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Abstract — Currently, verification and validation (V&V) for fusion neutronics are largely performed manually: 
analysts convert benchmark models between code input formats and reformat the results for comparison, making 
the process time consuming, error prone, and hard to reproduce. Existing benchmark suites also rely almost 
exclusively on constructive solid geometry, thereby excluding from validation much of the practical neutronics 
workflow, including computer-aided design–based geometries, meshing, and transport on unstructured meshes.

We propose a new approach to address these gaps, implemented in the open-source OpenMC-Fusion- 
Benchmarks (OFB) repository. The OFB provides a code-agnostic, standardized, and human-readable bench
mark specification, with geometries supplied as Standard for the Exchange of Product (STEP) model data files 
and an automated meshing pipeline. The framework is designed to enable the near-fully automated V&V of 
neutronics codes and methods, from benchmark definition to simulation execution and results comparison. We 
illustrate the workflow on a representative benchmark and outline the remaining challenges and the future 
developments aimed at further automating and strengthening the validation of fusion neutronics tools.

Keywords — Fusion neutronics, verification and validation (V&V), benchmark, uncertainty quantification, 
OpenMC.

I. INTRODUCTION

As private fusion energy companies move closer to 
licensing applications for their machines, the demand for 
precise and robust neutronics analyses has become 
increasingly critical. Designers and analysts must assess 
key reactor parameters, such as the tritium breeding ratio 
(TBR), radiation damage, shielding performance, opera
tional dose, component activation, and shutdown dose 
rates (SDDRs) with high confidence. In this context, 
a best-estimate plus uncertainty (BEPU) [1] approach is 

likely to be well received, provided that the methods offer 
sufficient accuracy and transparent uncertainty quantifi
cation (UQ). The validation pipeline of all the methods 
and models, hence, becomes key.

At present, fusion analysts often validate their com
putational tools by manually reproducing selected inte
gral benchmarks from legacy benchmark collections like 
SINBAD and CONDERC [2,3], building internal trust 
case by case. However, this process is hindered by sev
eral limitations:

1. Existing benchmarks are limited in number and 
often incomplete.

2. Benchmark information is dispersed across mul
tiple input files, formats, and publications.

3. Data structures and conventions are frequently 
inconsistent.
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4. Manual remodeling of benchmarks introduces 
ambiguity and potential errors.

5. These issues hinder reproducibility and valida
tion efforts.

In addition, current workflows are time intensive and 
poorly integrated with modern automated tool chains, 
especially those relying on computer-aided design 
(CAD)–based modeling and UQ.

As nuclear analysis increasingly becomes a bottleneck 
in iterative reactor design processes, there is a growing 
need for CAD-native, reproducible, and extensible 
benchmark workflows. In this work, we introduce the 
OpenMC-Fusion-Benchmarks (OFB) platform, which 
addresses many of these challenges through a centralized 
and automated pipeline. It supports benchmark definition, 
CAD-based geometry specification, and embedded 
uncertainty analysis. This streamlines validation, enhances 
trust in simulations, and enables tighter integration of 
neutronics in the fusion design cycle.

The OFB supports a modular and extensible 
architecture that facilitates the inclusion of new 
benchmarks and interoperability with state-of-the-art 
simulation tools. By standardizing data formats and 
workflows, the platform reduces the manual effort 
required for model preparation and minimizes sources 
of user-dependent error, promoting reproducibility and 
transparency in neutronics validation activities.

We introduce the first CAD-based, open-source 
repository for fusion neutronics verification and validation 
(V&V), providing a unified platform for code and methods 
testing. In doing so, we promote a new paradigm for V&V 
centered on standardization, methodological rigor, and 
workflow automation.

II. STRUCTURE AND FEATURES

II.A. Specifications and Schema

The OFB is a V&V repository of new generation, 
designed to support and automate the rigorous and repro
ducible validation of fusion neutronics codes. It features 
a collection of integral benchmarks and a database of 
experimental and code results. The OFB provides a code- 
agnostic, sufficient, and consistent way to define the data 
necessary to model a benchmark. Specifically, each bench
mark is described by a single human-readable file, spe
cifications.yaml, that contains the minimum amount 
of technical data required to unambiguously define the 
problem and obtain consistent results.

Each benchmark is defined through a structured 
specifications file, which consists of multiple 
modular sections. Among these, the sections metadata, 
materials, geometry, sources, settings, and tal
lies are mandatory and provide the fundamental infor
mation needed for model definition and simulation.

Additional sections, such as uncertainty_quan
tification and irradiation_schedule, are optional 
and used only when relevant to the specific benchmark. 
For example, the irradiation_schedule section is 
only required for SDDR benchmarks.

The modular structure allows for the seamless addi
tion of new sections in the future to accommodate evol
ving validation needs. This standardization not only 
applies to the benchmark inputs, but also to the expected 
outputs. In particular, the tallies section includes 
a structured definition of the expected results, including 
shape and dimensionality, which supports automated 
post-processing and validation workflows.

For scalability and readability, tallies and results are 
indeed processed as Xarray DataArrays and stored in 
netCDF files [4,5]. All specifications.yaml files share 
a common structure and syntax, enforced by a centralized 
schema file, benchmark_schema.yaml, which unambigu
ously defines the allowed fields, types, and organization of 
the benchmark data. Each benchmark specifications is auto
matically validated against the schema during instantiation.

This structure enables the development of application 
programming interfaces (APIs) capable of reading the 
specifications, building the model, running the simula
tion, and postprocessing the results for a given code. 
While the framework is general and code independent, 
the OFB currently includes a fully operational Python 
API supporting OpenMC-based workflows [6,7].

With a few lines of code and no additional input files 
required, the OFB API allows for

1. Retrieving the benchmark specifications and 
validating them against the schema.

2. Fetching and meshing the CAD geometry.

3. Building the model and running the simulation.

4. Postprocessing the results.

The workflow and example usage are shown in Fig. 1.
The rigorous and unified benchmark definition 

directly addresses typical issues found in legacy collec
tions, such as inconsistent data, scattered documenta
tion, and code-specific formats. Moreover, automating 
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the modeling-postprocessing workflow removes the 
manual interpretation and modeling steps, reducing sub
jectivity and human error while increasing reproducibil
ity and efficiency. Fig. 2 displays the mentioned 
improvements to the benchmark testing and neutronics 
V&V workflow.

II.B. CAD Geometry

As fusion machine designers and analysts increas
ingly adopt CAD-based workflows for neutronics model
ing and simulation, the OFB accommodates this shift by 
providing benchmark geometries in CAD format, speci
fically using the widely supported STEP file standard. 

For legacy benchmarks derived from the literature, such 
as those from the CONDERC suite [3], the geometry 
definitions were originally constructed using constructive 
solid geometry (CSG). These CSG models have been 
automatically converted to a CAD format using the 
GEOUNED tool [8], and have undergone careful inspec
tion and verification to ensure fidelity.

Each benchmark’s specifications.yaml file refer
ences the corresponding CAD file and includes suggested 
parameters for meshing, such as the maximum mesh element 
size for each component, enabling reproducible meshing 
across tools.

To support automated workflows, the OFB is 
designed to interface with a variety of meshing tools 

Fig. 1. Standard workflow for benchmark instantiation and simulation, indicating which steps are performed by the user and 
which are handled automatically by the program in the background. 

Fig. 2. Overview of simplified neutronics code testing and V&V workflows. The figure contrasts traditional validation using 
legacy benchmark collections with the automated, standardized, and integrated approach enabled by the OFB framework. 
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via pluggable APIs. Well-established packages 
like gmsh, and its Python-based wrappers (including 
cad-to-dagmc, stellarmesh, and others) [9,10], as 
well as proprietary tools, such as Coreform Cubit

[11], provide scripting interfaces that can be integrated 
into the benchmark pipeline. The OFB currently 
includes an API for automatic meshing using the cad-
to-dagmc package [9], which facilitates generation of 
mesh-compatible DAGMC geometries directly from 
the CAD input.

Furthermore, the availability of benchmark geome
tries in CAD format enables the systematic testing and 
validation of CAD-to-CSG conversion workflows, such 
as those implemented by GEOUNED [8]. This bidirec
tional capability enhances the utility of the OFB for 
validating neutronics workflows that rely on either 
CSG or CAD models, contributing to broader intero
perability and reproducibility within the fusion neutro
nics community.

II.C. Uncertainty Quantification

The implementation of a Total Monte Carlo (TMC) 
engine within the OFB framework serves several critical 
objectives. First and foremost, it enhances the overall 
credibility of the neutronics simulation and validation 
process by providing a robust methodology for UQ, 
thereby increasing confidence in both the benchmark 
models and the neutronics codes and methods used.

Through the repeated sampling and propagation of 
uncertainties, the TMC approach enables the systematic 
identification of the dominant sources of uncertainty in key 
figures of merit, such as TBR. This capability aligns well 
with the objectives of the BEPU methodology, representing 
a meaningful step toward its integration into fusion device 
design and analysis workflows.

At present, the engine supports the automated perturba
tion of nuclear data. Work is underway to generalize the 
workflow so that perturbations can be applied to all other 

input parameters as well. The nuclear data perturbation pro
cedure utilizes the NJOY and SANDY codes [12,13] to 
process covariance data and generate randomized nuclear 
data libraries.

NJOY is employed to access and convert evaluated 
nuclear data files into a usable format, while SANDY 
enables the sampling of cross-section covariances to pro
duce perturbed nuclear data consistent with the under
lying uncertainty structure.

Architecturally, the TMC engine is implemented as 
a for-loop that embeds a perturbed neutronics model at 
every iteration. In order to run a benchmark simulation 
in UQ mode it is just necessary to set the argument 
uq = True in the run() method (Listing 1).

The output from the TMC simulations is fully 
compatible with standalone OFB benchmark runs, 
maintaining the same tally structure. However, in 
TMC mode, one or more additional dimensions are 
appended to the resulting xarray.DataArray, corre
sponding to the perturbed realizations of the model 
(see Fig. 3).

These new dimensions are clearly labeled and indexed 
to facilitate statistical analysis and visualization of the pro
pagated uncertainties. To support this, the OFB API includes 
built-in tools for distribution analysis, convergence check
ing, and basic statistical diagnostics, which help to ensure 
that the uncertainty estimates are meaningful and robust.

Importantly, the TMC engine is not limited to pre
defined OFB benchmarks; it can be applied to any user- 
defined OpenMC model that conforms to the OFB’s 
simulation interface. This generality makes it a powerful 
and reusable tool for UQ and validation across a wide 
range of fusion neutronics applications.

II.D. Database of the Results

The OFB repository includes an integrated database of 
the simulation and experimental results to support model 
validation, code-to-code comparison, and method-to- 

Listing 1: Benchmark Instantiation and Simulation.                                                  
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method comparison. Legacy benchmark results, both from 
experiments and from historical neutronics code calcula
tions, have been systematically restructured and refor
matted to match the standardized xarray.DataArray
structure adopted by the OFB. This ensures consistent 
syntax and data access across all models and workflows.

The database is continuously expanded to include 
new simulation results, categorized by key parameters 
such as the simulation code, code version, nuclear data 
library, meshing tool, and CAD preprocessing pipeline. 
This rich metadata tagging supports the transparent trace
ability and reproducibility of results.

A dedicated Python API is provided to interact with 
the database, enabling users to retrieve, inspect, visualize, 
and compare results in a programmatic and reproducible 
way. This functionality not only facilitates side-by-side 
validation against experimental data or alternate codes, 
but also supports automated regression testing and statis
tical post processing across large result sets.

II.E. Documentation

The OFB repository is fully documented to facilitate 
ease of use, reproducibility, and community adoption. 
Comprehensive documentation is hosted online via 
ReadTheDocs [14], providing detailed information on 
the repository structure, available benchmarks, imple
mented methods, API usage, data inspection routines, 
and automated reporting tools.

To guide users through common workflows and facil
itate onboarding, a suite of Jupyter tutorial notebooks is 
also provided. These notebooks demonstrate typical 

usage scenarios, including model setup, results analysis, 
uncertainty propagation, and benchmarking comparisons, 
making the repository accessible to both new and experi
enced users.

III. IMPLEMENTED EXAMPLE

Currently, the OFB repository, which is in 
a proof-of-concept phase, provides the complete 
workflow for the Oktavian aluminum benchmark. In 
the following, we present the main results obtained 
for this benchmark.

Fig. 4 shows the CAD-based geometry of the bench
mark, as available as step file in the OFB, visualized via 
SolidWorks and the relative unstructured mesh generated 
automatically during the benchmark instantiation with 
gmsh engine deployment [15,16]. 

Figs. 5 and 6 display, for the two main results of the 
Oktavian aluminum benchmark (i.e., neutron and photon 
leakage spectra), a comparison between the experimental 
results, the OpenMC-CSG results, and the MCNP-CSG 
results. The experimental and MCNP-CSG are legacy 
results available in the OFB results database.

Considering the results available in the literature [2], 
a slight deviation in the computed data from the experimental 
(C/E) results was to be expected. The deviation in the 
OpenMC CAD results is of similar magnitude of the CSG 
results included here. The slight discrepancy between the 
OpenMC CAD and CSG is associated with the geometry 
approximation caused by the meshing process. Future works 
will focus on a sensitivity analysis on the mesh element size 
and quality.

Figs. 7 and 8 display, for the Oktavian aluminum 
neutron and photon leakage spectra, a comparison of 
different nuclear data libraries results obtained by running 
the OpenMC CAD model available in the OFB. The 

Fig. 4. Sectioned geometry of the Oktavian aluminum 
and relative mesh used for unstructured mesh transport. 

Fig. 3. Array shape schematic of a TMC run result. The 
same tally is repeated on the third dimension as many 
times as the number of perturbations/realizations speci
fied in the TMC engine. 
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nuclear data libraries selected were ENDF/B-8.0, ENDF/ 
B-8.1, FENDL-3.2c, and JEFF-3.3 [17–20]. 

Figs. 9 and 10 depict the the Oktavian aluminum 
results for the UQ run performed by perturbing Al27 
nuclear data in 500 realizations. Only the neutron cross 
sections were perturbed. The perturbations were per
formed on the ENDF/B-8.0 nuclear data library [17]. 
The figures include a statistical study of convergence 
through the evolution of the means, relative standard 
deviation, and relative standard deviation of the standard 
deviations with the TMC realizations, and the distribution 
of the means.

IV. DISCUSSION

In the course of our work on OpenMC validation and 
the testing of advanced fusion neutronics methods, we 
observed that existing benchmark collections are often 
not openly accessible and lack standardized benchmark 
definitions. More critically, to date there exists no bench
mark collection that enables CAD-based neutronics 
workflows by providing model geometry definitions 
directly in CAD format.

These limitations have forced V&V and methods 
testing workflows, ours included, to rely on manual geo
metry conversion and data manipulation, both for newly 
generated results and for incorporating legacy results into 

the comparisons. Such processes are inherently error 
prone and can compromise reproducibility.

We addressed this issue through the introduction of 
benchmark specifications, which, when combined with 
CAD-based geometries, provide a human-readable, trans
port code–agnostic, and unambiguous definition of a fusion 

Fig. 5. Neutron leakage results for the (top) energy spec
trum and (bottom) C/E values of the spectrum: compar
ison of the OpenMC CAD, OpenMC-CSG, and MCNP- 
CSG results. The MCNP results were retrieved from 
SINBAD [2]. All the computational simulations were 
run with the ENDF/B-8.0 library. The shaded regions 
account for three standard deviations. 

Fig. 6. Photon leakage results for the (top) energy spec
trum and (bottom) C/E values of the spectrum: compar
ison of the OpenMC CAD, OpenMC-CSG, and MCNP- 
CSG results. The MCNP results were retrieved from 
SINBAD [2]. All the computational simulations were 
run with the ENDF/B-8.0 library. The shaded regions 
account for three standard deviations. 

Fig. 7. Neutron leakage results for the (top) energy spec
trum and (bottom) C/E values of the spectrum: compar
ison of ENDF/B-8.0, ENDF/B-8.1, FENDL-3.2c, and 
JEFF-3.3 nuclear data libraries with the OpenMC CAD 
model available in the OFB. The shaded regions account 
for three standard deviations. 
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neutronics benchmark. This approach enables rigorous mod
eling practices and opens the door to workflow automation. 
In addition to promoting standardization, it reduces the 

human error associated with manual conversion, remodel
ing, and data reshaping.

We recognize, however, that while this methodology 
reduces sporadic and varied user-side errors, it also intro
duces the potential for systematic errors originating from 
the developer or contributor side, particularly in the draft
ing of the specifications file, the design of the CAD 
geometries, or the development and maintenance of the 
API. Many of these risks can be mitigated through robust 
code testing, continuous integration (CI), and the adop
tion of a benchmark schema. Overall, we expect the 
benefits of this approach, including standardization, auto
mation, and the reduction in user error, to outweigh the 
risks. Systematic errors, once identified, are typically 
straightforward to correct and do not reoccur once 
resolved.

A particularly important novelty of this work is the 
provision of benchmark geometry definitions directly via 
CAD files. To our knowledge, this is the first benchmark 
collection to offer this feature, which we regard as 
a critical requirement for the fusion energy sector. 
Fusion device concepts vary significantly, and their geo
metries are often highly complex (e.g., tokamaks and 
stellarators). While CSG definitions may be suitable dur
ing early, preconceptual design phases, they are 

Fig. 8. Photon leakage results for the (top) energy spec
trum and (bottom) C/E values of the spectrum: compar
ison of the ENDF/B-8.0, ENDF/B-8.1, FENDL-3.2c, and 
JEFF-3.3 nuclear data libraries with the OpenMC CAD 
model available in the OFB. The shaded regions account 
for three standard deviations. 

Fig. 10. Results for the TMC-UQ run perturbing the Al27 neutron cross sections: photon leakage energy spectrum results. The 
center panels and right panel give an insight into the statistics for the 7.5-MeV energy group. 

Fig. 9. Results for the TMC-UQ run perturbing the Al27 neutron cross sections: neutron leakage energy spectrum results. The 
center panels and right panel give an insight into the statistics for the 14-MeV energy group. 

FUSION SCIENCE AND TECHNOLOGY 7



inadequate for advanced stages of development where 
ultra-high precision in quantities such as the TBR, mag
net heating, material damage, and SDDR is essential for 
design approval, licensing, and eventual operation.

In practical terms, nuclear analysts in fusion energy 
projects typically receive CAD files directly from the 
machine designers. Thus, it is natural to provide 
a validation framework that operates from CAD-based 
geometries as a starting point. Manual conversion from 
CAD to CSG is both time consuming and error prone, 
and even when performed without mistakes, introduces 
unavoidable geometric approximations. The uncertainty 
in the neutronics results arising from such geometric 
approximations is widely recognized within the commu
nity as being among the largest contributors to overall 
simulation uncertainty.

The most reliable current workflows either transport 
particles in unstructured mesh geometries or employ auto
matic CAD-to-CSG conversion (e.g., the GEOUNED tool 
[8]). In our experience, automatic CAD-to-CSG 
conversion can significantly speed up particle transport, 
but is limited to relatively simple geometries. 
Unstructured mesh transport, while potentially slower in 
terms of the transport phase, offers higher geometric 
fidelity and can simplify certain workflows, such as the 
rigorous two-step SDDR method [21].

Moreover, for very large and complex models, such as 
full-facility simulations, where computationally intensive 
tallies (e.g., mesh based) dominate, the fraction of the total 
run time spent on transport decreases. This reduces the 
performance gap between CSG and unstructured mesh 
simulations when using identical geometries [22].

Such workflows require rigorous testing and valida
tion, which is why we designed the OFB to support both 
approaches starting from the same CAD geometry and 
associated specifications file. Nonetheless, in 
implementing CAD-based workflows, especially in an 
automated and open-source context, we have encountered 
several technical challenges. Even standardized CAD 
formats (e.g., STEP) are not fully unambiguous in syntax, 
meaning that the same geometry processed in different 
CAD tools (e.g., SolidWorks, FreeCAD, SpaceClaim) 
can lead to variations in the final CAD model, and more 
critically, in its meshing.

Volume identification is generally straightforward, 
but surface identification can be more challenging, parti
cularly when assigning materials or defining tallies. 
Surface identifiers may vary depending on the CAD 
engine and meshing tool used, which can complicate 
reproducibility. The OFB currently relies on surface iden
tifiers for tally definition, but we are developing a more 

generic approach based on identifying surfaces via spe
cified Cartesian coordinates.

Regarding meshing, the OFB currently uses the 
cad_to_dagmc package, which wraps the open-source 
gmsh meshing engine, a tool already widely adopted in 
fusion neutronics analysis [9,16]. While this ensures 
a fully open-source default workflow, the meshing step 
is highly sensitive to geometry complexity, CAD model 
quality, and the CAD engine used.

In particular, cad_to_dagmc performs well with 
OpenCascade-based CAD kernels [23]. However, there 
remains a lack of highly resilient and efficient open- 
source meshing tools capable of handling the full range 
of fusion geometries. To address this, we are working to 
incorporate alternative meshing backends, such as 
Coreform’s Cubit Python API [11], into the OFB.

As the repository matures and user experience grows, 
future development priorities will be guided by community 
needs. This may involve balancing versatility and model 
personalization that are critical for testing new methods and 
analyzing their outcomes against the demands of rigorous, 
automated validation, which would require expanded CI 
integration, workflow automation, and advanced quality 
evaluation techniques for the results.

V. CONCLUSIONS AND FUTURE WORKS

This work introduced the OFB repository, a new- 
generation V&V platform designed to support and automate 
the rigorous, reproducible validation of fusion neutronics 
codes. The OFB, which provides a curated collection of 
integral benchmarks together with a repository of comparable 
results, explicitly targets three major shortcomings of legacy 
benchmark collections and current fusion neutronics V&V 
workflows: (1) limited rigor and standardization in the bench
mark definitions, (2) the absence of CAD-based workflows, 
and (3) the lack of automated testing and validation pipelines.

The OFB reduces human error and improves the 
reproducibility and comparability of results through 
a unified specifications file that standardizes the 
benchmark definitions. For the first time in this context, 
geometries are distributed as CAD models, reflecting the 
workflows and geometry representations typically used 
by fusion designers and neutronics analysts.

A Python API automates the testing and validation 
workflows. A further key novelty is the implementation 
and automation of a UQ pipeline based on a TMC 
engine, enabling more comprehensive testing of codes 
and methods and moving toward a BEPU design 
approach.

8 S. SEGANTIN ET AL.



The framework is modular. Alongside a default open- 
source CAD-to-mesh workflow, it allows for alternative 
meshing engines and CAD-to-CSG conversion tools to be 
plugged in for comparison. The benchmark models are 
easily customizable, facilitating the development and test
ing of new neutronics methods. New benchmarks can be 
added, and a database of the results can be populated for 
broad, systematic comparison. The OFB has already been 
used internally for testing newly developed neutronics 
methods, which has helped to refine its usability.

We recognize that further steps are needed to minimize 
errors in the V&V workflow. While the OFB substantially 
reduces analyst/user error, it is not yet immune to systematic 
errors that may arise in drafting the specifications or in 
the API implementation. We expect such issues to be 
detectable and correctable, and are introducing mitigation 
measures (e.g., schema-based validation, CI checks).

Future work will focus on extending the benchmark 
suite, with particular emphasis on fusion-relevant quantities 
that are often underrepresented in existing collections, such 
as the TBR, shielding responses, and the SDDR. Additional 
meshing pipelines (e.g., for Cubit) are a priority, as is the 
implementation of more advanced statistical diagnostics 
within the UQ pipeline. In this regard, we are currently 
generalizing the TMC engine to support the automatic 
perturbation of input parameters beyond nuclear data.

The OFB is intended as a community resource. We 
explicitly invite contributions that (1) add new code pipe
lines (for different transport codes and workflows), (2) 
introduce additional benchmarks, (3) integrate new UQ 
and sensitivity analysis methods, (4) extend the set of 
meshing and CAD-to-geometry workflows, and (5) gen
erally improve and harden the V&V pipelines.

In the longer term, we aim to integrate the OFB into 
workflows analogous to CI for simulation codes, where 
events such as new code releases or the introduction of 
new methods automatically trigger the execution of the full 
benchmark suite, the application of a grading system, and 
automatic report generation for code quality assurance.
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