin geometry.

Table 1 
OpenMC/CRANE results for the pin-cell problem.

OpenMC Keff OpenMC/CRANE Keff diff (pcm)

VERA 1B pin 1.1839 1.1819 − 168.9
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2.1. OpenMC

OpenMC [15] is a community-developed Monte Carlo neutron and 
photon transport code. OpenMC was originally developed by members 
of the Computational Reactor Physics Group at the Massachusetts 
Institute of Technology starting in 2011. It is capable of performing fixed 
source, k-eigenvalue, and subcritical multiplication calculations. A 
flexible and efficient tally system enables a wide variety of physical 
quantities to be tallied and analyzed. In this study, the v0.13.2 version of 
OpenMC was utilized with minimal modifications to the source code. 
The calculations were performed using the ENDF/B-VII.1 cross-section 
database and the Simplified Chain (Thermal and Fast Spectrum) 
depletion chain [16].

Table 2 
Time-steps used for 2D fuel assembly depletion calculations.

Burn up (GWd/tHM)

OpenMC fuel single pin-cell model 
used to generate microscopic XS

0.0, 0.01, 0.25, 0.5, 4, 12, 20, 30, 40, 50, 60

OpenMC reference assembly 
calculation

0, 0.01, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 22.5, 
25, 27.5, 30, 32.5, 35, 37.5, 40, 42.5, 45, 
47.5, 50, 52.5, 55, 57.5, 60

OpenMC/CRANE assembly 
calculation

0, 0.01, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 22.5, 
25, 27.5, 30, 32.5, 35, 37.5, 40, 42.5, 45, 
47.5, 50, 52.5, 55, 57.5, 60

Fig. 10. Relative difference (%) of absorption cross section between coarse and fine burnup steps.

Fig. 11. Relative difference (%) of fission cross section between coarse and fine burnup steps.
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2.2. CRANE

CRANE [17], developed by Shanghai NuStar Nuclear Power Tech
nology Co., Ltd., is a coupled neutronics/thermal-hydraulics analysis 
code based on CPU-GPU heterogeneous platforms. CRANE performs 
fine-grained three-dimensional core calculations at the pin-by-pin level, 
based on the Method of Characteristics (MOC) for solving the neutron 
transport equation. The code integrates the solution of the 
three-dimensional neutron transport equation, the nuclide burnup 
equation, the subchannel thermal-hydraulic equations, and the fuel 
performance analysis. This allows for the direct determination of various 
physical parameters inside the reactor, such as neutron flux distribution, 
temperature distribution, and nuclide composition distribution, based 
on a detailed modeling of the real reactor core. The code also provides 
visualization of these parameters. Currently, CRANE has been validated 
and confirmed for more than 150 reactor-years for different pressurized 
water reactor designs. Compared to the traditional two-step nuclear 
design software, CRANE has a significant advantage in terms of calcu
lation accuracy. CRANE demonstrates excellent computational 

Fig. 12. VERA 2A: Keff Relative Difference between OpenMC Benchmark and OpenMC/CRANE for 25 and 69 groups.

Fig. 13. Vera 2C: Relative difference between OpenMC benchmark and OpenMC/CRANE Keff

Fig. 14. Vera 2A: 60GWd/tHM pin power error distribution relative % error.
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performance, utilizing CUDA for GPU parallel acceleration, and can 
achieve an average of 30 s per state point for million to ten-million-node 
commercial pressurized water reactor 1/4-core tracking simulations on 
a server equipped with 10 RTX4090 graphics cards. Shanghai Nuclear 
Star Nuclear Power Technology Co., Ltd. has developed an interface that 
seamlessly converts computational models from OpenMC into CRANE 
models with a single click. Since both CRANE and OpenMC utilize the 
Constructive Solid Geometry (CSG) approach for radial modeling, this 
ensures full compatibility and a smooth transition between the two 
codes. With this conversion interface, various fuel assembly and super 
assembly models for OpenMC can be automatically generated from the 
three-dimensional core model defined in CRANE. This simplifies the 
entire process and makes it more user-friendly.

3. Methodology and numerical method

3.1. Microscopic multigroup cross-sections generation

3.1.1. Generation of MGXS by OpenMC
The generation of MGXS by OpenMC [4] is based on tallies with 

specific scores and filters. Generally, a tally estimator for reaction rate 
integration of reaction type x over a given volume V can be represented 
as: 

〈Σx,ψ〉g =

∫

V

∫

S

∫ Eg− 1

Eg

Σx(r,E)ψ(r,E,Ω)dEdΩdr (1) 

where. 

〈⋅, ⋅〉: inner products in phase-space (incoming and/or outgoing en
ergy, space and angle)
Σx: macroscopic cross sections of reaction type x;
ψ : angular neutron flux;
V: integration bounds in space r;
S: integration bounds in solid angle Ω;
E: integration bounds in energy E;
Eg and Eg− 1: lower and upper integration bounds in energy group g.

The tally for scalar flux (represented by symbol φ) integration over a 
given volume V is represented as 〈ψ〉. The inner product of a function 
with unity, is denoted by Equation (2): 

〈ψ〉g ≡ 〈ψ ,1〉g =

∫

V

∫

4π

∫ Eg− 1

Eg

ψ(r,E,Ω)dEdΩdr (2) 

The general spatially homogenized (over volume V) macroscopic 
MGXS for reaction x and energy group g can be computed as Equation 
(3): 

Σx,g =
〈Σx,ψ〉g

〈ψ〉g
(3) 

The general reaction cross-sections, including absorption, fission, 
and total reaction cross-sections, can be calculated using the track- 
length estimator based on the provided information. By dividing these 
cross-sections by the number density of the nuclide, it becomes 
straightforward to calculate the microscopic form of each MGXS for 
every nuclide. The fission spectrum depends on the outgoing neutron 
energy and must be computed using an analog estimator. The calcula
tion can be performed using Equation (4): 

Fig. 15. Vera 2C: 60GWd/tHM pin power error distribution relative % error.

Fig. 16. Vera 2A: Comparison of OpenMC benchmark and OpenMC/CRANE relative differences for 25 groups.
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χ̂k,g =

∑G

gʹ=1
〈vΣf ,ψ〉k,gʹ→g

∑G

g=1

∑G

gʹ=1
〈vΣf ,ψ〉k,gʹ→g

(4) 

The transport-corrected total cross-sections and scattering cross- 
sections have distinct characteristics compared to other cross-sections. 
The previous equation discretized only the energy of the incoming 
neutrons, disregarding the energy of the outgoing neutrons (if present). 
By summing the first Legendre scattering moments over all incoming 
energy groups, the in-scatter approximation can be used to compute the 
transport-corrected scattering (5). It is important to note that the scat
tering matrix depends on the outgoing neutron energy, requiring the use 

of analog estimators. The scattering matrix for the l-th Legendre moment 
is given by (6). The transport correction is then subtracted from the 
groupwise total collision rate and normalized by the flux to compute the 
transport-corrected total cross section (7). 

ΔΣ̂tr,k,g =
∑G

gʹ=1

〈Σs1,ψ〉k,gʹ→g (5) 

Σ̂sl ,k,gʹ→g =
〈Σsl ,ψ〉k,gʹ→g

〈ψ〉k,gʹ
(6) 

Σ̂tr,k,g =
〈Σt ,ψ〉k,g − ΔΣ̂tr,k,g

〈ψ〉k,g
(7) 

Once a simulation is finished, an HDF5 state point file is created, 
which stores the tally results. By using the Python API, the StatePoint 
object can read and access the tally results from the state point file. This 
allows for the extraction and output of the multigroup microscopic 
cross-sections.

3.1.2. Cross section requirements for fine-mesh deterministic neutron 
transport code

The output of OpenMC only includes flux and reaction rate values, 
and the directly computed multigroup homogenized cross-sections do 
not consider neutron multiplication effects. To consider (n, xn) re
actions, the multigroup neutron transport equation can be rewritten in 
the following form: 

Ω ⋅∇ϕg +Σt,gϕg

=
∑G

h=1

∑h→g

n1n
ϕh +2

∑G

h=1

∑h→g

n2n
ϕh +3

∑G

h=1

∑h→g

n3n
ϕh +

χg

keff

∑G

h=1
ν
∑

f,h
ϕh

(8) 

Fig. 17. Vera 2A: Comparison of OpenMC benchmark and OpenMC/CRANE relative differences for 69 groups.

Fig. 18. Vera 2G assembly Configuration.

B. Cui et al.                                                                                                                                                                                                                                      Nuclear Engineering and Technology 57 (2025) 103590 

8 



Σt,g = Σa,g + Σn1n,g + Σn2n,g + Σn3n,g + Σn4n,g (9) 

Σa,g = Σγ,g + Σ(n,p),g + Σ(n,α),g + …… (10) 

In the equation, g and h represent the energy group indices. The total 
cross-section Σt,g and absorption cross-section Σa,g are directly obtained 
from OpenMC. Σn1n,g represents the scattering cross-section used in the 
calculations, while Σn2n,g, Σn3n,g, and Σn4n,g represent the (n,2n), (n,3n), 
and (n,4n) reaction cross-sections, respectively.

For convenience in calculations, we can define an equivalent group 
total scattering cross-section (11), scattering matrix (12), and absorption 
cross-section (13): 

Σ̃s,g ≡ Σn1n,g + 2Σn2n,g + 3Σn3n,g + 4Σn4n,g (11) 

Σ̃
h→g
s ≡ Σh→g

n1n + 2Σh→g
n2n + 3Σh→g

n3n + 4Σh→g
n4n

(12) 

Σ̃a,g ≡ Σa,g − Σn2n,g − 2Σn3n,g − 3Σn4n,g (13) 

Fig. 19. Relative difference of AIC multigroup absorption cross sections between super-cell and exact models.

Fig. 20. Vera 2O assembly Configuration. Fig. 21. Vera 2P assembly Configuration.

Ω⋅∇ϕg + Σt,gϕg =

∑G

h=1

Σ(h→g)
s ϕh + 2

∑G

h=1

Σ(h→g)
(n,2n)ϕh + 3

∑G

h=1

Σ(h→g)
(n,3n)ϕh + 4

∑G

h=1

Σ(h→g)
(n,4n)ϕh +

χg

keff
ν
∑G

h=1

∑

f

Σ(h)
f ϕh

(8) 
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This leads us to the neutron transport equation we solve (14) and the 
redefined total cross-section (15): 

Ω ⋅∇ϕg +
(
Σ̃a,g + Σ̃s,g

)
ϕg

=
∑G

h=1

Σ̃
h→g
s ϕh +

χg

keff

∑G

h=1

νΣf,hϕh

(14) 

Σ̃t,g = Σ̃a,g + Σ̃s,g (15) 

Σtr,g = Σt,g − μΣs,g (16) 

Σ̃tr,g = Σ̃t,g − μΣs,g (17) 

Σ̂
g→g
s ≡ Σ̃

g→g
s − μΣs,g (18) 

Next, we will edit the transport correction cross-sections. As 
mentioned earlier, OpenMC is capable of generating transport correc
tion cross-sections using an in-scatter model. Therefore, based on (16), 
we can calculate the P1 scattering term, μΣs,g, and then utilize the 
computed Σ̃t,g from (15) to recalculate Σ̃tr,g using (17). Finally, the self- 
scattering cross-section is corrected based on equation (18).

The Fig. 1 shows the microscopic cross sections of various nuclides 
stored in the hdf5 format multigroup library.

3.2. Calculation method and model

3.2.1. Overall coupling calculation schema
The overall coupled calculation process and the steps for generating 

a microscopic cross-section library are illustrated in Fig. 2. The black 
portion represents the computational flow of the deterministic code 
CRANE, while the red color represents the two-stage approach OpenMC/ 
CRANE adopted in this study. The figure clearly indicates that the left 
dataflow corresponds to CRANE, and the right dataflow corresponds to 
OpenMC.

In CRANE, the primary computational process starts with reading the 
ENDF/B.VII.1 and JEFF3.3 nuclear evaluation databases. These data
bases are processed using NJOY2016 [18] to generate a multigroup 
database. Subsequently, resonance calculations and transport calcula
tions are performed using the energy group structure from the multi
group database. This process is iterated for each burnup step.

The two-stage approach OpenMC/CRANE consists of two parts. In 
the first part, the objective is to create comprehensive and reliable 
multigroup microscopic cross-section libraries. The ENDF/B.VII.1 [19] 
and JEFF3.3 [20] nuclear evaluation databases are read and processed 
into ACE format using NJOY2016. OpenMC is used to perform neutron 

transport and depletion calculation for different types of single pin and 
supercell, then perform branching calculations at different fuel tem
peratures and moderator densities. The MGXS module is employed to 
obtain a multigroup microscopic cross-section library. The resulting 
cross-sections are post-processed according to the cross-section re
quirements for fine-mesh deterministic neutron transport code, resulting 
in the final microscopic cross-section library in HDF5 format. In the 
second part, the coupled calculation with CRANE is performed for the 
whole core. The cross-section libraries are interpolated based on the 
computational model, and the resonance calculation is bypassed. The 
calculation entails using the method of characteristics (MOC) transport 
and burnup calculations. The interpolation is performed again in each 
burnup step within a loop.

3.2.2. Consideration of non-lattice effects
Under conditions of given burnup and temperature, effective reso

nance cross sections in resonance energy groups are primarily influ
enced by surrounding moderation conditions. Thus, for handling 
resonance nuclides in resonance energy groups under non-lattice effects, 
the proposed approach is as follows. 

1. In a preliminary calculation using a single unit-cell (or single pin- 
cell) model, the moderator density is systematically varied under 
different burnup states to calculate effective resonance cross sec
tions. Concurrently, the Dancoff factor for each moderator density 
condition is evaluated using the Enhanced Neutron Current Method 
(ENCM) [21]. The ENCM approach calculates the Dancoff factor via a 
single-group fixed-source transport calculation. This step establishes 
a direct relationship between moderator density and the corre
sponding Dancoff factor.

2. During the full-core calculation, the ENCM is again utilized to 
determine the Dancoff factor for each fuel pin or region within the 
core.

3. Based on the Dancoff factor obtained from the full-core calculation, 
interpolation is performed within the previously established rela
tionship to deduce the corresponding moderator density. This 
moderator density is then used to interpolate the effective resonance 
cross sections for subsequent full-core neutron transport 
calculations.

The effectiveness and accuracy of this procedure in capturing non- 
lattice effects and resonance self-shielding will be rigorously validated 
through further numerical studies.

3.2.3. Parametrized microscopic cross-section generation
Generating a parameterized microscopic cross section library re

quires covering all fuel types, burnup and operating conditions within 
the reactor core. This necessitates hundreds or thousands of simulations. 
To save computational time, this study utilizes OpenMC to model and 
simulate a single pin or super cell problem. For fuel cells with various 
enrichments, a simplified two-dimensional single-pin fuel-cladding- 
moderator model with reflective boundary conditions (as shown in 
Fig. 3) is employed. To capture resonance effects in non-fuel regions (e. 
g., control rods, reflectors, and shielding), one approach is to employ a 
two-dimensional equivalent model in which the fuel and moderator are 
homogenized and uniformly surrounded by a specified thickness of non- 
fuel material (see Fig. 4). This approach, while sufficient for fast reactor 
analyses, provides only a crude treatment of spatial self-shiel
ding—especially when resonances in the non-fuel region overlap with 
those of the fuel region. For thermal reactors, such simplifications are 
inadequate. Instead, a super-cell model in a nine-grid configuration is 
chosen, where, for instance, the control rod is positioned at the center, 
surrounded by eight fuel rods, as depicted in Fig. 5. A detailed verifi
cation of this super-cell approach is provided in the following chapter.

The two-stage approach of OpenMC/CRANE allows for the genera
tion of a multigroup microscopic cross-section library with any desired 

Fig. 22. Gadolinium pin geometry.
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energy group structure, which can then be used for deterministic whole- 
core calculations. To balance computational efficiency and accuracy, a 
33-group energy structure [22] is chosen for fast reactors in the single 
pin calculations without major approximations. For pressurized water 
reactors, either a 69-group structure from WIMS [23] or a 25-group 
structure from CASMO [24] is selected. Fig. 6 compares the lethargy 
widths of the CASMO 25-group and WIMS 69-group structures.

When generating a parameterized library, it is necessary to accu
rately describe resonance phenomena by considering the effects of 
different moderator densities, burnups, and temperatures on the phys
ical factors in Monte Carlo pin-cell calculations. Performing three- 
dimensional tabulation requires a significant amount of computational 
time. To save computation time, all nuclides are categorized into four 
types: resonant and burnable, non-resonant but burnable, resonant but 
unburnable, and non-resonant and unburnable materials. For all nu
clides, temperature variations need to be considered. In the cross-section 

tables, temperature intervals such as 100K–200K are selected. In the 
case of resonant nuclides, in addition to their own temperature, the 
impact of the surrounding environment (e.g., moderator, coolant tem
perature, and density) on the resonance self-shielding effect must be 
taken into account. As for resonant burnable nuclides, burnup effects on 
resonance self-shielding and mutual shielding need to be considered. 
Since the effective microscopic cross-sections of resonance energy 
groups change relatively slowly with burnup, larger burnup steps can be 
used in the OpenMC burnup simulations when generating the cross- 
section tables. The use of predictive corrections or other burnup stra
tegies is unnecessary, which can improve the efficiency of producing the 
cross-section library.

After completing the tabulation, the library is read in CRANE, and in 
this study, linear interpolation and square root interpolation are chosen. 
It is found that both interpolation methods have a minor impact on the 
computed results.

Fig. 23. Comparison of absorption cross sections for Gd-155 and Gd-157 at the final burnup step between the single-pin model and the exact assembly-level 
configuration.
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In the process of cross-section generation, the issue of missing flux 
tally in the low-energy thermal group when using a single pin model is 
encountered. To address this issue, several methods are considered. One 
approach involves using mixtures of fuel and moderator with different 
thicknesses to obtain flux values for the energy group without statistical 
data. By varying the thicknesses, the flux distribution across the energy 
range of interest can be captured. Another method is to set the flux value 
for the missing energy group to zero. This assumption assumes that the 
flux in that energy range is negligible or non-existent. Alternatively, an 
extrapolation technique can be employed, where the flux for the missing 
group is estimated based on statistical data from neighboring energy 
groups. This extrapolation relies on the assumption of a smooth flux 
distribution among adjacent energy ranges. The first method was chosen 
for this study.

4. Numerical verification

This section provides a case study to validate the two-stage approach 

Fig. 24. VERA 2O Relative Difference between OpenMC Benchmark and OpenMC/CRANE Keff for 25 group.

Fig. 25. VERA 2P Relative Difference between OpenMC Benchmark and OpenMC/CRANE Keff for 25 group.

Fig. 26. Vera 2O: 60GWd/tHM pin power error distribution relative % error.
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OpenMC/CRANE. The fuel pin and assembly models based on the 
pressurized water reactor (PWR) VERA benchmark, and the results by 
OpenMC/CRANE are given in section 4.1. Section 4.2 focus on the single 
fuel pin, fuel assembly and whole-core benchmark problems for fast 
reactors and present the detailed results.

4.1. Verifications in PWR calculation

4.1.1. Verifications in PWR pin calculation
A single pin-cell calculation was conducted as a baseline. A VERA1B 

pin problem with 3.1 % w/o enrichment is selected, with the fuel, 
cladding, and moderator temperatures all set to 600 K and the moder
ator density specified at 0.7 g/cm3. The geometry includes a fuel rod 
pitch of 1.26 cm, a cladding outer radius of 0.4750 cm, and a pellet 
radius of 0.4096 cm. The system operates at a power density of 40.0 W/ 
gU. The geometry of the VERA 1B fuel pin is shown in Fig. 9.

Table 1 compares the resulting keff with the reference solution, 

Fig. 27. Vera 2P: 60GWd/tHM pin power error distribution relative % error.

Fig. 28. The structure of the square pin-cell problem.

Fig. 29. The structure of the hexagonal pin-cell problem.

Table 3 
OpenMC/CRANE results for the pin-cell problem.

OpenMC Keff OpenMC/CRANE Keff diff (pcm)

square pin 1.156 1.156 − 14.9
hexagonal pin 1.172 1.172 − 24.8

Table 4 
Sub-assembly geometrical data.

Parameter Unit Operating state

Subassembly pitch cm 21.2205
Subassembly duct outer flat-to-flat distance cm 20.7468
Subassembly duct wall thickness cm 0.4525
Number of fuel pins cm 271
Outer radius of cladding cm 0.5419
Inner radius of cladding cm 0.4893
Fuel slug radius cm 0.4742

Fig. 30. Subassembly radial layout generated by OpenMC.

Table 5 
Time-steps used for 2D fuel assembly depletion calculations.

Time steps (EFPD)

OpenMC fuel single pin-cell model 
used to generate microscopic XS

102.5, 205, 307.5, 410

OpenMC reference assembly 
calculation

51.25, 102.5, 153.75, 205, 256.25, 307.5, 
358.75, 410

OpenMC/CRANE assembly 
calculation

0.0, 25, 51.25, 75, 102.5, 125, 153.75, 175, 
205, 225, 256.25, 275, 307.5, 325, 358.75, 
375, 410
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showing a bias of around 169 pcm. Fig. 7 presents the flux spectrum, 
which reveals only minor deviations despite the observed reactivity 
difference. Although the overall spectral shape appears well maintained, 
additional work is required to clarify why a single-pin calculation ex
hibits this level of discrepancy. Because the current method employs 
scalar flux weighting in cross-section condensation and does not account 
for angle dependence, an inherent condensation error persists. While 
fine-mesh heterogeneous modeling partially mitigates the spatial and 
spectral coarsening typically introduced by condensation, it cannot 
entirely resolve angle-independent cross-section limitations. To reduce 
the discrepancy further, adopting angle-dependent total cross sections 
or introducing equivalence parameters may be necessary in future 
studies.

4.1.2. Verifications in PWR assembly calculation
The configurations of VERA2A and VERA2C benchmark can be seen 

Fig. 31. SFR Assembly Relative Difference between OpenMC Benchmark and OpenMC/CRANE Keff for 33 group.

Table 6 
Comparison of Doppler reactivity between OpenMC reference and OpenMC/ 
CRANE.

OpenMC Ref OpenMC/CRANE

Doppler constant (pcm/K) − 1.30 − 1.35

Table 7 
Comparison of Sodium void worth Between OpenMC Reference and OpenMC/ 
CRANE.

OpenMC Ref OpenMC/CRANE

Sodium void worth (pcm) 2572.3 2480.5

Fig. 32. Sfr assembly: Comparison of OpenMC and OpenMC/CRANE relative differences in atom densities of important nuclides.
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in Fig. 8. The geometry of the VERA 2A and VERA 2C fuel pins is shown 
in Fig. 9. In these problems, the fuel rod pitch is 1.26 cm, the cladding 
outer radius is 0.4750 cm, and the pellet radius is 0.4096 cm. The power 
density is 40.0 W/gU. The fuel enrichment is 3.1 %, and the tempera
tures of the fuel, cladding, and moderator are set to 565 K. The 
moderator density is 0.743 g/cm3.

VERA2C and VERA2A have different fuel and moderator tempera
tures. In the VERA2C case, the fuel temperature is 900K, and the 
moderator and cladding temperatures are 600K. The moderator density 
is 0.7 g/cm.

The benchmark provides detailed time steps up to 1500 effective full 
power days (EFPD). The CRANE and OpenMC reference solutions were 
computed using a detailed time step approach with 40 steps. For the 

generation of microscopic cross-section libraries in OpenMC, 11 steps 
were selected, as shown in Table 2.

Figs. 10 and 11 compare the absorption and fission cross sections of 
key isotopes between the target burnup step sizes (40 steps) and the 
coarse burnup step sizes (11 steps), calculated using the VERA1A single 
pin-cell model. The comparison demonstrates that the relative differ
ences in the cross sections for the isotopes remain within 2 % between 
the two burnup step sizes. This indicates that using a coarser burnup step 
size of 11 steps does not adversely affect the accuracy of the generated 
cross sections.

To assess the influence of different energy group structures on 
reactivity, microscopic cross-section libraries were generated utilizing 
25 and 69 energy groups, respectively. Calculations with these two en
ergy group structures were then compared against the OpenMC refer
ence results. Figs. 12 and 13 showcase the reactivity variation with 
burnup depth, corresponding to the two different energy group struc
tures. It can be observed that reactivity is not highly sensitive to the 
variation in energy group structures. Therefore, the 25-group library can 
be used for calculations.

The relative error in the pin power distribution was analyzed using 

Fig. 33. Neutron spectrum of fuel assembly OpenMC Crane/OpenMC.

Fig. 34. Relative difference of integral pin power distribution between SFR 
assembly OpenMC/CRANE and OpenMC at 410 EPFD

Fig. 35. Layout of MET-1000 full core.
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the 25-group library. Figs. 14 and 15 illustrate the calculated errors for 
the VERA2A and VERA2C benchmark cases, respectively. The analysis 
revealed that the power distribution calculations using the 25-group 
library exhibit reasonable accuracy, with limited deviations from the 
reference OpenMC results. These findings support the reliability and 
suitability of the 25-group library for accurately predicting the pin 
power distribution in both benchmark cases.

Furthermore, the variation of individual microscopic nuclide com
positions over time was examined using the 25-group and 69-group 
microscopic cross-section libraries. Figs. 16 and 17 depict the trends 
in nuclide compositions for both libraries.

Then, the VERA 2G benchmark problem was selected to evaluate the 
performance of the super-cell approach in accurately modeling reso
nance effects. The configuration of the VERA 2G benchmark is shown in 
Fig. 18. The assembly features a fuel enrichment of 3.1 % and includes 
24 Ag-In-Cd (AIC) control rods. The temperatures are set to 900 K for the 

Fig. 36. Radial layout of the MET-1000 core generated by OpenMC.

Table 8 
Main results between OpenMC and OpenMC/CRANE.

OpenMC Ref OpenMC/ 
CRANE

Difference 
(pcm)

Multiplication factor at 
BOC

0.985324±
3.20408E-4

0.988755 343.1

Reactivity (pcm) − 1489.5 − 1137.3 352.2
Doppler constant (pcm/K) − 0.28 − 0.32 − 0.04
Sodium void worth (pcm) 2887 2750 137

Fig. 37. Neutron spectrum of core OpenMC and OpenMC/CRANE.

Fig. 38. Relative difference of integral assembly power distribution between 
SFR OpenMC/CRANE and OpenMC conclusion.
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fuel and 600 K for the AIC control rods, cladding, and moderator. The 
moderator density is specified as 0.700 g/cm3.

To address the spatial self-shielding effects in this scenario, a nine- 
cell super-cell model—previously illustrated in Fig. 5—was employed, 
with the control rod positioned at the center and surrounded by eight 
fuel rods. Multigroup cross sections were generated using this super-cell 
configuration and compared against those derived from an exact as
sembly model. As shown in Fig. 19, the super-cell method effectively 
captures the resonance interactions between non-fuel and fuel regions. 
This capability is particularly important in thermal reactors, where 
materials such as Ag-109 in the AIC alloy exhibit strong low-energy 
resonance absorption. By providing a more precise treatment of 
spatial self-shielding, the super-cell model ensures reliable cross-section 
data for reactor analyses.

Next, the benchmark problems with Gd-bearing fuel assemblies are 
validated. The VERA 2O and 2P models, as illustrated in Figs. 20 and 21, 
share the same configuration as the 2C model but include gadolinium 
fuel rods. Specifically, model 2O features 12 gadolinium rods, while 
VERA 2P contains 24.

The cross-section generation model for fuel pins containing 5 % 
gadolinia oxide utilizes a detailed radial subdivision, dividing each pin 
into ten equal-volume regions. This stratified approach produces ten 
distinct cross-section datasets, effectively capturing spatial self- 
shielding effects in VERA 2O depletion calculations. The implementa
tion of this discretization method is illustrated in Fig. 22.

In contrast to gadolinia-containing fuel pins, conventional non- 
gadolinia fuel pins are treated using a streamlined approach to main
tain consistency with prior models. For these standard fuel pins, the 
cross section generation process adheres to the established single-pin 
model previously employed in VERA2A 2C calculations.

Furthermore, Fig. 23 compares the absorption cross sections gener
ated by the single-pin model against those from the exact (assembly- 
level) configuration at the final burnup step. It specifically shows the 
difference in absorption cross sections for the primary absorbing iso
topes Gd155 and Gd157 in a gadolinia pin subdivided into ten 
concentric rings. The relative errors for gadolinium in the outer rings are 
generally below 2 %, indicating high accuracy in these regions. How
ever, gadolinium near the center of the pin exhibits higher statistical 
errors. Despite this, the overall error remains within reasonable limits.

The time-steps used for the VERA 2O and 2P assembly depletion 
calculations are the same as those in Table 2.

To assess the performance of the CRANE and OpenMC 25-group li
braries, the Keff and pin power distributions with burnup for the VERA 
2O and VERA 2P models were compared. Figs. 24 and 25 show the Keff 

variation with burnup for both benchmark. Figs. 26 and 27 illustrate the 
pin power distribution comparisons.

These analyses reveal that the reactivity and pin power distributions 
predicted by the 25-group microscopic cross-section library are consis
tent with the reference OpenMC results, demonstrating the library’s 
suitability for the accurate neutronics simulation. The comparisons 
show that the 25-group library effectively captures the impact of gad
olinium on reactivity and pin power distribution across different burnup 
steps. By validating the VERA 2O and VERA 2P models using CRANE and 
OpenMC, it is confirmed that the 25-group microscopic cross-section 
library is robust and reliable for simulations involving gadolinium- 
bearing fuel rods. An appropriate energy group structure can achieve 
higher computational efficiency while guaranteeing computational 
accuracy.

4.2. Verifications in SFR calculation

4.2.1. Verifications in SFR pin calculation
To validate the applicability of the methodology for fast reactors, the 

focus is first placed on the SFR pin calculation. Effective multiplication 
factor calculations are performed for the MOX-3600MWth single pin, as 

described in the OECD SFR benchmark report [25]. The pin-cell problem 
involves both square and hexagonal lattice configurations, as shown in 
Figs. 28 and 29. In this problem, the pin pitch is 1.1897 cm, while the 
radius of the MOX fuel region is 0.4742 cm. The EM10 cladding region 
has a radius of 0.5419 cm.

In the two-stage method, a 33-group energy structure is used to 
generate multigroup microscopic cross-section libraries for the fuel, 
cladding, and moderator separately. The effective multiplication factor 
by OpenMC and the two-stage method of OpenMC/CRANE are pre
sented in Table 3. The preliminary results indicate that the two-stage 
method of OpenMC/CRANE closely matches the continuous-energy 
OpenMC calculations which provide preliminary verification of the 
feasibility of this approach at the single fuel assembly level in fast 
reactors.

4.2.2. Verifications in SFR assembly calculation
Upon completing the single fuel pin calculations, the analysis was 

extended to assembly-level calculations. The oxide fuel assembly model 
is detailed in the OECD SFR benchmark report [25], providing 
comprehensive information on the lattice input data for the SFR 
MOX3600MW oxide core. The lattice input data comes from one of the 
ten representative subassemblies of the SFR MOX3600MW oxide core at 
beginning of equilibrium cycle. The geometrical data for the subas
sembly can be found in Table 4, while the radial layout generated by 
OpenMC is illustrated in Fig. 30.

The two-stage method was applied to generate a 33-group micro
scopic cross-section library, followed by deterministic calculations. The 
time-steps used for the 2D fuel assembly depletion calculations are 
summarized in Table 5. This table shows the specific time-steps for 
generating microscopic cross sections using the OpenMC single fuel cell 
model, the OpenMC reference assembly calculations, and the OpenMC/ 
CRANE assembly calculations.

Fig. 31 shows the relative difference in Keff between the OpenMC 
benchmark and the OpenMC/CRANE results for the 33-group energy 
structure. As burnup progresses, reactivity increases due to favorable 
neutron balance for plutonium breeding. The relative differences, with a 
maximum of over 100 pcm, remain within acceptable limits throughout 
the burnup range, indicating the reliability of the coupled method.

The Doppler constant and sodium void worth are crucial for the 
safety analysis of fast reactors. The Doppler constant KD is defined by: 

KD =
ρtemperature − ρnominal

ln
Ttemperature

Tnominal

(19) 

In this case, Doppler reactivity was calculated by changing the fuel 
temperature from the nominal value 1500 K–750 K. The Doppler effect 
comparison is presented in Table 6. The OpenMC/CRANE result shows 
forty pcm deviation in the Doppler constant.

The sodium void worth, Δρ , is defined by the reactivity difference 
between the sodium voided and normal states: 

Δρ = ρvoid − ρnominal (20) 

where the subscripts void and nominal indicate the sodium voided and 
nominal states, respectively. Sodium void reactivity was calculated by 
changing the Na-23 density from the nominal value to 1 %.

The sodium void worth calculated in this work are summarized in 
Table 7. The results from OpenMC/CRANE underestimated by 92 pcm 
compared to OpenMC.

Fig. 32 compares the relative differences in atom densities of key 
nuclides (U-238, U-235, U-236, U-234, and various plutonium isotopes) 
between the OpenMC benchmark and OpenMC/CRANE results. The 
comparison shows good agreement, indicating that the coupled method 
accurately captures the isotopic evolution during burnup. Fig. 33 shows 
neutron spectrum of fuel assembly model.

Furthermore, Fig. 34 illustrates the relative differences in integral 
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pin power distribution between OpenMC/CRANE and the OpenMC 
reference at 410 EFPD.

4.2.3. Verifications in SFR core 2D calculation
The MET-1000 numerical benchmark, derived from the OECD SFR 

benchmark report [25], consists of a core with 72 internal fuel assem
blies, 102 external fuel assemblies, 114 reflector components, 66 radial 
shielding components, and 19 control rod components. The benchmark 
utilizes two independent safety-grade reactivity control subsystems. The 
nominal power of the core is 1000 MWth, and the average fuel tem
perature and core structural temperature are 534.0 and 432.5 ◦C, 
respectively.

Fig. 35 illustrates the radial core layout of the MET-1000 core. 
Fig. 36 shows the OpenMC modeling of this core.

The detailed models and parameters used to generate the multigroup 
microscopic cross-section libraries are listed in the appendix.

Table 8 presents a comparison of key neutronic parameters calcu
lated using the OpenMC and OpenMC/CRANE methodologies for the 
MET-1000 core benchmark. The parameters compared include the 
multiplication factor at the beginning of cycle (BOC), overall reactivity, 
Doppler constant, and sodium void worth.

When calculating the Doppler constant, the OECD/NEA MET-1000 
benchmark was referred to, where the high fuel temperature is 1614 
K. The OpenMC/CRANE result shows a deviation of 40 pcm in the 
Doppler constant. For calculating the sodium void worth, the same 
method used in the assembly calculations was employed, adjusting the 
Na-23 density from the nominal value to 1 % in the active core. The 
results from OpenMC/CRANE underestimated by 92 pcm compared to 
OpenMC.

The neutron spectrum results for the core, comparing OpenMC and 
OpenMC/CRANE, are shown in Fig. 37, with minimal deviations 
observed. Flux spectrum is normalized per unit lethargy.

The assembly power distribution for one-sixth of the core is shown in 
Fig. 38, with a maximum deviation of 2.69 % compared to OpenMC.

The discrepancy of 343 pcm in the keff is consistent with the tilt of 
the power distribution.

Due to the larger neutron mean free path and the anisotropy effects 
in fast reactors, the 33-group cross sections derived from a single pin-cell 
or super-cell model cannot adequately account for the core-wide spec
tral transition. Furthermore, the anisotropic scattering matrix is 
commonly weighted by the scalar flux spectrum, rather than by higher- 
order flux moments, which remains a major challenge in Monte Carlo- 

based cross-section generation for fast reactors (C. S. Lin and W. S. 
Yang, 2020). The impact of the energy group number and group struc
ture, including these anisotropy considerations, will be investigated in 
subsequent work.

5. Conclusion

This study presents a methodology for generating heterogeneous 
multigroup microscopic cross-section libraries using OpenMC for three- 
dimensional neutron transport calculations, combined with CRANE for 
deterministic simulations. The proposed approach effectively captures 
the reactivity, isotopic evolution, and power distribution, as validated 
by preliminary 2D benchmark problems involving PWR and fast reactor 
models.

Future work will focus on extending the verification to full 3D core 
simulations to further verify the accuracy and robustness of the method. 
Additionally, enhancements in the coupling scheme between OpenMC 
and CRANE will be explored to improve computational efficiency and 
scalability. Further research will also include the application of this 
methodology to a broader range of advanced reactor designs, ensuring 
its adaptability and effectiveness in various nuclear reactor simulations.
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Appendix. Detailed Parameters and Models for Generating MGXS for 1000 MWth core

OpenMC Pin Cell Model Generated MGXS Specific model parameters

Fuel_inner Fuel_inner 
Inner_fuel_HT9 
Coolant

Fuel or = 0.3236 cm     

Clad or = 0.38567 cm
Cell pitch = 0.8966 cm (Filled with coolant)
Fuel temperature = 807.15 k
Clad temperature = 705.65 k
Coolant temperature = 705.65 k

Fuel_outer Fuel_outer 
Outer_fuel_HT9

Fuel or = 0.3236 cm     

Clad or = 0.38567 cm
Cell pitch = 0.8966 cm (Filled with coolant)
Fuel temperature = 807.15 k

(continued on next page)
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(continued )

OpenMC Pin Cell Model Generated MGXS Specific model parameters

Clad temperature = 705.65 k
Coolant temperature = 705.65 k

Primary_control Primary_control_HT9 
Primary_contral_enriched_B4C

B4C or = 2.289005 cm     

Clad or = 2.36063 cm
Cell pitch = 19.38284342 cm (Filled with mixed fuel and sodium)
B4C temperature = 705.65 k
Clad temperature = 705.65 k
Homo temperature = 705.65 k

Reflector Reflector_HT9 Fuel or = 0.3236 cm      

Clad or = 0.38567 cm
Cell pitch = 2.31579028 cm (Filled with reflector_HT9)
Fuel temperature = 807.15 k
Clad temperature = 705.65 k
Coolant temperature = 705.65 k
Reflector temperature = 705.65 k

Shield Natural_B4C 
Shield_HT9

Fuel or = 0.3236 cm       

Clad or = 0.38567 cm
Coolant or = 0.4483 cm
Cell pitch = 2.67840211 cm (Filled with natural B4C)
Fuel temperature = 807.15 k
Clad temperature = 705.65 k
Coolant temperature = 705.65 k
B4C temperature = 705.65 k
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