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Abstract 

Background

Hornet is introduced as a GPU-optimized nuclear data processing 
code designed to accelerate neutron cross-section handling and A 
Compact ENDF (ACE) file sampling for incident neutron data and 
thermal scattering laws. Hornet supports continuous-energy Monte 
Carlo applications and is Monte Carlo–agnostic, making it versatile for 
academic use and easy integration into various Monte Carlo 
frameworks.

Methods

Hornet is implemented in CUDA C++ using an object-oriented design 
to take full advantage of Graphical Processing Unit (GPU) parallelism. 
Verification was conducted through both standalone tests and 
integration with GPU-optimized REActor Physics Monte Carlo 
(GREAPMC) – an in-house Graphical Processing Unit (GPU) Monte 
Carlo code – across standard benchmark simulations, including 
International Atomic Energy Agency (IAEA) INDC (USA)-107 pin-cell 
and Mosteller benchmarks. Performance and precision were assessed 
by comparing Hornet’s output against that of Monte Carlo Simulation 
(MCS), an in-house CPU-based high-fidelity Monte Carlo code.

Results

Across all benchmark scenarios, Hornet matched MCS in accuracy, 
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delivering Root Mean Square (RMS) power differences below 0.1% in 
pin-by-pin power distribution within an OPR1000 fuel assembly. 
Remarkable tracking rate enhancements were also observed 
compared to MCS. Hornet’s ability to maintain continuous-energy 
treatment on GPU hardware was demonstrated with precise modeling 
of bound and free thermal scattering effects.

Conclusions

Hornet enables robust and efficient GPU-based continuous-energy 
nuclear data processing, producing high-precision results on par with 
CPU-based Monte Carlo codes. Its object-oriented CUDA C++ 
architecture ensures maintainability and adaptability. Tested 
extensively with GREAPMC, Hornet proves to be a powerful tool for 
modern nuclear analysis and reactor design. Planned enhancements 
such as support for photo-atomic ACE file processing will broaden its 
applicability further.

Keywords 
Monte Carlo, Particle transport, HORNET, High-performance 
computing, GPU.
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1. Introduction
During the random walk in a nuclear reactor core, the particle energy, direction, and position change. The neutron
transport equation governs the behavior of neutrons in the nuclear reactor core. The numerical solutions of the transport
equation comprise deterministic methods. They usually require discretization of a particle’s energy, position, and
direction. In addition, some of these methods simplify the problem geometry. All of these approximations aim to reduce
the complexity of the problem,memory utilization, and computational burden. In contrast, theMonte Carlo (MC)method
treats complex geometries with minimal assumptions. Moreover, the continuous treatment of energy, direction, and
position reduces the errors introduced by discretization. Unlike deterministic methods, theMCmethod directly simulates
the actual particle behavior. However, the results are prone to statistical errors because of the stochastic nature of the
method. A large number of particles must be simulated to reduce the statistical error and achieve accurate results. Despite
this, the MC method is widely used across various scientific fields because it is general-purpose and highly accurate,
making minimal assumptions about the particle behavior. It is particularly well-suited for the computationally intensive
task of simulating the random walk of neutrons in a nuclear reactor core.

Continuous energy cross-sections are fundamental to the Monte Carlo (MC) method in reactor physics. Microscopic
cross sections are the interaction probability of a specific isotope with a neutron. A large cross-section indicates that the
probability of interaction is large. There aremany types of interactions (reactions) between isotopes and neutrons, such as
fission, scattering, and absorption. An isotope-specific cross-section lookup is required to obtain microscopic cross-
sections at a given energy. These cross-sections are stored in tabular form at discrete energy points, often numbering in
thousands, particularly for isotopes with resonance regions where the cross-section changes rapidly. In such cases, finer
energy bins were created. These energy bins or points constitute the energy grid. Each isotope has a unique temperature-
dependent energy grid, and the number of energy points typically varies among the isotopes. The cross-section lookup
operation involves locating the particle energy within this grid, followed by linear interpolation between adjacent
cross-section values to obtain the cross-section at the energy of interest, as shown in Figure 1. The required microscopic
cross-section was calculated using Equation (1).

σn ¼ En�Ei

Eiþ1�Ei
σiþ1�σið Þþσi, (1)

where σn is the cross-section at energy En. This process is repeated for each of the reaction types that are important to the
problem (e.g., total, fission, elastic, and absorption).

MC codes rely on macroscopic cross-sections to simulate particle interactions within a medium during random walking.
These interactions encompass particle absorption, elastic and inelastic scattering, fission reactions, and escape from a
medium. The macroscopic cross-section depends on both the properties of the medium, such as the composition and
temperature, and the properties of the particles, such as the energy. The macroscopic cross sections of a material are
calculated as the sumof the products of themicroscopic cross sections and number densities of the constituent isotopes, as
shown in Equation (2).

Figure 1. Linear interpolation is employed to calculate cross-section at the desired energy.

REVISED Amendments from Version 1

This revised version of the manuscript includes additional verification and performance analyses in response to reviewer
feedback. In particular, code-to-code comparisons have been extended to examine statistical convergence with increasing
particle histories, including RMS-based metrics consistent with expected Monte Carlo behavior. Clarifications have been
added regarding performance measurement methodology, included physics treatments, tally definitions, and runtime
components.Minor revisionswerealsomade to improve clarity andpresentation, while theoverall scope and conclusions of
the work remain unchanged.

Any further responses from the reviewers can be found at the end of the article
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X
x
¼

Xn_isotopes

k¼1

Nkσx, (2)

where the material is assumed to have n_isotopes number of total isotopes as a constituent of the material, and x is the
reaction type. For instance, if UO2 fuel has five isotopes (234U, 235U, 236U, 238U, 16O), the total macroscopic
cross-section is calculated by adding the product of the individual total microscopic cross-section and number density.

In Monte Carlo neutron transport simulations focused on criticality analysis in fission reactor systems, a substantial
portion of the computational cost is associated with continuous-energy cross-section lookups.1 In addition to the
cross-section calculation, a continuous-energy cross-section treatment code samples the energy and angular distributions
for reactions that produce secondary neutrons, such as fission, inelastic, and n,xnð Þ reactions. Furthermore, the codemust
handle the analytical calculation of the outgoing energy in the case of elastic scattering reactions.

CPU-based computer clusters are often utilized to reduce the simulation time of the Monte Carlo (MC) method while
preserving the accuracy. However, these clusters have a scalability limit; beyond a certain number of nodes, the
communication overhead between nodes can negatively impact the performance. By contrast, graphical processing
units (GPUs) with thousands of cores offer an excellent alternative to traditional CPU systems.

The computer science community has been using GPUs for scientific computations. More recently, the reactor physics
community has begun to explore the benefits of GPUs, achieving significant speedups in various applications.2,3 While
research on GPU-accelerated Monte Carlo (MC) methods often emphasizes results, less attention has been paid to
implementation details. To the best of our knowledge, prior reactor physics research has not specifically focused on the
independent development of GPU-optimized continuous energy cross-section codes; instead, discussions typically occur
within the broader context of the MC process. The CORE lab at UNIST addressed this by developing Hornet, a GPU-
accelerated continuous energy cross-section code designed to support comprehensive GPU-based MC methodologies.
This study focuses on the development and verification of Hornet, which can operate as a standalone code (for academic
purposes) and provides an interface for integration with GPU-enabled MC codes. Hornets are fully object-oriented and
are written in CUDA C++. Several programming models, including Kokkos,4 OCCA,5 RAJA,6 OpenMP,7 OpenACC,8

SYCL,9 and OpenCL10 enable the use of NVIDIA GPUs. However, because CUDA was developed and supported by
NVIDIA, it offers a level of control over implementation details and GPU support unmatched by these alternatives.
Therefore, CUDA was selected as the platform for development. Furthermore, given that the code in this study was
written from the ground up, a CPU-first and then a GPU-accelerated approach using directives was deemed inefficient.
Finally, the CUDAAPI provides access to numerous optimized libraries such as cuFFT,11 cuRAND,12 cuSPARSE,13 and
cuBLAS,14 which can be employed when required.

The rest of this paper is organized as follows. Section 2 reviews the existing literature onGPU-enabled continuous energy
treatment. Section 3 details the Hornet implementation. Section 4 presents a thorough verification of the Hornet. Finally,
Section 5 concludes the paper with a summary of the key findings and potential future research directions.

2. Background
The MC code ubiquitously fetches continuous energy cross-section data from (A Compact ENDF) file format.15 ACE
data originate from the data given in the ENDF-6 format.16 However, the ENDF (Evaluated Nuclear Data Files) data
cannot be directly used in the MC code. Hence, NJOY17 or FRENDY18 was employed to process the data and convert it
into the ACE format.

Open-source nuclear data libraries (NDLs) exist, such as ACEtk19 and Papillon,20 or are integrated into open-source
Monte Carlo codes such as OpenMC21 and SCONE,22 which are often written in FORTRAN or rely heavily on
programming features incompatible with CUDA. More importantly, they do not leverage support for CUDA and are
not designed with GPU-optimized strategies. The following is a concise overview of the key components of an NDL.

2.1 Energy grid lookup
The pros and cons of different methods devised to handle look-ups in the context of GPU are briefly discussed here.

2.1.1 Binary search

A fundamental approach for locating bounding energy bins is a binary search23 of the energy grid. This method has a time
complexity ofO (log n), where n represents the size of the energy-grid array.23 Binary search is advantageous owing to its
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simplicity and minimal memory overheads. However, performing binary searches on large energy grid arrays negatively
impacts GPU performance owing to stridedmemory accesses. Strided accesses, where data are not stored contiguously in
memory, can significantly increase the read times.

Figure 2 illustrates the difference between coalesced and strided memory accesses. The resulting poor cache utilization
and limited global memory throughput make binary searches an inefficient choice for GPUs. GUARDYAN, a GPU-
based Monte Carlo code for transient analysis, employs a binary search for energy grid lookup.24

2.1.2 Unionized grid method

The unionized grid method25 was first introduced in Serpent MC code.26 As the name suggests, this method creates a
union of the energy grid points of all nuclides in the problem. The individual cross-sections for all nuclides were then
stored over this unionized energy grid. A single binary search to determine the bounding energies is sufficient for all
isotopes.25 This method has the major drawback of large memory requirements. Because this method stores a value for
each energy grid point, thematrix of the cross-sections will mostly be sparse. This situation is further aggravatedwhen the
problem demands the storage of cross sections at multiple temperatures.27

2.1.3 Double index scheme

An improvement over the unionized energy-grid method resulted in the development of a double-indexing method.25

Instead of storing the cross-sections directly on the unionized grid, the pointers to the individual energy grids of the
nuclides are stored on the unionized grid in the form of a double index table. Once the unionized grid point is located via a
binary search, the local grid point of each nuclide is determined by examining the corresponding entry of the double index
table. The double-index table reduces thememory usage of the unionized gridmethod; however, the size of the table is the
product of points in the unionized grid and the number of problem nuclides. This will particularly explode depletion
problems.

2.1.4 Fractional cascading

To reduce the memory requirements while achieving the computational performance of the unionized grid method, Lund
et al.28 proposed a cascade grid-based energy lookup. This method increases the memory by only a factor of two
compared to the individual energy grids. The cascade grid consisted of the original nuclide energy grids, an additional set
of energy grids (called augmented grids), one for each original energy grid, and a couple of pointers for each entry in the
augmented grids. The augmented grids are created by constructing a unified grid for the first and second isotopes,
followed by another grid for the second and third isotopes. The first pointer stored the energy index in the original nuclide
grid, whereas the second pointer provided the energy index in the next augmented grid. The performance indicates a
speedup of approximately 1.2 to 1.5 against using individual nuclide grids alone.28 The fractional cascading technique
significantly reduces memory usage compared to the global unionized method. However, this method lacks memory
coalescence, as the second pointer always points to the next augmented grid.

Figure 2. Example of memory access (a) coalesced and (b) strided.
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2.1.5 Hash-based energy lookup

A hash function is an algorithm that takes the input and produces a hash value. This value uniquely represents the input
data.29 The purpose of a hash function is to efficiently map large amounts of data to smaller fixed-size values, making it
easier to store, retrieve, and compare data.

This method employs a hash-based approach to expedite the energy grid search bymapping neutron energy to the indices
of the hash grid.30,31 The hash grid indices were then mapped to the energy points on the nuclide energy grid. By
narrowing down the search space to a subset of energies, the algorithm can efficiently locate relevant cross-sectional
data.31 This logarithmic mapping technique divides the energy range into equal lethargy intervals. Walsh et al.1 outlined
the algorithm well, and the steps were as follows for a single nuclide.

1. First, the equal-logarithmic energy spacing was determined using Equation (3). The minimum and maximum
energies are predetermined for the problem and supplied to the function that builds the hash function.

Δu¼
log Emax

Emin

� �
NBins

: (3)

2. Next, the indices of an individual nuclide’s energy grid are determined using Equation (4) and stored as an array
(hash table).

EH
Nbins�iþ1 ¼

Emax

exp iΔuð Þ : where i¼Nbins,Nbins�1,… ,1,0 (4)

3. During the simulation, suppose the neutron energy at which the cross-sections are required is En. Then, the
indices in the hash table are determined directly using Equation (5).

k Enð Þ¼Nbins�
� log Emax

En

� �
Δu

�
: (5)

4. Now, the binary search is performed on E k Enð Þð Þ E k Enð Þþ1ð Þ½ �.

The original method31 builds a hash table on equi-lethargy intervals.Wang et al. compared the energy lookupmethods for
CPU and Many Integrated Core (MIC) architectures and proposed a new method, namely the N-ary map for Single
Instruction Multiple Data (SIMD) architectures, where the hash table uses an equal number of energy intervals.32 Chen
et al. proposed two optimization strategies for existing energy lookup algorithms.33 These are the neighboring material
cascade grid (NMCG) and Adaptive Optimal Logarithmic Grid (AOLG). AOLG can be useful for SIMD architecture, as
for some isotopes, the resonance region can have hash bins with thousands of energy points. Consequently, an
unbalanced distribution of the energy bins can cause thread divergence.

Raffuzzi et al. proposed accelerating the MC code by approximating the thermal cross-sections with functional forms.34

In the thermal region, the cross-section variation is smooth; hence, the thermal region can be represented using functions.
However, because this method directly replaces cross-sectional data with an approximation, the method can affect the
accuracy of the results.34

2.2 GPU-specific continuous-energy treatments
This subsection discusses continuous-energy cross-section treatments in state-of-the-art Monte Carlo codes. From a
literature point of view, none of these codes uses a Monte Carlo agnostic approach to the continuous-energy
cross-section code.

2.2.1 WARP

WARP is among the pioneering continuous-energy codes specifically designed for GPUs.35WARP uses PyNE ((Python
for Nuclear Engineering)36 to read all cross-section data and optimize data storage by unionizing the energy grids of the
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problem nuclides and employing CUDA’s float4 to store microscopic cross-sections. The float4 construct maximizes
bandwidth as more data are loaded in one memory transaction. Additionally, in WARP, the total cross-sections of all the
isotopes are stored together within the unionized energy grid to increase coalescence. The WARP also devised a storage
strategy to tabulate the outgoing angle and incident neutron energy for secondary angle-energy distributions. This
strategy creates two additional matrices, each with dimensions matching the unionized cross-section matrix. These
matrices contain pointers for the corresponding distribution data of a specific reaction. Two distinct matrices are
necessary: one for scattering distributions, and the other for energy distributions.

2.2.2 Shift

Shift was the first continuous-energyMonte Carlo code optimized for running on both CPU andGPU architectures. Both
versions used the equi-lethargy hash-based energy look-up method with 16,384 bins.37 The benefit of a hash-based
energy look-up is a smaller memory footprint compared to the other methods. Although the requirement to search for
individual hash functions can reduce performance, the reduced search space can compensate for this performance loss.

2.2.3 PRAGMA

PRAGMA is a GPU-specific MC code developed and maintained by Seoul National University.38 Similar to WARP,
PRAGMA utilizes the float4 construct to store primary microscopic cross sections and applies only inelastic scattering to
the S α,βð Þ treatment.39 Additionally, the literature does not mention any treatment for the unresolved resonance region in
PRAGMA. For energy lookup, PRAGMA employs a linear-interval hashing scheme.38

2.2.3.1 Linear Interval Hashing Scheme

This method is a spin-off of a double-index scheme. This variant of the double-index scheme increases memory
coalescence and reduces the memory burden of the conventional scheme. In this method, every Nth value from the
unionized grid was stored. The pointers corresponding to the individual energy grids do not point to each energy value.
Therefore, a linear search was adopted for the local energy grid after a lower grid point was identified from the unionized
grid. The value N is called a hash, and the purpose of using hashed storage is to reduce the memory requirement.
Additionally, fewer points in the unionized grid could potentially increase the memory coalescence.

2.2.4 OpenMC

Two versions of GPU-enabled OpenMC exist: one leverages OpenMP7 to offload the code to the GPU,40,41 whereas the
other uses CUDA C++.42 OpenMP eliminates polymorphisms in classes within the nuclear data hierarchy. By contrast,
the CUDA version maintains polymorphism by creating objects directly on the device and implementing a
polymorphism-supporting C++ unique pointer. In addition, the CUDA version uses single-precision nuclear data rather
than double-precision data.42

2.2.5 Mercury

Lawrence Livermore National Laboratories (LLNL) is actively working on porting their codes Mercury and Imp to
GPUs.43–45 Mercury uses GIDI,46 a nuclear data library developed and maintained by LLNL, and uses the Generalized
Nuclear Database Structure (GNDS) format.47 GIDI uses virtual functions; however, virtual function objects do not copy
correctly from the CPU to the GPU using the managed memory. Hence, serialized functions are introduced along with
overloading the new operator to copy data to the GPU.43 Hornet is purpose-built for GPU architectures, whereas GIDI is
primarily designed for CPUs and employs serializationwhen adapted forGPU execution. The novelty ofHornet therefore
lies in its from-scratch GPU-centric design, while remaining agnostic to the specific Monte Carlo implementation.

3. Methods and features of Hornet
Hornet was developed with twomain objectives: the primary objective was to support the transition of UNIST’s in-house
GPU-optimized REActor Physics Monte Carlo (GREAPMC) code from multigroup to continuous-energy treatment.2

The secondary objective was to use the code for academic purposes, allowing students to engage in continuous-energy
neutron physics using GPUs.
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3.1 Salient features
3.1.1 Energy look-up

We implemented four energy look-up schemes inHornet: unionized grid, double index scheme, equi-lethargy hash-based
scheme, and linear interval hashing scheme. Because the purpose of this work is verification, the equi-lethargy hash-
based algorithm devised by Brown31 was used as the default option. The hash function is built on an individual energy
grid. As recommended by Brown,31 we employed 8000 equal-lethargy intervals. All objects are formed in the host and
then transferred to the device; hence, the hash function is built in the constructor of the top-level class.

3.1.2 Thermal scattering

The impact of the chemical binding of the target molecules is strong for thermal neutrons, especially for energies below
4 eV. Because such scattering kinematics are more profound in moderating materials, it is important to account for these
effects to obtain accurate results. For a thermal neutron, the de Broglie wavelength of the neutron and the interatomic
spacing of thematerial coincide.48 This leads to neutron interactionswith the lattice structure of thematerial, in addition to
the target nuclei. The thermal scattering laws (TSL) in the ENDF considers these additional effects and tabulates the cross
sections, outgoing energy distribution, and angular distributions for thermal scattering with such materials. While the
theory and derivation of the TSL are out of scope, the reader is referred to the articles by Tang et al.49 and Fleming et al.50

or, for a very detailed theory and derivations, to the book by Squires.51 The S(α, β) table contains three types of thermal-
scattering reactions.52

1. Inelastic scattering

2. Coherent elastic scattering

3. Incoherent elastic scattering

In addition to the elastic and inelastic cross sections, S(α, β) also contains information about the energy-angle
distributions. It is important to distinguish between the elastic/inelastic terminology used in this study and the
conventional elastic/inelastic concept. The elastic and inelastic terms in the context of S(α, β) refer to the excitation of
the scattering system, whereas conventionally they refer to the excitation of the target nuclei. Coherent elastic scattering
occurs in crystalline structures, incoherent elastic scattering reactions occur in hydrogen-rich solids, and inelastic
scattering is important for other materials, including hydrogen in water. Although only inelastic scattering treatment
is important for LWRs, all three scattering reactions are implemented in Hornet for future applications in other reactors.

3.1.3 Unresolved resonance treatment

The energy range of the cross-sections is divided into distinct regions: thermal, resolved resonance, unresolved
resonance, and fast (continuum) regions. The resonance peaks in the unresolved resonance region (URR) are closely
spaced such that they become indistinguishable. Probability tables (PTs), which represent cross sections using average
resonance parameters, were employed to address this issue. The primary criterion for PTs is the preservation of energy
self-shielding.53 Nuclear data processing codes, such as NJOY, generate data for URR using unresolved resonance
parameters. These data are used to create cumulative distribution functions (CDFs), which are then translated into tabular
cross-sections dependent on the incident energy.54 This method is almost ubiquitous for the probabilistic representation
of the URR region in MC codes, and the same is adopted in Hornet. Details can be found in Levitt’s and Sutton et al.’s
works.55,56 This section provides a brief overview of the study.

Starting with the ACE file, the range of the cross-sectional values is divided into bands. Each band contained cross-
sectional values or factors for a single probability. A probability table was created for each incoming energy source. The
probability table holds the CDFs and bands. Hence, this is a three-tier hierarchy, where the lowermost level represents the
bands. The class for the probability table forms the medium level, and the top level is where the incoming energy and
corresponding table are stored. Figure 3 illustrates a unified modeling language (UML) class diagram for URR in Hornet.

3.1.4 Secondary angle distributions

The fission, inelastic, and n,xnð Þ reactions involve secondary neutrons. Hence, it was necessary to sample the secondary
angles and energy distributions. AnACE file determines whether the angle and energymust be specified separately or as a
correlated angle-energy distribution. In cases in which they are uncorrelated, the secondary angle distribution is sampled
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independently. Similarly, the outgoing energy is calculated analytically for elastic scattering; therefore, only the
secondary angle distribution must be specified. In these scenarios, the angle distribution is represented in one of the
following formats:

1. Isotropic distribution

2. Equiprobable distribution

3. Tabular distribution

3.1.5 Outgoing energy and angle

Whenever such a reaction generates secondary neutrons, it is mandatory to determine the outgoing neutron energy and
angle. In addition to elastic scattering, the outgoing neutron energy for other reactions is determined in one of the
following ways. These methods are known as ACE laws15 and are based on ENDF format.16 For a specific isotope,
information regarding the selection of the secondary energy distribution is provided in the ACE file. The ACE laws
implemented in Hornet are as follows.

1. Equiprobable Energy Bins (ACE Law 1)

2. Inelastic Level Scattering (ACE Law 3)

3. Continuous Tabular (ACE Law 4)

4. Maxwell Spectrum (ACE Law 7)

5. Evaporation Spectrum (ACE Law 9)

6. Energy-dependent Watt Spectrum (ACE Law 11)

Figure 3. UML class diagram for URR treatment in Hornet.
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7. Kalbach-Mann law (ACE Law 44)

8. Correlated Energy and Angle (ACE Law 61)

9. N-Body Phase Space (ACE Law 66)

3.2 Implementation details
Hornet was developed using an object-oriented programming (OOP) approach to simplify maintenance and debugging.
The inherent modularity of the continuous-energy cross-section processing lends itself well to the OOP. For example,
each secondary distribution is implemented as a distinct class based on its function. These classes are linked through
associations, thereby creating a hierarchical dependency structure. Consequently, adapting OOP-based code for GPU
execution presents a significant challenge.

3.2.1 Memory management

The primary challenges in porting Hornet to GPU are memory allocation, data transfer, and deallocation. These three
CUDA functions form the basis of memory management in CUDA C++.

1. cudaMalloc(): Allocates the device memory and assigns the address of the data to the device pointer.

2. cudaMemcpy(): Copies the data between host and device. This study makes four arguments.

a. Destination memory address

b. Host memory address

c. Size in bytes to copy

d. Type of transfer

3. cudaFree(): Frees the memory space indicated by the device pointer. This device pointer must have been
returned by call to cudaMalloc().

If all data transfers are centralized in one location, such as inmain(), the device pointer is consistently available, making
memory transfer and deallocation operations straightforward. However, when there is a tree-like dependency structure
between classes, managing the device memory becomes cumbersome. Hornets feature a hierarchical class structure, with
each isotope having numerous root-level objects that must be handled. Therefore, Hornet employs a special memory
management scheme in which each class is equipped with two functions: transfer_to_device() and
free_device_memory(). As the names suggest, these functions are responsible for transferring data to the device
and freeing its memory. Breaking down theworking logic into steps, starting from a top-tier class to a lower-most class for
a mock-up example, will help grasp the memory management in Hornet.

3.2.1.1 Transferring data to device

The transfer_to_device() function accepts an argument, an object of the same class, passed by the reference.
This object is used to allocate the device memory, and the data from the host object (that invoked the function) are copied
to the object passed as an argument. Suppose there are two classes. The main function() is at the top of the hierarchy, as
shown in Figure 4. From within the main(), an object of the MaxwellEnergy class h_ME is instantiated. The object
exists on the host side. A pointerd_ME, which acts as a device pointer, is also created. The data towhich the device pointer
will point are carried in the objectdh_ME. The function responsible for allocating the device data and transferring the host
object’s data to the members of dh_ME is invoked by object h_ME, and object dh_ME is passed as an argument.
Subsequently, the program launches a kernel, performs some processing, and frees the memory using the object d_ME.
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The MaxwellEnergy class forms the 2nd level of the hierarchy. Figure 5 shows the header file of the MaxwellE-
nergy class. This class has only one data member, which is a pointer of the tabulated class. The object of the
tabulated class was dynamically created within the constructor of the MaxwellEnergy class.

Figure 6 illustrates the implementation of MaxwellEnergy class functions. Within the scope of
transfer_to_device(), an object of the tabulated class is created (dh1). The transfer_to_device()
function of the tabulated class was invoked using the host-side tabulated object (theta). Object dh1 contains the
device data of the tabulated class. This device memory was assigned to data.theta using cudaMemcpy().
After the scope of the function ends, the dh1 object is destroyed, but the device data are stored in data.theta.

Figure 5. Header file of the MaxwellEnergy class.

Figure 4. The main() function of the example.

Figure 6. Implementation of the MaxwellEnergy class.
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3.2.1.2 Freeing the device memory

The deallocation of device memory is impossible without a pointer that stores the address of the device data. To
circumvent the issue arisingwhen the device pointer needed to free thememory is unavailable, we usedcudaMemcpy()
to copy the device pointer to the host memory. It is pertinent to mention that cudaFree() always requires a pointer to
reside on the host. In Figure 6, theta is currently residing on the device; therefore, it cannot be directly used to free the
tabulated object’s device memory. To free the tabulated object inside the MaxwellEnergy object, we first
copy the object from the device to the host using cudaMemcpy(), as shown in the free_device_memory()
function in Figure 6. The free_device_memory() of the tabulated class is then invoked using the host object
t1. The Tabulated:free_device_memory(), in turn, uses cudaFree() on the tabulated data members.

Thus, the main() function remains clutter-free, and all data management is transparent to the main(). In the current
framework, GREAPMC, through an interface class, invokes only the transfer_to_device() function of the top-
level class, and the remaining object creation, memory allocations, and data transfers are automatically completed.
Similarly, to free the device memory, GREAPMC simply invokes the free_device_memory() for each of the
objects created at the start of the simulation and the device memory deallocation, and the destruction of the objects on the
device is transparently completed. We have checked the method for memory leakage using compute-sanitizer57 and no
memory leaks or segmentation errors were detected, asserting the correctness of the method.

3.2.2 Optimizations

The general requirements for the memory layout and access patterns of GPUs fundamentally differ from those of CPUs.
Hence, in this context, the optimizations ubiquitously used for continuous energy cross-section treatment are given here.

3.2.2.1 Primary cross-sections

Similar toWARP35 and PRAGMA,38 the four primary microscopic cross-sections (total, elastic, absorption, and fission)
are stored together in the float4 structure for each isotope in the problem.

Float4 is a structure that stores four floating-point (float) values packed together, enabling efficient memory access and
vectorized operations onGPUs. This data structure is optimized for GPU architectures, allowing a single instruction, such
as an LD.128-bit read, to load all four values into the memory simultaneously.

The size of the float4 arrays corresponds to the length of the energy grid, with each structure storing four values per
energy-grid index. Once the energy grid index is determined, a single read simultaneously retrieves all four values.
Normally, four values will incur four memory reads, but CUDA issues one load instruction when the data type is float4 to
retrieve four values, as shown in Figure 7. This is a crucial optimization because cross sections are frequently calculated
within the transport loop. Given that global memory reads can become a bottleneck, special attention is paid to optimizing
this access pattern.

Figure 7. Schematic diagram of float4 structure.
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3.2.2.2 Single precision arithmetic

The uncertainties in nuclear data exceed the errors resulting from reduced significant figures when single-precision
arithmetic is used instead of double precision. Therefore, Hornet uses single-precision across nuclear data, with the
exception of calculating the angle distributions in elastic scattering. For the outgoing angle calculations, it was observed
that a single precision led to increased errors in the eigenvalue and pin power calculations. Single precision not only
enhances cache hit rates but also reduces memory requirements by half.

4. Results and verification
This section presents the numerical results, verification, and performance evaluation of Hornet in comparison withMCS.
To generate verification results, Hornet was coupled with GREAPMC. These results were obtained using standard
history-based neutron tracking and an equi-lethargy-based hash method for energy lookup. The ENDF/B-VII.1 library
was used, applying linear interpolation for temperature when the material temperature fell between the two available
library temperatures. The verification includes the sampling of selected reactions, S(α, β) treatment, resonance scattering,
and pin-by-pin power results for a fuel assembly case. Except for reaction sampling, the number of inactive cycles for all
other cases was determined based on fission source convergence evaluated using Shannon entropy. In view of the primary
purpose of Hornet, current verification efforts include Hornet-specific tests based on sampling and comparison of
selected reactions, as well as assessment of the coupled Hornet-GREAPMC system. The multigroup GREAPMC and
Hornet-specific elastic scattering treatment have been verified elsewhere.58,59 In transitioning from multigroup to
continuous-energy treatment, microscopic cross sections for all isotopes in amaterial and the correspondingmacroscopic
cross sections are computed as an additional step in the transport loop.60,61

4.1 Sampling of reactions
The three most important isotopes involved in nuclear fission are 238U, 235U, and 239Pu. We sampled the following two
reactions with selective incoming energies and temperatures:

1. MT 91 z,ncð Þ

2. MT 18 z, fissionð Þ

Reactions were sampled with both MCS and GREAPMC using 1�106 samples. We employed Jensen–Shannon
divergence (JSD)62 to assess the output’s quantitative closeness. The JSD score is a metric used to quantify the similarity
between the two probability distributions. It combines information from the Kullback-Leibler divergence in both
directions, providing a single measure of dissimilarity. The formula for Jensen-Shannon divergence is provided in
Equation (6).

JSD P∥Qð Þ¼K P∥Mð ÞþK Q∥Mð Þ
2

(6)

Here,K denotes theKullback-Leibler divergence andM is the pointwisemean ofP andQ.A smaller JSD value indicates a
higher degree of similarity between the two probability distributions.

Figure 8 illustrates the outgoing energy for the inelastic reactionMT 91with 235U at a temperature of 293.6K. The energy
of the incoming neutrons in all the samples was 2.625 MeV. The plot shows good agreement between MCS and Hornet,
with a JSD value of 0.1.

Figure 9 shows a plot of the outgoing energy for 238UMT91 reactionwith the same incoming neutron energy as that in the
previous case. The temperature was then changed to 600 K. Good agreement between both codes is evident from the JSD
value of 0.084.

Figure 10 shows the outgoing energywhen a 2.625MeV incoming neutron interacts inelasticallywith 239Pu at 900K. The
JSD value for this case was 0.102. The slight difference in reaction sampling may be due to the difference in precision.
Hornet uses single precision throughout, except for angle calculation in elastic scattering, whereas MCS uses double
precision throughout.

Figure 11 depicts the outgoing energy for the fission reaction with 235U at 293.6 K when a neutron of energy 0.523MeV
interacts. The JSD value for this reaction was 0.13.
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Figure 10. MT-91 reaction with 239Pu at 900 K for an incoming energy of 2.625 MeV.

Figure 9. MT-91 reaction with 238U at 600 K for an incoming energy of 2.625 MeV.

Figure 8. MT-91 reaction with 235U at 293.6 K for an incoming energy of 2.625 MeV.
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Figure 12 illustrates the outgoing energywhenMT18was sampled for a neutronwith an energy of 1.811MeV interacting
with 238U at 293.6 K. The JSD value for this reaction was 0.13, as in the previous case.

Figure 13 shows the outgoing energy when a neutron with an energy of 0.505 MeV interacts with 239Pu at room
temperature. The JSD value for this reaction is 0.13.

Figure 11. MT-18 reaction with 235U at 293.6 K for an incoming energy of 0.523 MeV.

Figure 12. MT-18 reaction with 238U at 293.6 K for an incoming energy of 1.811 MeV.

Figure 13. MT-18 reaction with 239Pu at 293.6 K for an incoming energy of 0.505 MeV.
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Overall, these results indicate a good agreement between Hornet and MCS. The JSD value was approximately 0.1,
strengthening the closeness between the distributions. The JSD can take values between 0 and 1 with zero meaning that
both the distributions are similar to each other. A value around 0.1 indicates some differences between the distributions
that occurs due to difference in precision in MCS and Hornet. The JSD values for Hornet and MCS for elastic scattering
treatment with same precision is around 10�5.58 Similar agreements are observed for other reactions; however, only
fission reactions are included in this work as representative of the overall agreement.

4.2 Thermal system
To validate the S α,βð Þ treatment and overall eigenvalue, we considered IAEA’s International Nuclear Data Committee’s
INDC (USA)-107 benchmark.63 This is a simple benchmark that simulates a water-moderated UO2 pin cell. The square
geometry is reflective at all faces and contains only twomaterials: the fuel andmoderator. Eachmaterial had two isotopes.
The fuel contains 235U and 238U, while the moderator contains 1H and 16O. The benchmark consisted of three problems
that differed according to the radius of the fuel rod. Each problemwas run with twomoderator conditions: free atoms and
applying the thermal scattering law. The free-atom condition assumes thermal motion using free atoms, where the atomic
motion follows a Maxwellian distribution. The bound state accounts for the atomic translational motion along with
vibration and rotation. Figure 14 shows the pin-cell problem with the radius of each problem.

The temperature was isothermal (293.6 K), with a moderator density of 1 g/cc and a fuel density of 18.8 g/cc. The fuel
composition is listed in Table 1.

The keff difference between GREAPMC andMCS is presented in Table 2. The simulations involved onemillion particles
per cycle, with 100 active and 1100 inactive cycles. The keff difference was computed using Equation (7).

keff difference pcm½ � ¼ kSeff � kReff

� �
�105 (7)

Here, S refers to the simulated result (using GREAPMC), and R refers to the reference value (obtained via MCS). The
uncertainty in the reported keff difference for the thermal systems corresponds to the propagated one-standard-deviation
uncertainty, obtained by combining the independent Monte Carlo uncertainties from the two codes.

Figure 14. The cross-sectional view of the pin problem.

Table 1. The atomic fractions of Uranium isotopes in each problem.

Problem 238U (a/o) 235U (a/o)

P1 99.02 0.98

P2 96.5 3.5

P3 30 70
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The results show good agreement between GREAPMC and MCS for the bound and free cases. The difference is mainly
due to GREAPMC’s use of single precision for continuous energy cross-sections, geometry, and material treatment.

4.3 Mosteller Benchmark
TheMosteller benchmark problem64,65 was proposed to assess the resonance scattering effect of the Doppler broadening
rejection correction (DBRC) against the constant cross-section (CXS) approximation at different fuel temperatures.66

Specifically, the Doppler coefficient was calculated by considering two configurations: hot zero power (HZP) with fuel at
600 K and hot full power (HFP) with fuel at 900 K. All other materials were kept at a temperature of 600 K. The upper
energy limits for DBRC were set at 210 eV in MCS and GREAPMC.67 The benchmark consists of UO2 fuel, weapons-
grade mixed oxide (MOX) fuel, and reactor-recycledMOX fuel. The Doppler coefficient (or fuel temperature coefficient
[FTC]) in pcm/K is calculated using Equation (8).

Doppler Coefficient¼ 105

ΔT
1

kHZP
� 1
kHFP

� �
(8)

The simulations employed threemillion particles per cycle in 70 inactive and 300 active cycles. TheDoppler coefficient is
calculated from the difference of multiplication factors evaluated at two fuel temperatures. The associated uncertainty is
obtained using standard error propagation for independent quantities. Specifically, the keff values at the two temperatures
are estimated from independent Monte Carlo simulations with separate random number sequences, and are therefore
assumed to be statistically uncorrelated. Under this assumption, the standard deviation of the Doppler coefficient is
computed by propagating the one-standard-deviation uncertainties of the individual keff values. Table 3 lists the Doppler
coefficients for the UOX fuel. The Uranium enrichment varies from natural uranium to 5%. The maximum relative error
between the Doppler coefficients calculated byMCS and GREAPMC is 0.86% for CXS for a 5% enrichment, and 0.65%
for DBRC for a 3.9% enrichment case.

Figure 15 illustrates the Doppler coefficients for CXS andDBRC using theMCS andGREAPMC (coupled with Hornet).
The Doppler coefficient values for all methods lie within the standard deviation of each code. Additionally, there was no
bias in the coefficient values.

Table 3. Doppler coefficients for UO2 fuel and differentUraniumenrichments. Uncertainties are expressed in
pcm.

wt. (%) CXS DBRC

MCS GREAPMC MCS GREAPMC

FTC σ FTC σ FTC σ FTC σ

0.711 -4.640 0.015 -4.659 0.015 -5.128 0.014 -5.144 0.016

1.6 -3.026 0.010 -3.049 0.011 -3.401 0.010 -3.386 0.011

2.4 -2.560 0.009 -2.558 0.009 -2.845 0.009 -2.857 0.009

3.1 -2.339 0.008 -2.324 0.008 -2.609 0.008 -2.599 0.009

3.9 -2.152 0.007 -2.167 0.008 -2.410 0.008 -2.426 0.009

4.5 -2.064 0.007 -2.065 0.008 -2.309 0.007 -2.316 0.008

5.0 -2.017 0.007 -2.000 0.008 -2.261 0.008 -2.253 0.008

Table 2. Eigenvalue difference for the three problems.

Problem keff difference (pcm)

Bound Free

P1 5.05 � 2.07 -4.03 �1.92

P2 1.74 � 2.68 -0.89 � 2.58

P3 7.23 � 3.31 -2.46 � 3.28

Page 17 of 41

Nuclear Science and Technology Open Research 2026, 3:34 Last updated: 20 FEB 2026



The Doppler coefficients for the reactor-recycle MOX fuel are listed in Table 4. The Plutonium enrichment varied from
1% to 8%. The maximum relative difference in the coefficient was 0.56% for CXS (1% enrichment) and 0.5% for DBRC
(4% enrichment).

Figure 16 shows the Doppler coefficients for the reactor recycling case. The FTC values from one code lie within the
standard deviation of the other codes, indicating excellent agreement. Moreover, there was no bias in the calculation
of FTC.

Figure 15. Doppler coefficients for UOX fuel with different Uranium enrichments.

Table 4. Doppler coefficients for reactor-recycle MOX fuel with different Plutonium enrichments.
Uncertainties are expressed in pcm.

wt. (%) CXS DBRC

MCS GREAPMC MCS GREAPMC

FTC σ FTC σ FTC σ FTC σ

1 -3.610 0.011 -3.590 0.012 -3.979 0.012 -3.984 0.012

2 -3.462 0.012 -3.463 0.011 -3.812 0.012 -3.816 0.012

4 -3.294 0.010 -3.294 0.010 -3.611 0.011 -3.629 0.010

6 -3.160 0.009 -3.159 0.010 -3.464 0.010 -3.459 0.010

8 -3.041 0.009 -3.037 0.010 -3.318 0.009 -3.321 0.010

Figure 16. The Doppler coefficient for reactor-recycle MOX fuel steadily reduces in magnitude as Plutonium
enrichment increases.

Page 18 of 41

Nuclear Science and Technology Open Research 2026, 3:34 Last updated: 20 FEB 2026



Table 5 gives the FTC for the weapons-grade MOX fuel for different plutonium encirclements. The FTC was the most
negative for 2% plutonium enrichment. The maximum relative difference in CXS was 0.31% at 1% plutonium
enrichment. Similarly, the maximum relative difference for the DBRC was 0.42% in the 1% enrichment case.

Figure 17 illustrates the Doppler coefficients for the weapons-grade MOX fuel at various plutonium enrichments. Both
MCS and GREAPMC showed excellent agreement.

To enable a robust code-to-code verification, the reactivity difference for a representativeMosteller benchmark case with
CXS approximation and 4% weapon-grade MOX fuel was evaluated by comparing results from MCS and GREAPMC.
The results are given in Table 6. The comparison was performed by progressively increasing the number of particle
histories to examine statistical convergence. For a consistent Monte Carlo comparison, the expectation is that the
reactivity difference between the two codes decreases as the number of particle histories increases, reflecting reduced
statistical uncertainty and convergence toward the same underlying solution.

As expected, the reactivity differences for both hot zero power (HZP) and hot full power (HFP) conditions decrease with
increasing particle histories. At lower particle counts (104 – 105), the observed differences are dominated by statistical
uncertainty, resulting in comparatively large error bars and fluctuating mean values. As the number of histories increases

Table 5. Doppler coefficients for weapons-grade MOX fuel with different Plutonium enrichments.
Uncertainties are expressed in pcm.

wt. (%) CXS DBRC

MCS GREAPMC MCS GREAPMC

FTC σ FTC σ FTC σ FTC σ

1 -2.553 0.009 -2.561 0.010 -2.883 0.009 -2.871 0.010

2 -2.633 0.008 -2.634 0.009 -2.906 0.008 -2.918 0.009

4 -2.611 0.008 -2.609 0.009 -2.883 0.008 -2.873 0.008

6 -2.519 0.008 -2.515 0.008 -2.744 0.007 -2.741 0.008

Figure 17. FTC for weapons-grade MOX fuel.

Table 6. Comparison of reactivity differences between MCS and GREAPMC for a representative case.

Particles per cycle HZP (pcm) HFP (pcm)

1�104 31.35925 � 30.46248 21.53892 � 32.12405

1�105 -10.88241 � 10.67002 -16.96994 � 9.87741

1�106 -2.560161 � 2.96611 10.44341 � 3.24340

1�107 0.64003 � 1.06602 -7.83188 � 0.94655
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to 106 and 107, the statistical uncertainties are significantly reduced, and the reactivity differences converge toward zero
within uncertainty. This behavior demonstrates that MCS and GREAPMC converge to statistically consistent solutions
for both conditionswhen sufficient particle histories are employed. The observed convergence provides confidence in the
consistency of the physical models, numerical implementations, and cross-section handling between the two codes for
continuous-energy Monte Carlo simulations.

4.4 Pin-by-Pin power
OPR1000 is a commercial Korean reactor.68 The peculiarity of the OPR1000 core is the guide tube and instrumentation
tube. Although the fuel assemblies in most reactors have a uniform lattice, the OPR1000 fuel assemblies have a non-
uniform lattice in the sense that four normal pin cells are combined to form one guide tube. Similarly, the instrumentation
tube was larger than the normal pin cells.

The pin-by-pin powerwas quantitatively assessed by comparing the normalized pin powers in anOPR1000 fuel assembly
(FA). Figure 18 shows the FA design loaded with 1.43% UO2. The radial boundary condition is reflective, whereas the
axial boundary condition is vacuum. Both the MCS and GREAPMC simulations were performed with 100 inactive
cycles, 500 active cycles, and twomillion particles per cycle. The difference in eigenvalue computed using Equation (7) is
3.9�2.65 pcm. Figure 19 depicts the normalized radial pin power profile in quarter FA from both codes along with the
relative difference, which is computed using Equation (9).

Relative difference %½ � ¼ 1� S

R

� �
�100 (9)

The root mean square (RMS) difference in the axially averaged power profile was less than 0.1%, and the maximum
relative difference was less than 0.2%. Overall, the power profile showed excellent agreement, as indicated by the RMS.

The RMS deviation between MCS and GREAPMC pin power tallies was evaluated for increasing numbers of particles.
The RMS deviation between GREAMPC and the reference MCS results was evaluated by Monte Carlo sampling. For
each tally, values were randomly sampled from normal distributions defined by the reported mean and one-standard-
deviation uncertainty. The RMS was computed for each realization, and the final RMS and its uncertainty were obtained
from the mean and standard deviation of the resulting RMS distribution. The results are given in Table 7.

As the number of particle histories increases, the RMS deviation between the MCS and GREAPMC pin power tallies
decreases systematically. At 106 and 107 particles per cycle, the RMS values are reduced by more than an order of
magnitude compared to the lowest-history case, and the associated uncertainties become very small. This behavior

Figure 18. The 1.43% UO2 FA design was used to assess the pin powers.
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indicates that the pin power distributions produced by MCS and GREAPMC converge toward statistically consistent
results. Overall, the observed monotonic reduction in RMS deviation with increasing particle histories demonstrates
excellent agreement between the two codes and confirms the consistency of their pin power tally implementations. These
results provide strong evidence that GREAPMC accurately reproduces the reference MCS pin power distributions when
sufficient particle histories are employed.

4.5 Performance
The performance of codebase was assessed for the OPR1000 FA case. Based on the codes’ average time to execute one
active cycle, GREAPMC’s acceleration is compared with that of MCS. The number of particles per cycle varied from
1 million to 5 million. Constant cross-section approximations for elastic scattering and equi-lethargy-based energy
lookup were employed for these simulations. Table 8 lists the hardware specifications. The MCS simulations utilized
144 CPU cores, whereas the remaining 16 cores within the four nodes were reserved for development and administrative
tasks.

The performance was quantified using the equivalent number of CPU cores that yielded the same performance as that of
one GPU. The parameter is given by Equation (10)69:

Equivalent Number of CPUCores¼ Number of CPUCoresð Þ� CPU run timeð Þ
GPUrun time

: (10)

In terms of tracking rate, the equivalent number of CPU cores is specified by Equation (11).

Figure 19. Normalized pin powers and related statistics in quarter OPR1000 FA.

Table 7. Comparison of reactivity differences between MCS and GREAPMC for a representative case.

Particles per cycle RMS

1�104 6.19053�10�3 � 2.86752�10�4

1�105 1.95782�10�3 � 9.06601�10�5

1�106 6.18872�10�4 � 2.86574�10�5

1�107 1.94867�10�4 � 9.02601�10�6
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Equivalent Number of CPUCores¼ Number of CPUCoresð Þ� GPU tracking rateð Þ
CPU tracking rate

: (11)

Table 9 presents the tracking rates for both codes. The tracking rate increases as the number of particles per cycle
increases, with GREAPMC showing a more significant growth in the tracking rate than MCS. Consequently, the
equivalent number of CPU cores increased accordingly.

Figure 20 illustrates the equivalent number of CPU cores. As the number of particles per cycle increases, the equivalent
number of CPU cores stabilizes at approximately 440, indicating that a single GPUprovides a performance comparable to
that of approximately 440 Intel Xeon Gold 6242R CPU cores.

Table 8. Hardware specifications for the performance assessment.

GPU Model NVIDIA GeForce RTX 3090

Global Memory (GB) 23.7

CPU Model Intel Xeon Gold 6242R

Base Clock (MHz) 3100

Memory (GB) 754

Number of cores per node 40

Number of nodes used for simulation 04

Figure 20. Equivalent number of CPU cores for the OPR1000 fuel assembly.

Table 9. Performance of GREAPMC compared to MCS for the fuel assembly case.

Particle per cycle
(Million)

Tracking rate (kn/s) Equivalent number
of CPU cores

MCS GREAPMC

1 218.20 642.64 324

2 219.83 665.56 435

3 221.07 670.54 437

4 221.78 677.73 440

5 222.22 680.33 441
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Apart from the aforementioned integration of Hornet in GREAPMC, another possible execution model for Hornet is to
generate cross sections on the GPUwhile the transport is performed on CPUs, with cross sections requested and supplied
asynchronously, as explored in MC21.70

5. Conclusions
The verification of Hornet against the well-established MCS code demonstrates its capability to deliver accurate and
efficient solutions using GPU architecture. Hornet coupled with GREAPMC showed excellent agreement with MCS
across a range of simulations. The implementation uses single-precision nuclear data, incorporates a variety of energy
lookup methods, and adheres to an object-oriented programming paradigm, thereby ensuring code readability, main-
tainability, and adaptability. The results from benchmarks, such as the IAEA benchmark INDC (USA)-107 for a pin-cell
model and the Mosteller benchmark for Doppler coefficient evaluations, confirm that Hornet achieves high precision
across various nuclear conditions, including bound and free scattering scenarios. The pin-by-pin power verification in an
OPR1000 fuel assembly further validated Hornet’s performance with root-mean-square (RMS) power differences under
0.1%, highlighting its potential for accurate simulations. Combined, Hornet and GREAPMC significantly enhanced the
tracking rate, surpassing that of the MCS. Overall, Hornet offers a robust solution for continuous-energy Monte Carlo
neutron transport in GPUs, providing a valuable tool for nuclear analysis and reactor design. The future involves
expanding Hornet’s capabilities with photoatomic ACE file processing.
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The manuscript presents the development and verification of Hornet, a GPU-optimized 
continuous-energy (CE) cross-section code, and demonstrates its integration within a GPU-based 
Monte Carlo code, GREAPMC. The work is timely, given the increasing interest in accelerating 
Monte Carlo (MC) reactor physics simulations through GPU architectures. The authors provide a 
solid overview of CE techniques in the context of GPUs, highlight their design choices (e.g., object-
oriented paradigm, single-precision nuclear data, energy lookup strategies), and report extensive 
verification and performance results. 
 
I find the paper suitable for indexing, and I recommend acceptance with some reservations. Most 
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manuscript for clarity, completeness, and extended impact. 
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Context and comparisons to existing work 
- The manuscript claims novelty in developing GPU-optimized CE cross-section processing that is 
Monte Carlo agnostic. However, this statement should be carefully nuanced in light of MCGIDI, 
which also functions as a standalone CE processing tool. A more direct comparison to MCGIDI (or 
MCGIDI-like approaches) would provide a stronger context for evaluating Hornet’s unique 
contributions. 
- Discussions on GPU-specific continuous-energy treatments in several Monte Carlo codes are 
given. It may also be worthwhile to discuss CE treatments in GUARDYAN for completeness. 
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- While running a full MC transport simulation using the GREAPMC-Hornet code system provides a 
useful performance comparison, tools/benchmarks such as XSBench might serve as a more direct 
baseline for assessing computational performance of CE physics alone. 
- Other than enabling multigroup GPU MC code (like GREAPMC) to run continuous-energy physics 
and serving as an academic tool, authors may also want to discuss potential uses of Hornet-like 
codes in a CPU MC code, such as an asynchronous cross-section lookup that has been explored in 
the MC code MC21. 
 
Hornet VS GREAPMC-Hornet evaluations 
- Authors should emphasize that most of the presented verification exercises and performance 
assessments are those of the GREAPMC-Hornet system, not the Hornet code itself. The emphasis 
is important because verification exercises for the GREAPMC-Hornet system do not necessarily 
verify Hornet itself (integration VS unit verification). The same goes for the performance 
assessment. Nevertheless, evaluation of the GREAPMC-Hornet system is still relevant and 
important to the paper, as it is one of the main purposes of the Hornet development and a typical 
use of such a modular code. 
- Consider tools/benchmarks like XSBench for assessing the computational performance of CE 
physics alone. 
- The authors should briefly discuss any changes in the Hornet-enabled GREAPMC from the cited, 
original multigroup GREAPMC. If a separate paper will be published to provide an in-depth 
discussion of this, please state so. 
 
Outgoing energy distribution sampling comparison 
- The use of Jensen–Shannon divergence (JSD) to quantify agreement between MCS and GREAPMC-
Hornet sampled distributions is innovative. However, most readers probably will not be familiar 
with the interpretation of JSD values. Please discuss the typical range or min/max of JSD values 
and what constitutes “small” and whether the value of 0.1 can be considered sufficiently low in this 
context. 
- Certain incident energies and temperatures are used for generating the results. Please state 
whether similar agreements are observed in other energies and temperatures. 
 
Verification through code-to-code comparison of MC results 
The presented verification effort compares particular instances of MC simulations (at a given 
number of samples N). To better verify through code-to-code comparison of MC results, one can 
demonstrate whether the two codes' results would reasonably converge to the same answer at 
the expected rate of 1/sqrt(N). Consider running with (logarithmically) increasing numbers of 
samples N and observe the convergence of the relative difference (average of the two can be used 
as the reference), and take the norm/RMS of the differences to get a single measure for each N. 
Note that this would also shed light on the significance of the single vs double-precision 
arithmetic, which would be valuable. Similar error convergence analysis can be used in the 
Thermal Systems, Mosteller Benchmark, and Pin-by-Pin Power verifications as well. 
 
Content Accuracy and Verification 
- "Most of the runtime in the Monte Carlo (MC) code is spent on continuous-energy cross-sectional 
lookups." How universal the sentence is is debatable. Consider "In many classes of MC transport 
simulations, particularly neutron fission reactor systems,". Note that systems with highly complex 
geometry, such as fusion neutronics and medical imaging, can be counterexamples to this. 
- For transparency, it would be helpful to state explicitly whether all numbers of inactive cycles 

NST Open Research

 
Page 30 of 41

Nuclear Science and Technology Open Research 2026, 3:34 Last updated: 20 FEB 2026



used are sufficient to ensure fission source convergence. 
- Please state whether the uncertainties in the keff difference in the Thermal Systems are 
propagated standard deviations. 
- Please briefly discuss how the standard deviations in the Doppler coefficients results (tables and 
figures) are calculated/propagated, particularly on how the possible correlation is treated or 
avoided. 
 
Performance Assessment 
- The GPU-vs-CPU performance comparison properly involves increasing workload to demonstrate 
saturation of parallel computing efficiency on both GPU and CPUs. 
- Performance metrics reported are based on active cycle runtime. Please state whether the 
runtime assessment excludes cycle closeout operations, such as tally score accumulations and 
fission bank management for reproducibility. 
- Please discuss what tallies are included in the performance calculations. Would the size of the 
tallies affect the performance comparison results? 
- Please explain why certain physics treatments (e.g., constant cross-section elastic scattering, 
equi-lethargy energy lookup) were used in the performance tests. How sensitive are the results to 
these treatment choices, and are they particularly favorable to GPU execution? 
- Please clarify whether the development/administrative tasks running on 10% of cores (16 total) 
had any measurable impact on the MCS performance assessment. If negligible, this should be 
mentioned along with steps/treatments taken to isolate the MC computations. 
- A note on whether MCS also uses shared-memory parallelism, and (if it does) whether a single-
node run would improve MCS parallel efficiency would be useful. 
 
==== 
 
Minor Comments 
 
Wording 
  - “the continuous treatment ... reduces the errors introduced by discretization” --> “the 
continuous treatment ... avoids the errors introduced by discretization”. 
  - “Microscopic cross sections are the interaction probability” --> “Microscopic cross sections 
measure/quantify the interaction probability”. 
 
Equations 
  - Equation (2): Consider denoting macro cross sections with $\Sigma$ symbol to distinguish them 
from summation signs. 
  - Equation (9): Appears to be missing parentheses. 
 
Formatting 
  - Section 2.1.5 (Hash-based energy lookup) heading should be bolded for consistency. 
  - Correct the fragment “However, the evaluated nuclear data Files) data”. 
 
References 
  - Please provide a proper bibliographic citation for Chen et al. (2018) instead of only a URL.
 
Is the work clearly and accurately presented and does it cite the current literature?
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Yes

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Radiation transport, Monte Carlo method, high-performance computing, 
reactor physics

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 16 Jan 2026
MURAT SERDAR AYGUL 

Context and comparisons to existing work
The manuscript claims novelty in developing GPU-optimized CE cross-section 
processing that is Monte Carlo agnostic. However, this statement should be carefully 
nuanced in light of MCGIDI, which also functions as a standalone CE processing tool. 
A more direct comparison to MCGIDI (or MCGIDI-like approaches) would provide a 
stronger context for evaluating Hornet’s unique contributions.

○

We thank the reviewer for the suggestion and for highlighting the relevance of MCGIDI as a 
Monte Carlo-agnostic continuous-energy processing framework. We agree that a clearer 
distinction was needed to appropriately position Hornet with respect to existing tools. To 
address this comment, we have revised Section 2.2.5 to explicitly compare Hornet with 
GIDI/MCGIDI. The manuscript now clarifies that while both approaches are Monte Carlo-
agnostic, GIDI/MCGIDI is primarily designed for CPU architectures and relies on serialized 
or limited parallel execution when used in GPU contexts. In contrast, Hornet is developed 
from the ground up for GPU architectures, with data structures and lookup mechanisms 
specifically optimized for massive parallelism. This clarification better explains Hornet’s 
unique contribution as a native, GPU-centric continuous-energy cross-section processing 
framework, rather than solely a standalone or Monte Carlo-agnostic tool.
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Discussions on GPU-specific continuous-energy treatments in several Monte Carlo 
codes are given. It may also be worthwhile to discuss CE treatments in GUARDYAN for 
completeness.

○

We thank the reviewer for the suggestion to improve the completeness of the discussion. In 
response, we have added a brief description of the continuous-energy treatment employed 
in GUARDYAN

While running a full MC transport simulation using the GREAPMC-Hornet code system 
provides a useful performance comparison, tools/benchmarks such as XSBench 
might serve as a more direct baseline for assessing computational performance of CE 
physics alone.

○

We thank the reviewer for the valuable suggestion. The primary objective of Hornet is to 
serve as the continuous-energy cross-section processing engine for GREAPMC, while its 
standalone capability is retained mainly for educational purposes. Consequently, the 
performance evaluation in this work is focused on the integrated GREAPMC-Hornet system 
rather than isolated CE cross-section benchmarks. For this reason, a direct comparison with 
standalone CE physics benchmarks such as XSBench or Papillon has not been included.

Other than enabling multigroup GPU MC code (like GREAPMC) to run continuous-
energy physics and serving as an academic tool, authors may also want to discuss 
potential uses of Hornet-like codes in a CPU MC code, such as an asynchronous cross-
section lookup that has been explored in the MC code MC21.

○

We appreciate the reviewer’s insightful comment. In response, we have expanded the 
discussion to highlight that, beyond its integration with GREAPMC, Hornet could also be 
employed in a heterogeneous execution model in which continuous-energy cross sections 
are generated on the GPU while particle transport is carried out on CPUs, with cross-section 
requests handled asynchronously. Hornet VS GREAPMC-Hornet evaluations

Authors should emphasize that most of the presented verification exercises and 
performance assessments are those of the GREAPMC-Hornet system, not the Hornet 
code itself. The emphasis is important because verification exercises for the 
GREAPMC-Hornet system do not necessarily verify Hornet itself (integration VS unit 
verification). The same goes for the performance assessment. Nevertheless, 
evaluation of the GREAPMC-Hornet system is still relevant and important to the 
paper, as it is one of the main purposes of the Hornet development and a typical use 
of such a modular code.

○

The reviewer raises an important distinction between unit-level verification of Hornet and 
system-level verification of the coupled GREAPMC-Hornet framework. To address this point, 
the manuscript has been revised to explicitly clarify the scope of the presented verification 
and performance assessments. As now stated in the text, the primary focus of this work is 
the evaluation of Hornet in the form of targeted tests, such as sampling and comparison of 
selected reactions and integrated Hornet-GREAPMC system. Other components of the 
development such as the multigroup GREAPMC implementation and the elastic scattering 
treatment in Hornet have been verified in prior studies.

Consider tools/benchmarks like XSBench for assessing the computational 
performance of CE physics alone.

○

As the primary objective of the GPU-related development work in the UNIST CORE lab is to 
preserve the accuracy of MCS while accelerating overall Monte Carlo simulation time, 
accuracy and performance have consistently been assessed through direct comparisons 
with MCS rather than with standalone CE micro-benchmarks such as XSBench.
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The authors should briefly discuss any changes in the Hornet-enabled GREAPMC from 
the cited, original multigroup GREAPMC. If a separate paper will be published to 
provide an in-depth discussion of this, please state so.

○

The manuscript has been updated to briefly clarify the key modification introduced in the 
Hornet-enabled version of GREAPMC. Outgoing energy distribution sampling 
comparison

The use of Jensen–Shannon divergence (JSD) to quantify agreement between MCS 
and GREAPMC-Hornet sampled distributions is innovative. However, most readers 
probably will not be familiar with the interpretation of JSD values. Please discuss the 
typical range or min/max of JSD values and what constitutes “small” and whether the 
value of 0.1 can be considered sufficiently low in this context.

○

Thank you for pointing out this question. The manuscript has been revised to clarify the 
interpretation of Jensen-Shannon divergence (JSD) values for readers who may not be 
familiar with this metric. In particular, we now explicitly state the bounded range of JSD (0 to 
1), where a value of zero corresponds to identical distributions and larger values indicate 
increasing dissimilarity. Additional context is provided to indicate that JSD values on the 
order of 0.1 represent small but noticeable differences in distribution shape, which in the 
present study arise primarily from differences in numerical precision between MCS and 
Hornet. To further anchor this interpretation, we also report that when Hornet and MCS are 
run with matched precision for elastic scattering, the resulting JSD values are on the order 
of 10-5 as reported in Ali et al. (EPJ-N, 2025).

Certain incident energies and temperatures are used for generating the results. 
Please state whether similar agreements are observed in other energies and 
temperatures. 
Thank you for this comment. The manuscript has been revised to clarify the scope of 
the results. Similar levels of agreement between MCS and GREAPMC-Hornet are 
observed for other incident energies and temperatures, as well as for other reactions. 
In this work, fission reactions are presented as a representative case to illustrate 
general agreement, while the trends for other reactions and conditions are 
consistent with those shown.

○

Verification through code-to-code comparison of MC results
The presented verification effort compares particular instances of MC simulations (at 
a given number of samples N). To better verify through code-to-code comparison of 
MC results, one can demonstrate whether the two codes' results would reasonably 
converge to the same answer at the expected rate of 1/sqrt(N). Consider running with 
(logarithmically) increasing numbers of samples N and observe the convergence of 
the relative difference (average of the two can be used as the reference), and take the 
norm/RMS of the differences to get a single measure for each N. Note that this would 
also shed light on the significance of the single vs double-precision arithmetic, which 
would be valuable. Similar error convergence analysis can be used in the Thermal 
Systems, Mosteller Benchmark, and Pin-by-Pin Power verifications as well.

○

We thank the reviewer for this valuable suggestion. In response, we extended the 
verification to explicitly examine statistical convergence between MCS and GREAPMC as a 
function of particle histories. A representative Mosteller benchmark case was evaluated 
using logarithmically increasing numbers of particles (104 – 107). As shown in the revised 
manuscript (Tables 6 and 7), both the reactivity differences (HZP and HFP) for Mosteller’s 
case and the RMS deviation of pin power tallies decrease systematically with increasing 
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particle histories. Content Accuracy and Verification
"Most of the runtime in the Monte Carlo (MC) code is spent on continuous-energy 
cross-sectional lookups." How universal the sentence is is debatable. Consider "In 
many classes of MC transport simulations, particularly neutron fission reactor 
systems,". Note that systems with highly complex geometry, such as fusion 
neutronics and medical imaging, can be counterexamples to this.

○

The reviewer is correct that the original statement was overly general. In particular, Monte 
Carlo simulations involving highly complex geometries, such as fusion neutronics or 
medical imaging applications, may be dominated by geometric tracking rather than cross-
section processing. The manuscript has therefore been revised to clarify that the statement 
applies specifically to Monte Carlo neutron transport simulations for criticality analysis in 
fission reactor systems.

For transparency, it would be helpful to state explicitly whether all numbers of 
inactive cycles used are sufficient to ensure fission source convergence.

○

We thank the reviewer for this suggestion. To improve clarity and transparency, the 
manuscript has been revised to explicitly state that the number of inactive cycles used in all 
cases was selected based on fission source convergence assessed using Shannon entropy, 
and that the chosen values were verified to be sufficient to ensure convergence of the 
fission source.

Please state whether the uncertainties in the keff difference in the Thermal Systems 
are propagated standard deviations.

○

We thank the reviewer for this comment. The uncertainties reported for the keff differences 
in the thermal systems are propagated standard deviations, obtained by assuming 
statistically independent Monte Carlo estimates from the two codes.

Please briefly discuss how the standard deviations in the Doppler coefficients results 
(tables and figures) are calculated/propagated, particularly on how the possible 
correlation is treated or avoided.

○

We thank the reviewer for this comment. The standard deviations reported for the Doppler 
coefficients are obtained through standard error propagation applied to the difference of 
multiplication factors used to compute the coefficient. Specifically, the Doppler coefficient is 
derived from two independently estimated keff values corresponding to different fuel 
temperatures. Since these Monte Carlo simulations are performed independently, the 
resulting statistical uncertainties are assumed to be uncorrelated. Under this assumption, 
the uncertainty in the Doppler coefficient is obtained by propagating the one-standard-
deviation uncertainties of the individual keff values. The manuscript has been revised to 
explicitly clarify this procedure and the underlying assumption of statistical independence. 
Performance Assessment

The GPU-vs-CPU performance comparison properly involves increasing workload to 
demonstrate saturation of parallel computing efficiency on both GPU and CPUs.

○

We thank the reviewer for this comment. We agree that a comprehensive GPU-versus-CPU 
performance comparison ideally involves increasing the computational workload to 
demonstrate saturation of parallel efficiency on both GPU and CPU architectures. In the 
present work, the focus is on verification and consistency assessment rather than an 
exhaustive performance study. To this end, we have included results showing the variation 
of reactivity differences for the Mosteller benchmark and RMS deviations of pin power 
tallies with increasing numbers of particle histories, which demonstrate statistical 
convergence and computational consistency between the GPU- and CPU-based 
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implementations. A detailed performance evaluation addressing workload scaling and 
parallel efficiency saturation on both GPUs and CPUs has been carried out separately and is 
reported in Ali et al. (M&C 2025). We have added an explicit reference to this work in the 
manuscript.

Performance metrics reported are based on active cycle runtime. Please state 
whether the runtime assessment excludes cycle closeout operations, such as tally 
score accumulations and fission bank management for reproducibility.

○

The reported performance metrics are based on the total active cycle runtime and include 
cycle closeout operations, such as tally score accumulation and fission bank management 
required for reproducibility. No components of the active cycle, including closeout 
procedures, were excluded from the timing measurements.

Please discuss what tallies are included in the performance calculations. Would the 
size of the tallies affect the performance comparison results?

○

The performance measurements include cell-wise power and neutron flux tallies. The size of 
the tallies primarily affects the memory footprint and does not significantly impact the 
performance comparison. GREAPMC has previously demonstrated efficient scaling with 
increasing numbers of cells (as reported in the referenced NSE paper, 2025). Moreover, 
since GREAPMC employs cell-based tallying, the tally operations introduce negligible 
computational overhead and do not measurably affect the reported performance.

Please explain why certain physics treatments (e.g., constant cross-section elastic 
scattering, equi-lethargy energy lookup) were used in the performance tests. How 
sensitive are the results to these treatment choices, and are they particularly 
favorable to GPU execution?

○

The selected physics treatments were chosen to ensure both representativeness of 
production Monte Carlo workflows and a fair assessment of GPU performance. The double-
index and linear interval hashing energy lookup schemes are known to be highly efficient 
on GPUs and are implemented in Hornet as configurable options. Since widely used 
production codes such as OpenMC and MCS employ equi-lethargy-based hash energy 
lookup, this approach was adopted in the performance tests to enable a meaningful and 
consistent comparison. The constant cross-section elastic scattering treatment was selected 
because it involves only analytical expressions and avoids complex data-dependent 
operations. This model represents the fastest elastic scattering option on CPUs among the 
available target velocity sampling treatments, while also mapping efficiently to GPU 
execution. As a result, its use avoids introducing artificial bias toward either architecture 
and allows the performance results to primarily reflect computational throughput rather 
than differences in physics model complexity.

Please clarify whether the development/administrative tasks running on 10% of cores 
(16 total) had any measurable impact on the MCS performance assessment. If 
negligible, this should be mentioned along with steps/treatments taken to isolate the 
MC computations.

○

The development and administrative tasks running on 10% of the available cores had no 
measurable impact on the MCS performance assessment. These tasks were limited to node 
monitoring and code compilation and were not active during the Monte Carlo production 
runs.

A note on whether MCS also uses shared-memory parallelism, and (if it does) whether 
a single-node run would improve MCS parallel efficiency would be useful.

○

We appreciate the reviewer’s comment. The version of MCS employed in this work does not 
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utilize shared-memory parallelism. Minor Comments Wording
“the continuous treatment ... reduces the errors introduced by discretization” --> “the 
continuous treatment ... avoids the errors introduced by discretization”.

○

“Microscopic cross sections are the interaction probability” --> “Microscopic cross 
sections measure/quantify the interaction probability”.

○

We thank the reviewer for these suggestions. Both revisions have been incorporated for 
improved clarity and precision:

The phrase “the continuous treatment ... reduces the errors introduced by discretization” 
has been updated to “the continuous treatment ... avoids the errors introduced by 
discretization” to more accurately convey that discretization errors are eliminated 
rather than merely reduced.

1. 

The statement “Microscopic cross sections are the interaction probability” has been 
revised to “Microscopic cross sections quantify the interaction probability” to more 
precisely describe the physical meaning of microscopic cross sections.

2. 

Equations
Equation (2): Consider denoting macro cross sections with $\Sigma$ symbol to 
distinguish them from summation signs.

○

We thank the reviewer for the suggestion. In the submitted manuscript, different symbols 
were already used to distinguish the summation operator from the macroscopic cross-
section symbol. We have carefully reviewed Equation (2) and again added different symbols 
to ensure that this distinction is clear in the revised manuscript.

Equation (9): Appears to be missing parentheses.○

We thank the reviewer for pointing this out. Parentheses have been added to Equation (9) in 
the revised manuscript to ensure clarity and correct mathematical interpretation. 
Formatting

Section 2.1.5 (Hash-based energy lookup) heading should be bolded for consistency.○

We thank the reviewer for the comment. The heading 2.1.5 (Hash-based energy lookup) has 
been bolded in the revised manuscript to ensure consistency with other section headings.

Correct the fragment “However, the evaluated nuclear data Files) data”.○

We thank the reviewer for identifying the fragment. The text “However, the evaluated 
nuclear data Files) data” has been corrected for clarity and now reads appropriately in the 
revised manuscript. 
References

Please provide a proper bibliographic citation for Chen et al. (2018) instead of only a 
URL.

○

We thank the reviewer for the comment. A proper bibliographic citation for Chen et al. 
(2018) has been added in the revised manuscript in place of the previous URL  

Competing Interests: No competing interests were disclosed.
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© 2025 Park H. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Ho Jin Park  
Kyunghee University College of Engineering, Yongin-si, Gyeonggi-do, South Korea 

In this paper, the authors introduced new continuous-energy cross section processing code 
system, Hornet for GPU-based Monte Carlo simulations. This Hornet code can generate the ACE 
format cross section and efficiently handle the cross section data for GREAPMC code. The tables 
and figures are well-organized to effectively support the results. I have some questions and 
comments before publication.

In many GPU/CPU-based Monte Carlo analysis codes, routines for reading or processing 
nuclear data are naturally included. However, the CUDA-based Monte Carlo code developed 
by the authors separates this function and is divided into two codes, Hornet and GREAPMC. 
In this manuscript, sufficient justification and rationale for this approach are not provided.

1. 

If you wish to publish on this system, I recommend doing so with a manuscript that covers 
the integrated system combining GREAPMC and Hornet. Based on the content of the 
current paper, Hornet does not appear to have any distinctive features compared to 
conventional Monte Carlo cross-section processing. To adequately address the originality of 
this research, you should either emphasize such distinctive features or submit the work 
together with the development details of GREAPMC.

2. 

 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.
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expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 13 Sep 2025
MURAT SERDAR AYGUL 

Comment: In many GPU/CPU-based Monte Carlo analysis codes, routines for reading or 
processing nuclear data are naturally included. However, the CUDA-based Monte Carlo code 
developed by the authors separates this function and is divided into two codes, Hornet and 
GREAPMC. In this manuscript, sufficient justification and rationale for this approach are not 
provided. 
 
Response: We appreciate the reviewer’s observation. The separation of Hornet and 
GREAPMC was an intentional design choice aimed at modularity, flexibility, and efficiency. 
By developing Hornet as a standalone CUDA-based cross-section processing tool, we ensure 
that it can be used independently or integrated into multiple Monte Carlo frameworks, 
rather than being restricted to GREAPMC. This design enables independent verification and 
benchmarking of nuclear data processing and allows Hornet to be used for academic 
purposes, such as obtaining and analyzing different cross-sections without requiring Monte 
Carlo modeling. It also simplifies maintenance, upgrades, and extensions of the processing 
routines, while ensuring reusability in other projects or codes without dependence on 
GREAPMC. Furthermore, debugging and optimization are improved, as cross-section 
treatment can be validated separately from transport. Thus, while many conventional codes 
integrate both functions, our approach was guided by the goals of flexibility and long-term 
usability. 
 
Comment: If you wish to publish on this system, I recommend doing so with a manuscript 
that covers the integrated system combining GREAPMC and Hornet. Based on the content 
of the current paper, Hornet does not appear to have any distinctive features compared to 
conventional Monte Carlo cross-section processing. To adequately address the originality of 
this research, you should either emphasize such distinctive features or submit the work 
together with the development details of GREAPMC. 
 
Response: We thank the reviewer for this valuable suggestion. We agree that presenting 
Hornet together with GREAPMC would highlight the originality of the end-to-end workflow. 
However, in this manuscript our primary focus was to demonstrate Hornet’s ability to 
perform GPU-optimized continuous-energy cross-section processing and to benchmark its 
performance against existing tools. Hornet’s distinctive features include its full CUDA 
parallelization of cross-section routines such as Doppler broadening and probability table 
sampling, its modular architecture that allows coupling with different Monte Carlo solvers, 
and its optimized GPU memory management strategies tailored for continuous-energy 
processing. Looking ahead, we plan a follow-up publication that presents the integrated 
GREAPMC–Hornet system in detail, and we will also carry out verification of the coupled 
framework to demonstrate the performance gains and consistency achieved when both 
codes operate together.  
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Competing Interests: No competing interests were disclosed.

Author Response 16 Jan 2026
MURAT SERDAR AYGUL 

In many GPU/CPU-based Monte Carlo analysis codes, routines for reading or 
processing nuclear data are naturally included. However, the CUDA-based Monte 
Carlo code developed by the authors separates this function and is divided into two 
codes, Hornet and GREAPMC. In this manuscript, sufficient justification and rationale 
for this approach are not provided.

1. 

We appreciate the reviewer’s observation. The separation of Hornet and GREAPMC was an 
intentional design choice aimed at modularity, flexibility, and efficiency. By developing 
Hornet as a standalone CUDA-based cross-section processing tool, we ensure that it can be 
used independently or integrated into multiple Monte Carlo frameworks, not limited to 
GREAPMC. This modular design allows:

Independent verification and benchmarking of nuclear data processing.○

Using Hornet for academic purposes. For instance, to obtain and analyze different 
cross-sections without having a requirement for Monte Carlo modeling.

○

Easier maintenance, upgrades, and extension of the processing routines.○

Reusability of Hornet in other projects or codes without relying on GREAPMC.○

Improved debugging and optimization, as cross-section treatment can be validated 
separately from transport.

○

Thus, while many conventional codes integrate both functions, our approach was motivated 
by flexibility and long-term usability. The details have been added into the manuscript.  

If you wish to publish on this system, I recommend doing so with a manuscript that 
covers the integrated system combining GREAPMC and Hornet. Based on the content 
of the current paper, Hornet does not appear to have any distinctive features 
compared to conventional Monte Carlo cross-section processing. To adequately 
address the originality of this research, you should either emphasize such distinctive 
features or submit the work together with the development details of GREAPMC.

1. 

We thank the reviewer for this suggestion. We agree that presenting Hornet together with 
GREAPMC would highlight the end-to-end workflow and its originality. However, in this 
manuscript, our focus was to demonstrate Hornet’s ability to handle GPU-optimized 
continuous-energy cross-section processing and its benchmarking against existing tools. 
Distinctive features of Hornet compared to conventional processors include:

Full CUDA parallelization of cross-sections, Doppler broadening and probability table 
sampling routines, enabling runtime reduction.

○

A modular architecture that allows direct coupling with different Monte Carlo solvers.○

Optimized GPU memory handling strategies designed specifically for continuous-
energy processing on GPUs.

○

We acknowledge that emphasizing these features more clearly would strengthen the 
manuscript, and therefore we have added some details about distinct Hornet features in the 
manuscript. We also plan a follow-up publication that presents the integrated GREAPMC-
Hornet system in detail, highlighting the performance improvements achieved when both 
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codes operate together.  
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