Approved for public release. Distribution is
unlimited ORNL/TM-2022/2471

Nuclear Data for High Energy lon

Interactions and Secondary Particle
Production

Michael S. Smith (ORNL)
Ramona Vogt (LLNL / UC Davis)
Ken LaBel (SSAI (NASA) and
KBR Wyle (JHU/APL))

5/23/2022

OAK RIDGE NATIONAL LABORATORY

MANAGED BY UT-BATTELLE FOR THE US DEPARTMENT OF ENERGY



DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via US Department of Energy
(DOE) SciTech Connect.

Website www.osti.gov

Reports produced before January 1, 1996, may be purchased by members of the public from the
following source:

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161

Telephone 703-605-6000 (1-800-553-6847)
TDD 703-487-4639

Fax 703-605-6900

E-mail info@ntis.gov

Website http://classic.ntis.gov/

Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange
representatives, and International Nuclear Information System representatives from the following
source:

Office of Scientific and Technical Information
PO Box 62

Oak Ridge, TN 37831

Telephone 865-576-8401

Fax 865-576-5728

E-mail reports@osti.gov

Website http://www.osti.gov/contact.html

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.




ORNL/TM-2022/2471

ORNL Physics Division

Nuclear Data for High Energy Ion Interactions and Secondary Particle Production

Michael S. Smith
Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6354, USA

Ramona Vogt
Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA
94551, USA
and Department of Physics and Astronomy, University of California, Davis, CA 95616, USA

Kenneth LaBel
SSAI (NASA) and KBR Wyle (JHU/APL)
Flat Rock, NC 28731, USA

Date Published:
5/23/2022

Prepared by
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, TN 37831-6283
managed by
UT-BATTELLE, LLC
for the
US DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725



Table of Contents

ABSTRACT ..ttt ettt b ettt et s et b e b et n e eae et et e teneens 5
L INTRODUCTION ..ottt sttt ettt st sb e st eneenesbensenneneas 6
I1. BACKGROUND ..ottt ettt sttt ne st nenaeneas 6
II. CURRENT STATUS AND NUCLEAR DATA GAPS ..ottt 8
A. EXperimental FACIIITIES ...........cvccoveeeeeiesiiesieesiiesiiesieesieesieeseesieessaessaesssessessssesseessessssesseens 8

B. Databases, Dissemination, COMPIlation .............cceccveeeeecreeereeieeireniresieesisessessessesnens 10

C. ReACHON MOAELS ..ottt 11

D. End-USer APPIICALIONS .......occuveeeieiieiieieecieeciestesieseeseestesesesssesssesssessnesssesssesssesssensaens 12

1. RAAIQIION TPANSPOTL ..ooeeeeveeeeeieeieeie et et eteete ettt sve s e s stesnsesnsesnsesnsesnnas 13

2. Electronics and HUMAN EffECts ...........ccoooevveniiiiiiieeiiieeiesiesee e see e snesnesene e 14

3. SPACECTASE DESIGN ..ottt ste ettt et ta e se e aeeseeseensaenseenseenns 15

E. Sensitivity Studies and Uncertainty QUantIfiCation ..............ccuecveeeeeeeeceeecrenienrennennens 16
IV, DISCUSSION ....uiiiitiitestete ettt sttt sttt ettt ettt s e ste s e e e eseebenaenseneene 17
V. SUMMARY ottt ettt ettt bt b et e 19
VI. ACKNOWLEDGEMENTS ..ottt 19
REFERENCES ...ttt sttt b et 20



Abstract

Understanding the harmful effects of galactic cosmic rays (GCRs) on space exploration requires a
substantial amount of nuclear data. Specifically, the interaction of energetic GCR charged particles
with spacecraft materials generates secondary radiations that, through energy deposition, can harm
astronauts and electronic systems. By identifying the gaps in our knowledge of the relevant nuclear
data — such as interaction cross sections — and identifying ways to fill those gaps — with
measurements, compilations, evaluations, dissemination, reaction modeling, sensitivity studies,
and uncertainty quantification — the safety and viability of space exploration can be improved. This
work surveys the state of the art in this interdisciplinary field and identifies promising collaborative
research topics that have significant potential to advance our understanding of the effects of the
space radiation environment on space exploration.



I. INTRODUCTION

Nuclear data has a wide range of utilizations, both in basic research and in applied fields. In re-
cent years, a series of meetings — the Workshop on Applied Nuclear Data Activities (WANDA) [1-
S]] — have brought together nuclear data producers, nuclear data users, basic and applied re-
searchers, facility representatives, program managers, and funding agency officials, with the goals
of identifying gaps in our nuclear data knowledge and setting prioritized goals to fill those gaps.

Space exploration is one of the applications where nuclear data plays a critical role — primarily
due to the harmful effects of the space radiation environment. While both the nuclear science and
space communities have identified many of the relevant nuclear physics issues to enable safe space
exploration, they have been working relatively independently to address them. At the WANDA
2022 meeting [6]], three sessions were held to enhance communication between these two commu-
nities, with the aim of identifying topics where collaborative efforts may be particularly impactful.
This report is focused on topics relevant for the interactions of galactic cosmic rays with space-
craft materials, and the subsequent harmful effects of the secondary radiations generated by those
interactions.

After giving some background in Section [lI| of this report, we will detail the current status
and nuclear data gaps in experiments, databases, dissemination, compilation, reaction models,
radiation transport, electronics effects, human effects, spacecraft design, sensitivity studies, and
uncertainty quantification in Section In Section we describe a number of interdisciplinary
research efforts that have the potential to significantly advance the state-of-the-art in space re-
search, and thereby increase the safety and viability of the exploration of outer space. This is

followed by a brief summary in Section

II. BACKGROUND

The wide range of energies (up to ~TeV) and species (Z~1 — 28) of GCRs [7] make it very
challenging to determine all of their potential effects on spacecraft and astronauts. However,
this wide variety of particle characteristics produces overlaps of space research with many areas
of nuclear science, including spallation sources, isotope production, ion beam analysis, fusion
reactions, nucleosynthesis, fission reactors, and more. These overlaps can be exploited to better

understand how to shield space missions most effectively from the effects of GCRs.



The flux and elemental composition of GCR “primaries”, which are well characterized as func-
tions of energy [8]], serve as the foundation for studies of their interaction with matter. Our at-
mosphere provides a protective barrier against direct effects of GCR primaries on Earth-based
systems (and humans). The showers of particles (e.g., pions, muons, neutrinos, electrons, gamma
rays) generated via collisions of GCRs with nuclei (e.g., '#N) in the atmosphere are overwhelm-
ingly harmless, with only a small fraction reaching the Earth’s surface [9].

Above the atmosphere, however, the GCRs provide a serious impediment to the safety and via-
bility of space exploration. Damage from GCR primaries can be serious, especially the 1% of pri-
maries heavier than He, because the damage they inflict scales as Z?. Additionally, GCR primaries
interact with spacecraft materials [[10] (for example, aluminum, polyethylene, and composites) to
generate a complex cascade of secondary radiation (light ions, neutrons, gamma rays) [11] which
can further harm astronauts and disrupt or disable electronic systems (Fig.[I). The shielding used
to reduce the GCR flux also serves as a target that can increase the secondary flux. Because of the
wide variety of possible shielding materials and thicknesses, modeling is essential to determine
the sensitivity of the secondaries (both flux and composition) to different shielding configurations,
as well as to determine the subsequent harmful impact of those secondaries on electronic systems

and humans.
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FIG. 1: Primary and secondary galactic cosmic rays (GCR).

The relevant modeling efforts for space exploration include simulations of the transport of pri-
maries through materials to determine the flux and composition of secondaries, the stopping of
secondaries in electronic systems and tissue and the resulting damage from the deposited energy,
and the overall design of spacecraft to optimize shielding configurations given all relevant con-

straints (e.g., weight, volume, dose limits).



These simulations require, as input, nuclear data such as nuclear reaction cross sections. This
is an area of specialization of the nuclear data community, and requires a number of activities —
in experimental measurements, compilation, evaluation, databases, dissemination, reaction mod-
eling, and uncertainty quantification. These activities are generally described as the “nuclear data
pipeline” [12] (Fig.[2)), the sequential steps needed to determine and distribute recommended val-
ues of cross sections in formats needed for end-user applications, such as the space simulations
mentioned above. In the next section, we provide the current status and identify the nuclear data

gaps in portions of the nuclear data pipeline that are relevant for space exploration.

Measurement

FIG. 2: The nuclear data pipeline.

III. CURRENT STATUS AND NUCLEAR DATA GAPS

We detail the current the state-of-the-art and the relevant nuclear data gaps for experimental
measurements, compilation, databases, dissemination, reaction models, sensitivity studies, and
uncertainty quantification relevant for space science. We also detail a number of critical end-
user applications including transport simulations, studies of effects on electronics, humans, and
spacecraft design. We place an emphasis on areas of space research that can most benefit from

cross-disciplinary collaborative research efforts.

A. Experimental Facilities

In the US, there are five facilities that carry out nuclear experiments for space research: the
Radiation Effects Facility at Texas A&M University (TAMU) [[13]]; the Berkeley Accelerator Space
Effects (BASE) facility at Lawrence Berkeley National Laboratory (LBNL) [14]; the NASA Space
Radiation Laboratory (NSRL) at Brookhaven National Laboratory (BNL) [[13]; the Single Event
Upset Test Facility (SEUTF) at BNL [16]); and FSEE, the new Single Event Effects test facility at
the Facility for Rare Isotope Beams (FRIB) at Michigan State University (MSU).



The TAMU facility is a part of the Association for Research of University Nuclear Accelera-
tors (ARUNA) [18], which also includes the Fox Accelerator Laboratory at Florida State Univer-
sity [[19], the Ion Beam Analysis Laboratory at Hope College [20], the Edwards Accelerator Labo-
ratory at Ohio University [21], the Triangle Universities Nuclear Laboratory (TUNL) at Duke Uni-
versity [22], the lon Beam Analysis Laboratory at Union College [23], the Radiation Laboratory
at the University of Massachusetts-Lowell [24]], the Accelerator Laboratory at the University of
Kentucky [25], the Institute for Structure and Nuclear Astrophysics (ISNAP) [26] at the University
of Notre Dame, and the Center for Experimental Nuclear Physics and Astrophysics (CENPA) [27]
at the University of Washington. Since the other ARUNA facilities produce beams with maximum
energies significantly lower than those at TAMU, they have not been used for space research to
date.

There are other accelerators in the US that also have not been utilized for space research, includ-
ing: the ATLAS facility [28] at Argonne National Laboratory (ANL); the Relativistic Heavy Ion
Collider (RHIC) [29] at BNL; the Continuous Electron Beam Accelerator Facility (CEBAF) [30]
at the Thomas Jefferson National Laboratory (JLab); the Spallation Neutron Source (SNS) [31] at
Oak Ridge National Laboratory (ORNL); the Los Alamos Neutron Science Center (LANSCE) [32]
and Weapons Neutron Research (WNR) facility [33]] at Los Alamos National Laboratory (LANL);
and the Tevatron [34] at Fermilab National Accelerator Laboratory (FNAL). Finally, there are
some accelerators that have been decommissioned, including the K500 and K1200 cyclotrons at
the National Superconducting Cyclotron Center [35] at MSU.

In Europe, nine accelerators in seven countries have been used for space research. These in-
clude: the Heavy Ion Facility (HIF) and Light Ion Facility (LIF) at the Universite Catholique de
Louvain (UCL) [36] in Louvain-la-Neuve, Belgium; the RADiation Effects Facility (RADEF) [37]
at the Accelerator Laboratory at the University of Jyvaskyld, Finland; the G4 facility at the Grand
Accelerateur National d’lons Lourds (GANIL) [38] in Caen, France; the Heavy Ion Synchrotron
SIS18 at the Gesellschaft fur Scherwlonenforschung (GSI) Helmholtz Centre for Heavy Ion Re-
search [39] in Darmstadt, Germany; the INFN Southern National Laboratory (LNS) [40] in Cata-
nia, Italy; the Holland Proton Therapy Center [41] in Delft, the Netherlands; the Keuring voor
Ingebruikname (KVI) Center for Advanced Radiation Technology (KVI-CART) facility [42] at
the University of Groningen in the Netherlands; the CERN High energy AcceleRator Mixed field
facility (CERN CHARM) [43] at CERN in Geneva, Switzerland; and the Proton Irradiation Facil-
ity (PIF) [44]] at the Paul Scherrer Institute (PSI) in Switzerland.



Each of the facilities listed above have different maximum beam energies and intensities, detec-
tor stations, number of hours available for users, and specializations. What they have in common,
however, is that the requests for beam time from users for space research significantly outstrips
the availability. The space electronics effects community, for example, has requested twice the
available beam across the relevant US facilities in 2022; that factor is expected to grow even larger
in the coming decade. A portion of this demand could be met by repurposing existing accelerators
that have become dormant, such as the aforementioned K500 and K1200 cyclotrons at MSU.

Understanding the effects of GCRs with the highest (well over GeV) energies is important to
the space radiation protection community. However, with no measurements at projectile energies
over 3 GeV/u, simulations of these effects lack an empirical foundation. Higher-energy measure-
ments are also required to understand electronic effects in the latest circuits whose size is greater
than the range of ions available at nearly all accelerators used in these studies so far. There is,
however, a possibility to fill some of these critical nuclear data gaps by using the RHIC beams at
BNL. A beam time proposal [45] was recently made to bombard C, Al, and Fe targets with He,
C, Si, and Fe ions at energies from 3 — 50 GeV, and to detect the light particle production (the
“secondaries”) with the STAR detector. This measurement, however, would have to be completed
before the conversion of RHIC to the Electron-Ion Collider (EIC) [46] project begins in ~2025.

An additional capability needed for space research accelerator measurements is a larger beam
diameter. Traditional accelerators have beam spot diameters that are capable of irradiating one
chip at a time. Rastering and defocusing techniques now enable some of the facilities mentioned
above to irradiate batches of chips. However, laboratory measurements can more realistically
reproduce the GCR damage inflicted in space by irradiating large, complex subsystems all at once.
The special approaches needed to obtain such wide beam diameters while keeping uniform beam

densities should be implemented at accelerators carrying out space-based research.

B. Databases, Dissemination, Compilation

At present, the primary means of disseminating nuclear reaction cross sections measurements
relevant for space research is via journal publications. There are, however, two compilations of this
data. The first is an online GSI - ESA - NASA database [47]] that contains 1786 data points from
110 peer-reviewed publications. The second is NUCDAT [48, 49], a data collection that contains

50,000 entries. The coverage of relevant ions, bombarding energies, and targets in these databases
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is, however, a small fraction of the data needed for effective modeling of nuclear reactions for
space effects.

It should be noted that both of these collections were not compiled in connection with the major
nuclear data organizations, the IAEA Nuclear Data Service [50,51] and the US National Nuclear
Data Center [52]. The international standard reaction databases for nuclear reaction data, EX-
FOR [53] (for compilations) and ENDF [54] (for evaluations), have limited applicability for space
research as they are focused on neutron-induced reactions at energies less than 14 MeV. They do,
however, contain some cross sections up to 200 MeV and a few charged-particle induced reactions.
Finally, the OECD NEA Shielding Integral Benchmark Archive and Database (SINBAD) [S5] has
some integral cross section information that is useful, such as a set containing measurements of
100-800 MeV/u He, C, Ne, Ar, Fe, Xe, and Si ions bombarding C, Al, Cu, and Pb targets.

There are also a number of specialized databases within the space electronics effects commu-
nity, including (in the US) collections at NASA Goddard Space Flight Center (GSFC) [56] and
NASA Jet Propulsion Laboratory (JPL) [S7]. A number of factors have, unfortunately, impeded
the coordination between these different collections, including the different systems measured,
proprietary data, security, formats, and funding to initiate and (especially) maintain a more unified
data library.

The current disjoint collections of nuclear and electronic effects datasets for space research
could benefit tremendously from the decades of experience in the nuclear data community in
establishing, curating, combining, and disseminating datasets. By linking these datasets together
and creating new customized collections, the nuclear data community could greatly improve access
to the existing data that are so critical for simulations in space research studies. This effort would
also be invaluable for guiding future experimental work as gaps in the measurement data could be

more easily accessed.

C. Reaction Models

Because all the nuclear cross sections needed for space research will never be measured, nu-
clear reaction models are critical for simulations that transport GCR primaries through spacecraft
materials and predict the flux and composition of secondaries. Results of such transport simula-
tions are subsequently utilized in studies of electronic effects [58]], human effects [S9, 60], and

spacecraft design [61]. Nuclear reaction models are also essential to predict the yields, and there-
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fore determine the viability of, accelerator-based measurements of reactions important for space
research.

The space research community has had some successes with phenomenological nuclear reac-
tion models. One notable example is the Double Differential Fragmentation model (DDFRG) [62]
which has been fine-tuned to agree with measurements in the NUCDAT collection [48, 49]
mentioned above. Other models include NUClear FRaGmentation (NUCFRG) [63], which
uses an abrasion—ablation formalism [64]], and the self-consistent Relativistic Abrasion—Ablation
FRaGmentation (RAADFRG) code [65]. Semi-empirical parameterizations (e.g., Hybrid Kuro-
tama [66], Kox-Shen [67]) have also shown reasonable agreement with some datasets, and a num-
ber of such formulations have been collected and put online in the GSI-ESA-NASA database [47]]
mentioned above.

Even though at energies ranging from 0.1 — 1 GeV/u, most of the terms in reactions models
(including pre-equilibrium, de-excitation, evaporation, intra-nuclear cascade, fission, and more)
are reasonably well understood, more data are needed to fine tune these models. However, the
state-of-the-art models of the highest energy reactions in the space community lag recent work
being done in the RHIC community. While the former conceptualizes heavy ion reactions in
terms of abrasion, ablation, and coalescence, the latter embraces models in which hadronic reac-
tion products are constructed from quarks and gluons. A good example of such a RHIC-related
model is the Ultrarelativistic Quantum Molecular Dynamics (UrQMD) model [68]. This model
has demonstrated the capability to predict the yields of protons and deuterons measured at the
BNL Alternating Gradient Synchrotron (AGS) from the bombardment of Be and Au targets with
15 GeV protons [69]. The utilization of this, and other, RHIC codes for predicting the yield of
secondaries resulting from GCR transport through spacecraft materials would, when combined
with additional higher-energy data, significantly advance the simulations needed to make space

exploration safer.

D. End-User Applications

Some of the most critical end-user applications in space research include radiation transport
simulations, electronics and human effects studies, and spacecraft design. Below we detail the
current the state-of-the-art and relevant nuclear data gaps for each of these, with an emphasis on

cross-disciplinary collaborative research efforts that can have a strong impact on space exploration.
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1. Radiation Transport

Modeling the transport of GCRs through spacecraft materials is needed to characterize the flux
and composition of secondaries. The space science community has invested 30 years of devel-
opment in HZETRN (High charge (Z) and Energy TRaNsport) [[70]], a suite of deterministic (i.e.,
non-Monte Carlo) codes that numerically solve the Boltzmann transport equation in three dimen-
sions. With NUCFRG [63]] as its core nuclear reaction model, 3DHZETRN can calculate GCR-
induced radiation levels for a variety of simple shielding configurations. The latest 3D version
of this code, 3DHZETRN, is orders of magnitude faster than Monte Carlo (MC) transport codes
and has been extensively benchmarked in simple slab geometries. 3DHZETRN results compare
favorably with three-dimensional MC package calculations [[71]. It should be noted, however, that
MC codes can simulate the complex shielding geometries that more realistically represent those
used in spacecratft.

Other transport codes from the space community include HETC-HEDS [72], SHIELD [73]], and
COMIMART-MC [74]. Related code systems include OLTARIS (On-Line Tool for the Assess-
ment of Radiation In Space) [[75], a web tool using HZETRN and NUCFRG to study the effects
of space radiation on spacecraft, humans, and electronics, and PLANETOCOSMICS (ESA) [76]
that uses GEANT code (mentioned below) for transport.

Transport simulations are also used throughout nuclear and particle physics, for applications
ranging from accelerator shielding to thick-target isotope production to detector characterizations
and calibrations to deciphering integral measurements. Some popular particle transport codes
include FLUKA [[77]], PHITS [78]], GEANT4 [[79], and MCNP [80]]. These MC-based codes have
built-in nuclear reaction models, optimized over different energy ranges, and some have options
to adjust model parameters to the problem at hand. In many cases, users only need to specify
the geometry of the “target” and the input radiation field, and the code package handles all the
transport calculations. These transport codes have been validated through extensive comparison
with integral experiments, with MCNP and GEANT validated primarily at lower energies, and
FLUKA and PHITS at higher energies.

In an alternative approach, the RHIC community has extensive capabilities to simulate the
production of light ions resulting from heavy ion collisions. While the RHIC codes are often used
to extract QCD parameters from the central collision region, some codes (such as the UrQMD

model described above) already have the capability to predict yields of light ions. With some
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adaptation, other RHIC codes may be helpful for modeling the interactions of the highest energy
GCRs with spacecraft materials.

Finally, it may be advantageous for the space transport community to investigate the use of ad-
vanced computing approaches, including cloud computing, grid computing, machine learning, and
acceleration with graphical processing units (GPUs). Higher computing power can enable more
and more complex systems to be modeled to a higher degree of spatial and energy resolution. An
example of one such approach (GPU acceleration) for human effects research [81, 82]] is discussed

below.

2. Electronics and Human Effects

The secondaries generated by transport of the primary GCRs through spacecraft materials can
disrupt and disable electronic systems and harm astronauts. Understanding these effects requires
extensive modeling benchmarked by experimental measurements. Modeling with higher spatial
fidelity is needed for both human effects and electronics effects. In electronics, the sub-micron
size of the smallest features of the new, high-density systems is pushing a need for improved
predictions of the species, angles, and energies of the produced secondaries. Such information,
when combined with ion stopping power (the average energy deposition in a medium per unit
path length dE /dx [83]), enables MC-based codes like MRED [84] to track these ions and their
energy deposition within a chip. However, higher energy measurements are needed to probe the
full physical range of the newest larger circuit elements and subsystems.

The push for finer spatial resolution in human effects modeling is driven by the need to more
precisely inventory the damage that GCRs inflict at the sub-cellular level. Advances in ion-beam
therapy for cancer patients on Earth are driving innovations that can benefit space effects research.
An example is the development of a custom kernel for a nuclear reaction that includes terms for
intranuclear cascade, particle evaporation, and non-elastic cross sections [81, [82]. This model
shows very good agreement with measurements of, for example, 200 MeV protons bombarding
160 targets. Planned improvements to this approach include expanding the physics models to
accommodate GeV energies and heavier ions and shrinking the spatial resolution of the model
(when combined with transport through human tissue) from a cell to a molecule, i.e. by a factor of
107 - 103. In order to achieve such improvements, the kernel will be ported to GPUs to enable the

use of high performance computing (HPC) resources. A first effort to port the existing kernel has
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already resulted in transport simulations running 200 times faster than an equivalent simulation
with GEANT4. When coupled to tissue-damage codes as described below, this effort has the
potential to significantly improve the fidelity of models predicting sub-cellular damage in humans
resulting from bombardment by GCRs, and therefore to eventually improve the safety of human
space exploration.

Two noteworthy studies of tissue damage involve coupling GEANT4 to biological simulations.
One is the GEANT4-DNA code, a low-energy extension of GEANT4 that enables studies of the
cellular radiobiological effects of ionizing radiation on DNA, considering the physical, chemical,
and biological stages of the interactions. GEANT4 has also been coupled to the CompuCell3D
cell biology simulation platform via the RADCELL module [85]], enabling tumor geometries to be
ported to the transport code. The ion stopping powers in various materials are key inputs for these

codes. A widely used code to calculate these stopping powers is SRIM [86]].

3. Spacecraft Design

The design of a spacecraft [61] must carefully fold together details of the mission objective,
payload instruments and plan, and the subsystems to support the payload including power, propul-
sion, structure, communications, data handling, and more. Because many of the requirements of
different subsystems will conflict, optimization plays a critical role in the overall design. Nu-
clear physics and spacecraft design overlaps in the area of radiation protection. As noted above,
the shielding to reduce the GCR flux is also a target that influences the flux of secondaries, with
thicker shielding also impacting the structure and propulsion design [87]].

Two of the major uncertainties in shielding design are the space radiation environment itself
and incomplete information for radiation transport calculations. In the first case, the changes in the
space environment over the duration of a mission must be quantitatively estimated. In the second
case, realistic radiation transport requires the best transport codes, along with accurate inputs of
the radiation environment, all available relevant nuclear data for all particle interactions, and in-
formation on stopping powers to better assess damage to electronic systems and astronauts caused
by the deposited energy. Gaps in our knowledge, especially related to nuclear data, are discussed
above for most of these issues — cross sections, nuclear reaction models, transport codes, experi-
mental measurements for code benchmarking, and energy deposition studies. The challenge to the

spacecraft designer is to balance conflicting requirements between different spacecraft subsystems
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to arrive at an optimal configuration [61].

Recently, work has focused on improving radiation transport modeling, both by more refined
codes and, especially, by improving the nuclear physics input. The previous section detailed the
motivations for enhancing the spatial resolution of transport models to simulate the effects of
GCR impact on electronics and astronauts: the need to study higher density circuit elements with
spatially smaller features and the desire to model sub-cellular tissue damage. Other critical areas of
investigation in this field are sensitivity studies and uncertainty quantification; these are described
in the following subsection.

Finally, significant advances are being made in other fields such as in the development of sur-
rogate models and in dimensional reduction within a machine learning (ML) framework for opti-
mizing model predictions across enormous parameter spaces. The application of such approaches,
especially if combined with GPU acceleration and the use of HPC resources, could advance the

design of safer spacecraft.

E. Sensitivity Studies and Uncertainty Quantification

One method to identify the most critical nuclear data gaps in space research is to determine
the quantitative variation in space model predictions that arise from variations in nuclear physics
inputs. Such “sensitivity studies” can also be used to quantify the uncertainty of the predictions
of these space models, which subsequently enable reliable assessments of the safety of space mis-
sions. While sensitivity studies are not commonly used in space research, one study has shown the
importance of cross sections for p, n, and  particle production under bombardment by particular
(e.g., O, Mg, Si, Fe) ions [88]. More such studies need to be done to cover the full range of the
physics input to models of GCR damage.

The decades of experience with sensitivity studies in the nuclear data community suggest that
critical advances can be made in space science through collaborative, cross-disciplinary efforts.
Some of the existing sensitivity tools in the nuclear data community include: TSUNAMI, TSAR,
SEN3, and SAMPLER (ORNL) [89]; Whisper and Crater (LANL) [90]; Nuclear Data Sensi-
tivity Tool (NDaST) (OECD NEA) [91]]; SUSD3D (JAEA/NEA) [92]; NUSS-RF (PSI) [93];
FICST (McMaster University) [94]; RMC (Tsinghua University) [95]; and GPT-free in OpenMC
(MIT/Purdue/Virginia Commonwealth University) [96]. While many of these codes were designed

specifically to determine the sensitivities of input nuclear cross sections on nuclear reactor perfor-
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mance (such as the effective neutron multiplication factor k) and for nuclear criticality safety
studies, some are more general and could potentially be adopted to address sensitivities critical for
space research.

Sensitivity studies can be used to translate the uncertainties on the model inputs into uncer-
tainties on the model predictions. While uncertainty quantification (UQ) approaches in general
have been a high priority in the nuclear data community, they are not widely adopted in the space
research community. The combination of Bayesian approaches with ML tools have recently be-
gun to set the standard for assigning uncertainties to model predictions in the nuclear science
community (see, for example, Ref. [97]). Collaborative efforts between the two communities
could, for example, enable nuclear cross section uncertainties to be propagated through transport
models to uncertainties in the secondary flux characteristics, and subsequently propagated through
specialized codes to assess uncertainties in electronics and tissue damage.

Combining such UQ approaches with sensitivity studies can then guide future work in mea-
surements, nuclear reaction theory, transport models, and stopping power codes. Currently under
development, EUCLID (LANL) will be the first of a new generation of tools in the nuclear data
community that uses this combined approach for reactors or critical systems. EUCLID is an exten-
sion of work using ML to improve nuclear data validation [98]. By combining sensitivity studies,
uncertainty quantification, nuclear dataset adjustment, and ML-driven design of experimental mea-
surements, this tool will be able to identify which new measurements would provide the tightest
constraints on predictions for an end-user application. A EUCLID-like tool for the space research
community could be used to assign uncertainties to model predictions, identify critical data and

theory gaps, and recommend approaches to best fill those gaps.

IV. DISCUSSION

Simulations of the flux of GCR secondaries in spacecraft depends on nuclear reaction cross
section measurements and theoretical models, as well as on transport codes and spacecraft mate-
rials. The harmful effects of these secondaries subsequently depend on their composition, energy,
angles of incidence, and stopping powers in a wide range of electronic devices and human tissue.
To make space exploration missions viable and safe, spacecraft designers must optimize shielding
configurations that minimize these harmful effects over the duration of a mission with its chang-

ing radiation environment and this optimization must handle conflicting constraints imposed by
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the other major subsystems of the vessel.

An “ideal” inventory of the tools and data needed for such space studies can be envisioned.
This could include, for example, a complete set of reaction cross sections with uncertainties for
the generation of light-ion secondaries (with high-fidelity energy and angle information) from
light- and heavy-ion bombardment, at energies up to 50 GeV. Also critical would be a radiation
transport code with fine spatial resolution that can handle complex shielding material configura-
tions and that can generate uncertainties in secondary energies and angles from input nuclear data
uncertainties. Additionally, simulations are needed that can determine the harmful energy depo-
sition of secondaries, along with uncertainties propagated from input uncertainties, in electronic
devices (human tissue) at the sub-micron (sub-cellular) level. Codes that can perform the simula-
tions described above in a time-dependent radiation field, and can optimize spacecraft subsystem
design within propagated uncertainties, would be an essential part of this inventory. Finally, the
connection to nuclear data can be made with codes using sensitivity analysis techniques at each of
the above steps; this would enable the most critical nuclear data to be identified and recommend
measurement approaches.

Developing these tools and datasets will require significant efforts, especially the measurements
at higher energy and the uncertainty propagation through the wide variety of simulations. How-
ever, given the expertise of the nuclear data community in these areas, some progress towards these
“ideals” can be made by collaborative cross-disciplinary research efforts. Regarding experimental
efforts, the STAR detector at RHIC could be used to measure some unique data at higher energies
than currently available; beam time requests at accelerators could be coordinated, as could plans
to effectively re-use dormant accelerators; approaches for compiling, disseminating, archiving,
and managing data from accelerator measurements for space research could be borrowed from the
nuclear data community; and nuclear reaction models developed in the RHIC community could be
modified to significantly advance predictions of unmeasured reactions at high energies. Regard-
ing computational and modeling projects, HPC resources for MC-based transport codes could be
utilized to enable transport simulations with complex shielding material configurations; transport
codes could be ported to GPUs and, with HPC systems, enable the higher spatial fidelity simula-
tions needed for modern electronic devices and sub-cellular damage assessments; ML approaches
like surrogate models could be used for the optimization in spacecraft design; and a EUCLID-type
ML-driven code could be developed for space science to automate sensitivity studies, identify

nuclear data outliers, and recommend new experiments.
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V. SUMMARY

The discussions here highlight the many overlaps between space science and nuclear science
that can be expanded upon to study the effects of the broad range of GCR energies and species
on electronics and humans. By effectively exploiting these overlaps, progress can be made in
improving vessel design to make space exploration safer and more viable for humans.

Some of the most fertile topics for collaborative work include: making additional cross section
measurements with high energy ions, especially using the STAR detector at RHIC; coordinat-
ing accelerator beam time requests; borrowing approaches from the nuclear data community for
the compilation, dissemination, archiving, and management of nuclear data; utilizing advances in
nuclear reaction theory by the RHIC community for modeling reactions important for GCR secon-
daries; and adopting UQ, sensitivity analyses, ML approaches, and HPC resources to better model
highly complex space systems with proper uncertainty propagation.

Through these cross-disciplinary, collaborative research projects, the state-of-the-art in space

research could be significantly advanced, resulting in safer space exploration.

VI. ACKNOWLEDGEMENTS

This work was supported in part by the U.S. Department of Energy Office of Science, Office of
Nuclear Physics, under Contract Number DE-AC05-000R22725 at ORNL and Contract Number
DE-AC52-07NA27344 at Lawrence Livermore National Laboratory. The authors wish to thank
Francis Cucinotta (UNLV), John Norbury (NASA Langley), Zi-Wei Lin (East Carolina Univ.), In-
soo Jun (NASA JPL), Francesca Luoni (GSI), David Brown (BNL), Anastasia Pesce (ESA), Daniel
Cebra (UC Davis), Robert Reed (Vanderbilt Univ.), Nicholas Remmes (Mayo Clinic), Reuben
Garcia Alia (CERN), and Larry Phair (LBNL) for their presentations and panel discussions at the
WANDA 2022 workshop.

19



[1]

[4]

[6]

Lee Bernstein, David Brown, Aaron Hurst, John Kelly, Filip Kondev, Elizabeth McCutchan, Caro-
line Nesaraja, Rachel Slaybaugh, and Alejandro Sonzogni. Nuclear Data Needs and Capabilities for
Applications, 2015. URL https://arxiv.org/abs/1511.07772.

Catherine Romano, Timothy Ault, Lee Bernstein, Rian Bahran, Bradley Rearden, Patrick Talou, Brian
Quiter, Sara Pozzi, Matt Devlin, Jason Burke, Todd Bredeweg, Elizabeth McCutchan, Sean Stave,
Teresa Bailey, Susan Hogle, Christopher Chapman, Aaron Hurst, Noel Nelson, Fredrik Tovesson,
and Donald Hornback. Proceedings of the Nuclear Data Roadmapping and Enhancement Workshop
(NDREW) for Nonproliferation, 2018. URL https://info.ornl.gov/sites/publications/
Files/Pub111600.pdf. ORNL/LTR-2018/510.

Lee Bernstein, Catherine Romano, David A. Brown, Robert Casperson, Marie-Anne Descalle,
Matthew Devlin, Chris Pickett, Brad Rearden, and CristiaanVermeuelen. Final report for
the Workshop for Applied Nuclear Data Activities, 2019. URL https://www.nndc.bnl.
gov/ndwg/docs/wanda/WANDA_2019_Final_Report_040119.pdf. LLNL-PROC769849; BNL-
211555-2019-INRE.

Catherine Romano, Lee Bernstein, Teresa Bailey, Friederike Bostelmann, David Brown, Robert
Casperson, Jeremy Conlin, Yaron Danon, Matthew Devlin, Bethany Goldblum, Michael Grosskopf,
Amanda Lewis, Denise Neudecker, Ellen O’Brien, Bruce Pierson, Brian Quiter, Andrew Ratkiewicz,
Gregory Severin, Michael S. Smith, Vladimir Sobes, Alejandro Sonzogni, Patrick Talou, Fredrik
Tovesson, Etienne Vermeulen, Kyle Wendt, and Michael Zerkle. Proceedings of the Workshop for
Applied Nuclear Data Activities: WANDA 2020, 2020. URL https://www.nndc.bnl.gov/ndwg/
docs/wanda/Proceedings’%20WANDA2020-8-10-2020.pdf. ORNL/TM-2020/1617.

Karolina Kolos, Vladimir Sobes, Ramona Vogt, Catherine E. Romano, Michael S. Smith, Lee A. Bern-
stein, David A. Brown, Mary T. Burkey, Yaron Danon, Mohamed A. Elsawi, Bethany L. Goldblum,
Lawrence H. Heilbronn, Susan L. Hogle, Jesson Hutchinson, Ben Loer, Elizabeth A. McCutchan,
Matthew R. Mumpower, Ellen M. O’Brien, Catherine Percher, Patrick N. Peplowski, Jennifer J.
Ressler, Nicolas Schunck, Nicholas W. Thompson, Andrew S. Voyles, William Wieselquist, and
Michael Zerkle. Current nuclear data needs for applications. Phys. Rev. Research, 4:021001, Apr
2022.

Kay Kolos and Bruce Pierson. Workshop on Applied Nuclear Data Activities 2022, 2022. URL

20


https://arxiv.org/abs/1511.07772
https://info.ornl.gov/sites/publications/Files/Pub111600.pdf
https://info.ornl.gov/sites/publications/Files/Pub111600.pdf
https://www.nndc.bnl.gov/ndwg/docs/wanda/WANDA_2019_Final_Report_040119.pdf
https://www.nndc.bnl.gov/ndwg/docs/wanda/WANDA_2019_Final_Report_040119.pdf
https://www.nndc.bnl.gov/ndwg/docs/wanda/Proceedings%20WANDA2020-8-10-2020.pdf
https://www.nndc.bnl.gov/ndwg/docs/wanda/Proceedings%20WANDA2020-8-10-2020.pdf

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

https://conferences.lbl.gov/event/880/.

G.D. Badhwar and PM. O’Neill. An improved model of galactic cosmic radiation for space explo-
ration missions. Int. J. Rad. Applications Instrumentation. Part D. Nuclear Tracks and Radiation
Measurements, 20(3):403-410, 1992. Special Section Galactic Cosmic Radiation: Constraints on
Space Exploration.

Shuai Fu, Xiaoping Zhang, Lingling Zhao, and Yong Li. Variations of the galactic cosmic rays in the
recent solar cycles. Ap. J. Suppl. Ser., 254(2):37, 2021.

Irina A Mironova, Karen L Aplin, Frank Arnold, Galina A Bazilevskaya, R Giles Harrison, Alexei A
Krivolutsky, Keri A Nicoll, Eugene V Rozanov, Esa Turunen, and Ilya G Usoskin. Energetic particle
influence on the earth’s atmosphere. Space Science Rev., 194(1):1-96, 2015.

M. M. Finckenor. Materials for Spacecraft, chapter 6, page 403. American Inst. Aeronautics Astronau-
tics, 2018. ISBN 978-1-62410-488-6. URL https://doi.org/10.2514/4/104893. in Aerospace
Materials and Applications, ed. Biliyor N. Bhat.

L. C. Simonsen, T. C. Slaba, P. Guida, and A. Rusek. Nasa’s first ground-based Galactic Cosmic Ray
Simulator: Enabling a new era in space radiobiology research. PLoS Biol., 18(5):¢3000669, 2020.

G. Schnabel, H. Sjostrand, J. Hansson, D. Rochman, A. Koning, and R. Capote. Conception and
software implementation of a nuclear data evaluation pipeline. Nuclear Data Sheets, 173:239-284,
2021.

Texas A & M University. Radiation Effects Facility, 2022. URL https://cyclotron.tamu.edu/
ref/.

University of California Berkeley. Berkeley Accelerator Space Effects Facility, 2022. URL https:
//cyclotron.lbl.gov/base-rad-effects/88-space-contributions.

Brookhaven National Laboratory. NASA Space Radiation Laboratory, 2022. URL https://www.
bnl.gov/nsrl/.

Brookhaven National Laboratory. Single Event Upset Test Facility, 2022. URL https://www.bnl.
gov/tandem/capabilities/seu.php.

Michigan State University. FRIB Single Event Effects Laboratory, 2022. URL https://frib.msu.
edu/users/instruments/operation.html#seetf.

ARUNA. Association for Research of University Nuclear Accelerators, 2022. URL https://aruna.
physics.fsu.edu/.

Florida State University. Fox Accelerator Laboratory, 2022. URL https://fsunuc.physics.fsu.

21


https://conferences.lbl.gov/event/880/
https://doi.org/10.2514/4/104893
https://cyclotron.tamu.edu/ref/
https://cyclotron.tamu.edu/ref/
https://cyclotron.lbl.gov/base-rad-effects/88-space-contributions
https://cyclotron.lbl.gov/base-rad-effects/88-space-contributions
https://www.bnl.gov/nsrl/
https://www.bnl.gov/nsrl/
https://www.bnl.gov/tandem/capabilities/seu.php
https://www.bnl.gov/tandem/capabilities/seu.php
https://frib.msu.edu/users/instruments/operation.html#seetf
https://frib.msu.edu/users/instruments/operation.html#seetf
https://aruna.physics.fsu.edu/
https://aruna.physics.fsu.edu/
https://fsunuc.physics.fsu.edu/research/fox_lab/
https://fsunuc.physics.fsu.edu/research/fox_lab/

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

edu/research/fox_lab/.

Hope College. Ion Beam Analysis Laboratory, 2022. URL https://hope.edu/academics/
physics/.

Ohio University. Edwards Accelerator Laboratory, 2022. URL https://inpp.ohio.edu/ oual/.
Duke University. Triangle Universities Nuclear Laboratory, 2022. URL https://tunl.duke.edu/.
Union College. Ion Beam Analysis Laboratory, 2022. URL https://minerva.union.edu/
labrakes/accelerator.htm.

University of Massachusetts Lowell. Radiation Laboratory, 2022. URL https://www.unl.edu/
research/radlab/.

University of Kentucky. University of Kentucky Accelerator Laboratory, 2022. URL https://www.
pa.uky.edu/accelerator/.

University of Notre Dame. Institute for Structure and Nuclear Astrophysics, 2022. URL https:
//isnap.nd.edu/.

University of Washington. Center for Experimental Nuclear Physics and Astrophysics, 2022. URL
https://www.npl.washington.edu/.

Argonne National Laboratory. Argonne Tandem Linear Accelerator System, 2022. URL https:
//www.anl.gov/atlas.

Brookhaven National Laboratory. Relativistic Heavy Ion Collider, 2022. URL https://www.bnl.
gov/rhic/.

Jefferson Laboratory. Thomas Jefferson National Accelerator Facility Accelerator Science, 2022.
URL https://www.jlab.org/accelerator.

Oak Ridge National Laboratory. Spallation Neutron Source, 2022. URL https://neutrons.ornl.
gov/sns.

Los Alamos National Laboratory. Los Alamos Neutron Science Center, 2022. URL https:
//lansce.lanl.gov/.

Los Alamos National Laboratory. Los Alamos National Laboratory Weapons Neutron Research Fa-
cility, 2022. URL https://lansce.lanl.gov/facilities/wnr/index.php.

Fermilab. Fermi National Accelerator Laboratory, 2022. URL https://www.fnal.gov/.

Michigan State University. National Superconducting Cyclotron Laboratory, 2022. URL https:
//nscl.msu.edu/.

Universite Catholique de Louvain. Tests of Electronics Devices, 2022. URL https://uclouvain.

22


https://fsunuc.physics.fsu.edu/research/fox_lab/
https://fsunuc.physics.fsu.edu/research/fox_lab/
https://hope.edu/academics/physics/
https://hope.edu/academics/physics/
https://inpp.ohio.edu/~oual/
https://tunl.duke.edu/
https://minerva.union.edu/labrakes/accelerator.htm
https://minerva.union.edu/labrakes/accelerator.htm
https://www.uml.edu/research/radlab/
https://www.uml.edu/research/radlab/
https://www.pa.uky.edu/accelerator/
https://www.pa.uky.edu/accelerator/
https://isnap.nd.edu/
https://isnap.nd.edu/
https://www.npl.washington.edu/
https://www.anl.gov/atlas
https://www.anl.gov/atlas
https://www.bnl.gov/rhic/
https://www.bnl.gov/rhic/
https://www.jlab.org/accelerator
https://neutrons.ornl.gov/sns
https://neutrons.ornl.gov/sns
https://lansce.lanl.gov/
https://lansce.lanl.gov/
https://lansce.lanl.gov/facilities/wnr/index.php
https://www.fnal.gov/
https://nscl.msu.edu/
https://nscl.msu.edu/
https://uclouvain.be/en/research-institutes/irmp/crc/applications-technologiques.html
https://uclouvain.be/en/research-institutes/irmp/crc/applications-technologiques.html

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

be/en/research-institutes/irmp/crc/applications-technologiques.htmll

University of Jyviskyla. Radiation Effects Facility, 2022. URL https://www.jyu.
fi/science/en/physics/research/infrastructures/accelerator-laboratory/
radiation-effects-facility.

GANIL. Irradiation of electronic  components,  2022. URL https://
www.ganil-spiral2.eu/industrial-users-2/applications-industrielles/
irradiation-of-electronic-components/.

M. Durante, G. Reitz, and O. Angerer. Space radiation research in Europe: flight experiments and
ground-based studies. Rad. Env. Biophys., 49(3):295, 2010.

INFN. Laboratori Nazionali del Sud, 2022. URL https://www.1lns.infn.it/en/.

E. Fleury, P. Trnkova, K. Spruijt, J. Herault, F. Lebbink, J. Heufelder, J. Hrbacek, T. Horwacik, T. Ka-
jdrowicz, A. Denker, A. Gerard, P. Hofverberg, M. Mamalui, R. Slopsema, J. P. Pignol, and M. Hooge-
man. Characterization of the HollandPTC proton therapy beamline dedicated to uveal melanoma
treatment and an interinstitutional comparison. Med. Phys., 48(8):4506, 2021.

Univ. of Groningen. KVI - Center for Advanced Radiation Technology, 2022. URL https://www.
rug.nl/kvi-cart/7lang=en.

Rubén Garcia Alia, Markus Brugger, Matteo Cecchetto, Francesco Cerutti, Salvatore Danzeca, Marc
Delrieux, Maria Kastriotou, Maris Tali, and Slawosz Uznanski. SEE testing in the 24-GeV proton
beam at the CHARM facility. IEEE Transactions on Nuclear Science, 65(8):1750, 2018.

W. Hajdas, A. Zehnder, L. Adams, P. Buehler, R. Harboe-Sorensen, M. Daum, R. Nickson, E. Daly,
and P. Nieminen. Proton Irradiation Facility and space radiation monitoring at the Paul Scherrer
Institute. Phys Med, 17(Suppl. 1):119, 2001.

Daniel Cebra. Nuclear Data for Space Exploration Opportunities at RHIC, 2022. URL
https://conferences.1lbl.gov/event/880/contributions/55686/attachments/3823/
3098/ND_at_RHIC_WANDA2022_Cebra.pdf. Presentation at Workshop on Applied Nuclear Data
Activities 2022.

R. Abdul Khalek, A. Accardi, J. Adam, D. Adamiak, W. Akers, M. Albaladejo, A. Al-bataineh, M. G.
Alexeev, F. Ameli, P. Antonioli, N. Armesto, W. R. Armstrong, M. Arratia, J. Arrington, A. Asatu-
ryan, M. Asai, E. C. Aschenauer, S. Aune, H. Avagyan, C. Ayerbe Gayoso, B. Azmoun, A. Bacchetta,
M. D. Baker, F. Barbosa, L. Barion, K. N. Barish, P. C. Barry, M. Battaglieri, A. Bazilevsky, N. K.

Behera, F. Benmokhtar, V. V. Berdnikov, J. C. Bernauer, V. Bertone, S. Bhattacharya, C. Bissolotti,

23


https://uclouvain.be/en/research-institutes/irmp/crc/applications-technologiques.html
https://uclouvain.be/en/research-institutes/irmp/crc/applications-technologiques.html
https://www.jyu.fi/science/en/physics/research/infrastructures/accelerator-laboratory/radiation-effects-facility
https://www.jyu.fi/science/en/physics/research/infrastructures/accelerator-laboratory/radiation-effects-facility
https://www.jyu.fi/science/en/physics/research/infrastructures/accelerator-laboratory/radiation-effects-facility
https://www.ganil-spiral2.eu/industrial-users-2/applications-industrielles/irradiation-of-electronic-components/
https://www.ganil-spiral2.eu/industrial-users-2/applications-industrielles/irradiation-of-electronic-components/
https://www.ganil-spiral2.eu/industrial-users-2/applications-industrielles/irradiation-of-electronic-components/
https://www.lns.infn.it/en/
https://www.rug.nl/kvi-cart/?lang=en
https://www.rug.nl/kvi-cart/?lang=en
https://conferences.lbl.gov/event/880/contributions/5586/attachments/3823/3098/ND_at_RHIC_WANDA2022_Cebra.pdf
https://conferences.lbl.gov/event/880/contributions/5586/attachments/3823/3098/ND_at_RHIC_WANDA2022_Cebra.pdf

D. Boer, M. Boglione, M. Bondi, P. Boora, I. Borsa, F. Bossui, G. Bozzi, J. D. Brandenburg, N. Brei,
A. Bressan, W. K. Brooks, S. Bufalino, M. H. S. Bukhari, V. Burkert, N. H. Buttimore, A. Cam-
sonne, A. Celentano, F. G. Celiberto, W. Chang, C. Chatterjee, K. Chen, T. Chetry, T. Chiarusi, Y. T.
Chien, M. Chiosso, X. Chu, E. Chudakov, G. Cicala, E. Cisbani, 1. C. Cloet, C. Cocuzza, P. L. Cole,
D. Colella, J. L. Collins, M. Constantinou, M. Contalbrigo, G. Contin, R. Corliss, W. Cosyn, A. Cour-
toy, J. Crafts, R. Cruz-Torres, R. C. Cuevas, U. D’Alesio, S. Dalla Torre, D. Das, S. S. Dasgupta,
C. Da Silva, W. Deconinck, M. Defurne, W. DeGraw, K. Dehmelt, A. Del Dotto, F. Delcarro, A. Desh-
pande, W. Detmold, R. De Vita, M. Diefenthaler, C. Dilks, D. U. Dixit, S. Dulat, A. Dumitru, R. Dupré,
J. M. Durham, M. G. Echevarria, L. El Fassi, D. Elia, R. Ent, R. Esha, J. J. Ethier, O. Evdokimoyv,
K. O. Eyser, C. Fanelli, R. Fatemi, S. Fazio, C. Fernandez-Ramirez, M. Finger, M. Finger, D. Fitzger-
ald, C. Flore, T. Frederico, 1. Fris¢i¢, S. Fucini, S. Furletov, Y. Furletova, C. Gal, L. Gamberg, H. Gao,
P. Garg, D. Gaskell, K. Gates, M. B. Gay Ducati, M. Gericke, G. Gil da Silveira, F. X. Girod, D. 1.
Glazier, K. Gnanvo, V. P. Goncalves, L. Gonella, J. O. Gonzalez Hernandez, Y. Goto, F. Grancagnolo,
L. C. Greiner, W. Guryn, V. Guzey, Y. Hatta, M. Hattawy, F. Hauenstein, X. He, T. K. Hemmick,
O. Hen, G. Heyes, D. W. Higinbotham, A. N. Hiller Blin, T. J. Hobbs, M. Hohlmann, T. Horn, T. J.
Hou, J. Huang, Q. Huang, G. M. Huber, C. E. Hyde, G. lakovidis, Y. Ilieva, B. V. Jacak, P. M. Ja-
cobs, M. Jadhav, Z. Janoska, A. Jentsch, T. Jezo, X. Jing, P. G. Jones, K. Joo, S. Joosten, V. Kafka,
N. Kalantarians, G. Kalicy, D. Kang, Z. B. Kang, K. Kauder, S. J. D. Kay, C. E. Keppel, J. Kim,
A. Kiselev, M. Klasen, S. Klein, H. T. Klest, O. Korchak, A. Kostina, P. Kotko, Y. V. Kovchegov,
M. Krelina, S. Kuleshov, S. Kumano, K. S. Kumar, R. Kumar, L. Kumar, K. Kumericki, A. Kusina,
K. Kutak, Y. S. Lai, K. Lalwani, T. Lappi, J. Lauret, M. Lavinsky, D. Lawrence, D. Lednicky, C. Lee,
K. Lee, S. H. Lee, S. Levorato, H. Li, S. Li, W. Li, X. Li, X. Li, W. B. Li, T. Ligonzo, H. Liu, M. X.
Liu, X. Liu, S. Liuti, N. Liyanage, C. Lorcé, Z. Lu, G. Lucero, N. S. Lukow, E. Lunghi, R. Majka,
Y. Makris, I. Mandjavidze, S. Mantry, H. Mintysaari, F. Marhauser, P. Markowitz, L. Marsicano,
A. Mastroserio, V. Mathieu, Y. Mehtar-Tani, W. Melnitchouk, L. Mendez, A. Metz, Z. E. Meziani,
C. Mezrag, M. Mihovilovi¢, R. Milner, M. Mirazita, H. Mkrtchyan, A. Mkrtchyan, V. Mochalov,
V. Moiseev, M. M. Mondal, A. Morreale, D. Morrison, L. Motyka, H. Moutarde, C. Muiioz Cama-
cho, F. Murgia, M. J. Murray, P. Musico, P. Nadel-Turonski, P. M. Nadolsky, J. Nam, P. R. Newman,
D. Neyret, D. Nguyen, E. R. Nocera, F. Noferini, F. Noto, A. S. Nunes, V. A. Okorokov, F. Olness, J. D.
Osborn, B. S. Page, S. Park, A. Parker, K. Paschke, B. Pasquini, H. Paukkunen, S. Paul, C. Pecar, I. L.

Pegg, C. Pellegrino, C. Peng, L. Pentchev, R. Perrino, F. Petriello, R. Petti, A. Pilloni, C. Pinkenburg,

24



[47]

[48]

[49]

B. Pire, C. Pisano, D. Pitonyak, A. A. Poblaguev, T. Polakovic, M. Posik, M. Potekhin, R. Preghenella,
S. Preins, A. Prokudin, P. Pujahari, M. L. Purschke, J. R. Pybus, M. Radici, R. Rajput-Ghoshal, P. E.
Reimer, M. Rinaldi, F. Ringer, C. D. Roberts, S. Rodini, J. Rojo, D. Romanov, P. Rossi, E. Santopinto,
M. Sarsour, R. Sassot, N. Sato, B. Schenke, W. B. Schmidke, I. Schmidt, A. Schmidt, B. Schmookler,
G. Schnell, P. Schweitzer, J. Schwiening, 1. Scimemi, S. Scopetta, J. Segovia, R. Seidl, S. Sekula,
K. Semenov-Tian-Shanskiy, D. Y. Shao, N. Sherrill, E. Sichtermann, M. Siddikov, A. Signori, B. K.
Singh, S. Sirca, K. Slifer, W. Slominski, D. Sokhan, W. E. Sondheim, Y. Song, O. Soto, H. Spies-
berger, A. M. Stasto, P. Stepanov, G. Sterman, J. R. Stevens, I. W. Stewart, 1. Strakovsky, M. Strikman,
M. Sturm, M. L. Stutzman, M. Sullivan, B. Surrow, P. Svihra, S. Syritsyn, A. Szczepaniak, P. Szna-
jder, H. Szumila-Vance, L. Szymanowski, A. S. Tadepalli, J. D. Tapia Takaki, G. F. Tassielli, J. Terry,
F. Tessarotto, K. Tezgin, L. Tomasek, F. Torales Acosta, P. Tribedy, A. Tricoli, Triloki, S. Tripathi,
R. L. Trotta, O. D. Tsai, Z. Tu, C. Tuve, T. Ullrich, M. Ungaro, G. M. Urciuoli, A. Valentini, P. Van-
cura, M. Vandenbroucke, C. Van Hulse, G. Varner, R. Venugopalan, I. Vitev, A. Vladimirov, G. Volpe,
A. Vossen, E. Voutier, J. Wagner, S. Wallon, H. Wang, Q. Wang, X. Wang, S. Y. Wei, C. Weiss, T. We-
naus, H. Wennlof, N. Wickramaarachchi, A. Wikramanayake, D. Winney, C. P. Wong, C. Woody,
L. Xia, B. W. Xiao, J. Xie, H. Xing, Q. H. Xu, J. Zhang, S. Zhang, Z. Zhang, Z. W. Zhao, Y. X. Zhao,
L. Zheng, Y. Zhou, and P. Zurita. Science requirements and detector concepts for the Electron-lon
Collider: EIC yellow report, 2021. URL https://arxiv.org/abs/2103.05419.

F Luoni, F Horst, C A Reidel, A Quarz, L Bagnale, L. Sihver, U Weber, R B Norman, W de Wet,
M Giraudo, G Santin, J W Norbury, and M Durante. Total nuclear reaction cross-section database
for radiation protection in space and heavy-ion therapy applications. New Journal of Physics, 23(10):
101201, oct 2021.

J W Norbury and J Miller. Review of nuclear physics experimental data for space radiation. Health
Phys., 103(5):640, 2012.

John W. Norbury, Giuseppe Battistoni, Judith Besuglow, Luca Bocchini, Daria Boscolo, Alexander
Botvina, Martha Clowdsley, Wouter de Wet, Marco Durante, Martina Giraudo, Thomas Haberer,
Lawrence Heilbronn, Felix Horst, Michael Kridmer, Chiara La Tessa, Francesca Luoni, Andrea
Mairani, Silvia Muraro, Ryan B. Norman, Vincenzo Patera, Giovanni Santin, Christoph Schuy, Lem-
bit Sihver, Tony C. Slaba, Nikolai Sobolevsky, Albana Topi, Uli Weber, Charles M. Werneth, and
Cary Zeitlin. Are further cross section measurements necessary for space radiation protection or ion

therapy applications? Helium projectiles. Frontiers in Physics, 8:565954, 2020.

25


https://arxiv.org/abs/2103.05419

[50]

[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

Robin A. Forrest. Nuclear data activities in the International Atomic Energy Agency-Nuclear Data
Section (IAEA-NDS). J. Korean Phys. Soc., 59(2):1303, 2011.

IAEA. IAEA Nuclear Data Section, 2022. URL https://www-nds.iaea.org/.

NNDC. National Nuclear Data Center, 2022. URL https://www.nndc.bnl.gov.

N. Otuka, E. Dupont, V. Semkova, B. Pritychenko, A.I. Blokhin, M. Aikawa, S. Babykina, M. Bossant,
G. Chen, S. Dunaeva, R.A. Forrest, T. Fukahori, N. Furutachi, S. Ganesan, Z. Ge, O.0. Gritzay,
M. Herman, S. Hlavac, K. Kato, B. Lalremruata, Y.O. Lee, A. Makinaga, K. Matsumoto, M. Mikhay-
lyukova, G. Pikulina, V.G. Pronyaev, A. Saxena, O. Schwerer, S.P. Simakov, N. Soppera, R. Suzuki,
S. Tak4cs, X. Tao, S. Taova, F. Tarkdnyi, V.V. Varlamov, J. Wang, S.C. Yang, V. Zerkin, and Y. Zhuang.
Towards a more complete and accurate experimental nuclear reaction data library (exfor): Interna-
tional collaboration between Nuclear Reaction Data Centres (NRDC). Nuclear Data Sheets, 120:
272-276, 2014.

D.A. Brown, M.B. Chadwick, R. Capote, A.C. Kahler, A. Trkov, M.W. Herman, A.A. Sonzogni,
Y. Danon, A.D. Carlson, M. Dunn, D.L. Smith, G.M. Hale, G. Arbanas, R. Arcilla, C.R. Bates,
B. Beck, B. Becker, F. Brown, R.J. Casperson, J. Conlin, D.E. Cullen, M.-A. Descalle, R. Firestone,
T. Gaines, K.H. Guber, A.I. Hawari, J. Holmes, T.D. Johnson, T. Kawano, B.C. Kiedrowski, A.J.
Koning, S. Kopecky, L. Leal, J.P. Lestone, C. Lubitz, J.I. Marquez Damidn, C.M. Mattoon, E.A. Mc-
Cutchan, S. Mughabghab, P. Navratil, D. Neudecker, G.P.A. Nobre, G. Noguere, M. Paris, M.T. Pigni,
A.J. Plompen, B. Pritychenko, V.G. Pronyaev, D. Roubtsov, D. Rochman, P. Romano, P. Schille-
beeckx, S. Simakov, M. Sin, I. Sirakov, B. Sleaford, V. Sobes, E.S. Soukhovitskii, I. Stetcu, P. Talou,
I. Thompson, S. van der Marck, L. Welser-Sherrill, D. Wiarda, M. White, J.L.. Wormald, R.Q. Wright,
M. Zerkle, G. Zerovnik, and Y. Zhu. Endf/b-viii.0: The 8™ major release of the nuclear reaction data
library with cielo-project cross sections, new standards and thermal scattering data. Nuclear Data
Sheets, 148:1-142, 2018. Special Issue on Nuclear Reaction Data.

I. Kodeli, A. Milocco, P . Ortego, and E. Sartori. 20 years of SINBAD (Shielding Integral Benchmark
Archive and Database). Prog. Nucl. Sci. Tech., 4:308, 2014.

NASA GSFC. GSFC RadDataBase, 2022. URL https://radhome.gsfc.nasa.gov/radhome/
raddatabase/raddatabase.html.

NASA JPL. JPL Radiation Effects Data Base, 2022. URL https://parts.jpl.nasa.gov/
radiation-effects/.

Stefan K. Hoeffgen, Stefan Metzger, and Michael Steffens. Investigating the effects of cosmic rays on

26


https://www-nds.iaea.org/
https://www.nndc.bnl.gov
https://radhome.gsfc.nasa.gov/radhome/raddatabase/raddatabase.html
https://radhome.gsfc.nasa.gov/radhome/raddatabase/raddatabase.html
https://parts.jpl.nasa.gov/radiation-effects/
https://parts.jpl.nasa.gov/radiation-effects/

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

space electronics. Frontiers in Physics, 8:00318, 2020.

L. Walsh, U. Schneider, A. Fogtman, C. Kausch, S. McKenna-Lawlor, L. Narici, J. Ngo-Anh, G. Reitz,
L. Sabatier, G. Santin, L. Sihver, U. Straube, U. Weber, and M. Durante. Research plans in europe for
radiation health hazard assessment in exploratory space missions. Life Sciences in Space Research,
21:73-82, 2019.

P. Rajaraman, M. Hauptmann, S. Bouffler, and A. Wojcik. Human individual radiation sensitivity and
prospects for prediction. Ann ICRP, 47(3-4):126, 2018.

A.S. Fukunaga, S. Chien, D. Mutz, R.L. Sherwood, and A.D. Stechert. Automating the process of
optimization in spacecraft design. /997 IEEE Aerospace Conference, 4:411-427, 1997.

John W. Norbury. Double-Differential FRaGmentation (DDFRG) models for proton and light ion
production in high energy nuclear collisions. Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 986:164681, 2021.

J. W. Wilson, L. W. Townsend, and F. F. Badavi. A Semiempirical Nuclear Fragmentation Model.
Nucl. Instrum. Methods Phys. Res. B, 18(3):225, 1987.

J. Hiifner, K. Schifer, and B. Schiirmann. Abrasion-ablation in reactions between relativistic heavy
ions. Phys. Rev. C, 12:1888-1898, Dec 1975.

C.M. Werneth, W.C. de Wet, L.W. Townsend, K.M. Maung, J.W. Norbury, T.C. Slaba, R.B. Norman,
S.R. Blattnig, and W.P. Ford. Relativistic Abrasion—Ablation De-excitation Fragmentation (RAAD-
FRG) model. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms, 502:118-135, 2021.

L. Sihver, A. Kohama, K. Iida, K. Oyamatsu, S. Hashimoto, H. Iwase, and K. Niita. Current status of
the “Hybrid Kurotama model” for total reaction cross sections. Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms, 334:34-39, 2014.

S. Kox, A. Gamp, C. Perrin, J. Arvieux, R. Bertholet, J. F. Bruandet, M. Buenerd, R. Cherkaoui, A. J.
Cole, Y. El-Masri, N. Longequeue, J. Menet, F. Merchez, and J. B. Viano. Trends of total reaction
cross sections for heavy ion collisions in the intermediate energy range. Phys. Rev. C, 35:1678-1691,
May 1987.

M. Bleicher, E. Zabrodin, C. Spieles, S. A. Bass, C. Ernst, S. Soff, L. Bravina, M. Belkacem, H. Weber,
H. Stocker, and W. Greiner. Relativistic hadron-hadron collisions in the ultrarelativistic quantum
molecular dynamics model. J. Phys. G, 25:1859-1896, 1999.

Sukanya Sombun, Kristiya Tomuang, Ayut Limphirat, Paula Hillmann, Christoph Herold, Jan Stein-

27



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

heimer, Yupeng Yan, and Marcus Bleicher. Deuteron production from phase-space coalescence in the
UrQMD approach. Phys. Rev. C, 99:014901, Jan 2019.

John W. Wilson, Tony C. Slaba, Francis F. Badavi, Brandon D. Reddell, and Amir A. Bahadori.
Advances in NASA radiation transport research: 3DHZETRN. Life Sciences in Space Research, 2:
6-22, 2014. ISSN 2214-5524.

John W. Norbury, Tony C. Slaba, Nikolai Sobolevsky, and Brandon Reddell. Comparing HZETRN,
SHIELD, FLUKA and GEANT transport codes. Life Sciences in Space Research, 14:64-73, 2017.
Radiation on the Martian Surface: Model Comparisons with Data from the Radiation Assessment
Detector on the Mars Science Laboratory (MSL/RAD): Results from the 1st Mars Space Radiation
Modeling Workshop.

Y. M. Charara, L. W. Townsend, T. A. Gabriel, C. J. Zeitlin, L. H. Heilbronn, and J. Miller. HETC-
HEDS code validation using laboratory beam energy loss spectra data. IEEE Trans. Nucl. Sci., 55(6):
3164, 2008.

John W. Norbury, Liudmila Latysheva, and Nikolai Sobolevsky. Light ion double-differential cross
section parameterization and results from the SHIELD transport code. Nuclear Instruments and Meth-
ods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
947:162576, 2019.

Vicente-Retortillo, Alvaro, Valero, Francisco, Vazquez, Luis, and Martinez, German M. A model to
calculate solar radiation fluxes on the martian surface. J. Space Weather Space Clim., 5:A33, 2015.
Chris A. Sandridge, Steve R. Blattnig, Ryan B. Norman, Tony C. Slaba, Steve A. Walker, and Jan L.
Spangler. On-Line Tool for the Assessment of Radiation in Space — Deep space mission enhance-
ments. In 2011 Aerospace Conference, pages 1-7, 2011.

L. Desorgher, E. O. Fliickiger, and M. Gurtner. The PLANETOCOSMICS GEANT4 application. In
36th COSPAR Scientific Assembly, volume 36, page 2361, January 2006.

Giuseppe Battistoni, Till Boehlen, Francesco Cerutti, Pik Wai Chin, Luigi Salvatore Esposito, Alberto
Fasso, Alfredo Ferrari, Anton Lechner, Anton Empl, Andrea Mairani, Alessio Mereghetti, Pablo Gar-
cia Ortega, Johannes Ranft, Stefan Roesler, Paola R. Sala, Vasilis Vlachoudis, and George Smirnov.
Overview of the FLUKA code. Ann. Nucl. Energy, 82:10-18, 2015. Joint International Conference
on Supercomputing in Nuclear Applications and Monte Carlo 2013, SNA + MC 2013. Pluri- and
Trans-disciplinarity, Towards New Modeling and Numerical Simulation Paradigm:s.

Tatsuhiko Sato, Koji Niita, Norihiro Matsuda, Shintaro Hashimoto, Yosuke Iwamoto, Shusaku Noda,

28



[79]

[80]

[81]

[82]

Tatsuhiko Ogawa, Hiroshi Iwase, Hiroshi Nakashima, Tokio Fukahori, Keisuke Okumura, Tetsuya
Kai, Satoshi Chiba, Takuya Furuta, and Lembit Sihver. Particle and heavy ion transport code system,
PHITS, version 2.52. J. Nucl. Sci. Tech., 50(9):913-923, 2013.

S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce, M. Asai, D. Axen, S. Baner-
jee, G. Barrand, F. Behner, L. Bellagamba, J. Boudreau, L. Broglia, A. Brunengo, H. Burkhardt,
S. Chauvie, J. Chuma, R. Chytracek, G. Cooperman, G. Cosmo, P. Degtyarenko, A. Dell’ Acqua,
G. Depaola, D. Dietrich, R. Enami, A. Feliciello, C. Ferguson, H. Fesefeldt, G. Folger, F. Foppiano,
A. Forti, S. Garelli, S. Giani, R. Giannitrapani, D. Gibin, J.J. Gémez Cadenas, I. Gonzélez, G. Gracia
Abril, G. Greeniaus, W. Greiner, V. Grichine, A. Grossheim, S. Guatelli, P. Gumplinger, R. Hamatsu,
K. Hashimoto, H. Hasui, A. Heikkinen, A. Howard, V. Ivanchenko, A. Johnson, EW. Jones, J. Kallen-
bach, N. Kanaya, M. Kawabata, Y. Kawabata, M. Kawaguti, S. Kelner, P. Kent, A. Kimura, T. Ko-
dama, R. Kokoulin, M. Kossov, H. Kurashige, E. Lamanna, T. Lampén, V. Lara, V. Lefebure, F. Lei,
M. Liendl, W. Lockman, F. Longo, S. Magni, M. Maire, E. Medernach, K. Minamimoto, P. Mora de
Freitas, Y. Morita, K. Murakami, M. Nagamatu, R. Nartallo, P. Nieminen, T. Nishimura, K. Oht-
subo, M. Okamura, S. O’Neale, Y. Oohata, K. Paech, J. Perl, A. Pfeiffer, M.G. Pia, F. Ranjard,
A. Rybin, S. Sadilov, E. Di Salvo, G. Santin, T. Sasaki, N. Savvas, Y. Sawada, S. Scherer, S. Sei,
V. Sirotenko, D. Smith, N. Starkov, H. Stoecker, J. Sulkimo, M. Takahata, S. Tanaka, E. Tcherniaev,
E. Safai Tehrani, M. Tropeano, P. Truscott, H. Uno, L. Urban, P. Urban, M. Verderi, A. Walkden,
W. Wander, H. Weber, J.P. Wellisch, T. Wenaus, D.C. Williams, D. Wright, T. Yamada, H. Yoshida,
and D. Zschiesche. Geant4—a simulation toolkit. Nuclear Instruments and Methods in Physics Re-
search Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 506(3):250-303,
2003.

G. W. McKinney, D. J. Lawrence, T. H. Prettyman, R. C. Elphic, W. C. Feldman, and J. J. Hagerty.
MCNPX benchmark for cosmic ray interactions with the moon. J. Geophys. Res. E: Planets, 111(6):
E06004, 2006.

J. Ma, H. S. Wan Chan Tseung, L. Courneyea, C. Beltran, M. G. Herman, and N. B. Remmes. Robust
radiobiological optimization of ion beam therapy utilizing Monte Carlo and microdosimetric kinetic
model. Phys. Med. Biol., 65(15):155020, 2020.

H. Wan Chan Tseung, J. Ma, and C. Beltran. A fast gpu-based monte carlo simulation of proton
transport with detailed modeling of nonelastic interactions. Medical Physics, 42(6Part1):2967-2978,

2015.

29



[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

Michael F. I’ Annunziata. 1 - Nuclear Radiation, Its Interaction With Matter And Radioisotope
Decay. In Michael F. I’ Annunziata, editor, Handbook of Radioactivity Analysis (Second Edition),
pages 1-121. Academic Press, San Diego, second edition edition, 2003. ISBN 978-0-12-436603-
9. doi: https://doi.org/10.1016/B978-012436603-9/50006-5. URL https://www.sciencedirect.
com/science/article/pii/B9780124366039500065.

Robert A. Reed, Robert A. Weller, Marcus H. Mendenhall, Daniel M. Fleetwood, Kevin M. Warren,
Brian D. Sierawski, Michael P. King, Ronald D. Schrimpf, and Elizabeth C. Auden. Physical processes
and applications of the Monte Carlo Radiative Energy Deposition (MRED) Code. IEEE Trans. Nucl.
Sci., 62(4):1441, 2015.

R.Liu, K. A. Higley, M. H. Swat, M. A. J. Chaplain, G. G. Powathil, and J. A. Glazier. Development of
a coupled simulation toolkit for computational radiation biology based on Geant4 and CompuCell3D.
Phys. Med. Biol., 66(4):045026, 2021.

James F. Ziegler, M. D. Ziegler, and J. P. Biersack. SRIM - the stopping and range of ions in matter
(2010). Nuclear Instruments and Methods in Physics Research B, 268(11-12):1818-1823, June 2010.
David Warden and Yildiz Bayazitoglu. Consideration of backscatter radiation from galactic cosmic
rays in spacecraft shielding design. J. Thermophys. Heat Transfer, 35(3):650, 2021.

Zi-Wei Lin. Determination of important nuclear fragmentation processes for human space radiation
protection. Phys. Rev. C, 75:034609, Mar 2007.

Perfetti, Christopher M. and Rearden, Bradley T. Development of a SCALE tool for continuous-energy
eigenvalue sensitivity coefficient calculations. SNA + MC 2013 - Joint International Conference on
Supercomputing in Nuclear Applications + Monte Carlo, page 03509, 2014.

Brian Kiedrowski, Forrest Brown, Jeremy Conlin, Jeffrey Favorite, A.C. Kahler, Alyssa Kersting,
D. Parsons, and Jessie Walker. Whisper: Sensitivity/uncertainty-based computational methods and
software for determining baseline upper subcritical limits. Nuclear Science and Engineering, 181, 09
2015.

J. Dyrda, N. Soppera, 1. Hill, M. Bossant, and J. Gulliford. New features and improved uncertainty
analysis in the NEA nuclear data sensitivity tool (NDaST). 146:06026, 2017.

Bor Kos, Aljaz Cufar, and I. Kodeli. ASUSD nuclear data sensitivity and uncertainty program package:
Validation on fusion and fission benchmark experiments. Nuclear Engineering and Technology, 53,
02 2021.

Ting Zhu, Alexander Vasiliev, Hakim Ferroukhi, Andreas Pautz, and Stefano Tarantola. NUSS-RF:

30


https://www.sciencedirect.com/science/article/pii/B9780124366039500065
https://www.sciencedirect.com/science/article/pii/B9780124366039500065

[94]

[95]

[96]

[97]

[98]

stochastic sampling-based tool for nuclear data sensitivity and uncertainty quantification. Journal of
Nuclear Science and Technology, 52(7-8):1000-1007, 2015.

Sara Mostofian. FICST: A tool for sensitivity analysis of SCWR fuel isotopic composition to
nuclear data. 2014. URL https://macsphere.mcmaster.ca/bitstream/11375/16028/1/S.
Mostofian_MasterThesis_FICST_Code.pdf.

Kan Wang, Zeguang Li, Ding She, Jingang Liang, Qi XU, Yishu Qiu, Jiankai Yu, Jialong Sun, Xiao
Fan, and Ganglin Yu. RMC — a monte carlo code for reactor core analysis. Annals of Nuclear Energy,
82:06020, 06 2014.

Zeyun Wu, Jingang Liang, Xingjie Peng, and Hany S. Abdel-Khalik. GPT-free sensitivity analysis for
monte carlo models. Nuclear Technology, 205(7):912-927, 2019.

Léo Neufcourt, Yuchen Cao, Witold Nazarewicz, and Frederi Viens. Bayesian approach to model-
based extrapolation of nuclear observables. Phys. Rev. C, 98:034318, Sep 2018.

D. Neudecker, M. Grosskopf, M. Herman, W. Haeck, P. Grechanuk, S. Vander Wiel, M.E. Rising, A.C.
Kahler, N. Sly, and P. Talou. Enhancing nuclear data validation analysis by using machine learning.

Nuclear Data Sheets, 167:36—60, 2020.

31


https://macsphere.mcmaster.ca/bitstream/11375/16028/1/S.Mostofian_MasterThesis_FICST_Code.pdf
https://macsphere.mcmaster.ca/bitstream/11375/16028/1/S.Mostofian_MasterThesis_FICST_Code.pdf

	Introduction
	Background
	Current Status and Nuclear Data Gaps
	Experimental Facilities
	Databases, Dissemination, Compilation
	Reaction Models
	End-User Applications
	Radiation Transport
	Electronics and Human Effects
	Spacecraft Design

	Sensitivity Studies and Uncertainty Quantification

	Discussion
	Summary
	Acknowledgements
	References

