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Review article 

Galactic cosmic ray simulation at the NASA space radiation laboratory – 
Progress, challenges and recommendations on mixed-field effects 
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A B S T R A C T   

For missions beyond low Earth orbit to the moon or Mars, space explorers will encounter a complex radiation 
field composed of various ion species with a broad range of energies. Such missions pose significant radiation 
protection challenges that need to be solved in order to minimize exposures and associated health risks. An 
innovative galactic cosmic ray simulator (GCRsim) was recently developed at the NASA Space Radiation Lab
oratory (NSRL) at Brookhaven National Laboratory (BNL). The GCRsim technology is intended to represent 
major components of the space radiation environment in a ground analog laboratory setting where it can be used 
to improve understanding of biological risks and serve as a testbed for countermeasure development and vali
dation. The current GCRsim consists of 33 energetic ion beams that collectively simulate the primary and sec
ondary GCR field encountered by humans in space over the broad range of particle types, energies, and linear 
energy transfer (LET) of interest to health effects. A virtual workshop was held in December 2020 to assess the 
status of the NASA baseline GCRsim. Workshop attendees examined various aspects of simulator design, with a 
particular emphasis on beam selection strategies. Experimental results, modeling approaches, areas of consensus, 
and questions of concern were also discussed in detail. This report includes a summary of the GCRsim workshop 
and a description of the current status of the GCRsim. This information is important for future advancements and 
applications in space radiobiology.    
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CA, chromosome aberration; 
CNS, central nervous system; 
CVD, cardiovascular disease; 
GCR, galactic cosmic radiation; 
GCRsim, galactic cosmic ray simulator; 
GI, gastro-intestinal; 
Geant4, Geometry And Tracking; 
Gy, Gray; 
HIMAC, heavy ion medical accelerator in Chiba; 
HZE, high charge and high energy ions; 
IEA, incremental effects additivity; 
LET, linear energy transfer; 
MCM, medical countermeasure; 
MSM, multiscale modeling; 
NSNA, neither-synergy-nor-antagonism; 
NSRL, NASA Space Radiation Laboratory; 
RBE, relative biological effectiveness; 
RER, relative effects ratio; 
RITCARD, radiation-induced tracks, chromosome aberration, repair 

and damage; 
RITRACKS, relativistic ion tracks; 
Sv, Sievert; 
vs., versus 

1. Introduction 

Characterizing in-flight and long-term health consequences for mis
sions planned within Artemis (https://www.nasa.gov/what-is-artemis) 
will require extrapolating beyond our relatively limited spaceflight 
experience base, thereby introducing significant uncertainty and addi
tional risk. For space radiation exposure, there are multiple adverse 
health effects that need to be characterized, which include carcinogen
esis, central nervous system (CNS) decrements, and cardiovascular dis
ease (CVD) (https://humanresearchroadmap.nasa.gov/evidence). 

Models have been developed to calculate various risk metrics for 
space radiation induced cancer and are used operationally at NASA. 
These models are centered on disease risk estimates from human 
terrestrial radiation epidemiology (NRC 2006; UNSCEAR 2008; Preston 
2007; Little 2008); however, significant uncertainties and 
knowledge-gaps remain (Cucinotta 2013a,2021). Uncertainty in the 
NASA cancer risk model is currently estimated to be a fold-factor of ~3.6 
(equivalent to a relative uncertainty of 260%).2 In that regard, equally 
plausible and widely available models for projecting space radiation 
induced cancer mortality were recently considered within an ensemble 
framework (Simonsen 2021). For mission exposures relevant to the 
Artemis program, individual models within the ensemble yielded mean 
cancer risk projections that differed by a factor of two or more. Such 
results suggest that even central estimates of risk, which should be 
anchored to the bulk of available epidemiological and radiobiological 
data, exhibit large uncertainties beyond what is characterized within the 
NASA model alone.3 

A preliminary model for quantifying CVD mortality risk was devel
oped (Cucinotta 2013b) based on similar scaling concepts as the NASA 
cancer risk model. Limited experimental data in rodent systems provide 
some insight into possible risks for CNS decrements as well (Liu 2019; 
Kiffer 2019; Cucinotta 2019; NCRP 2019), but insufficient human 
epidemiological data exist to serve as a basis for risk estimation for 
exposure levels of concern for spaceflight. In both cases however, there 
is at least some indication that these risks could be commensurate with 

radiation induced cancer mortality risk for crewmembers. The un
certainties in such projections are necessarily larger than those associ
ated with cancer mortality given the comparatively small amount of 
data and the limited mechanistic understanding associated with either 
of these non-cancer endpoints. 

As part of a strategy to reduce the large uncertainties associated with 
the biological effects of particle radiation, experiments are conducted at 
ground-based accelerator facilities using small animals or cell culture 
models. Primarily due to facility constraints, early experiments utilized 
beams comprising a single particle type and energy (e.g., 1 GeV/n 56Fe). 
Viewed individually, these single-beam experiments provide an 
incomplete analog of the complex space radiation environment. Viewed 
collectively, however, the experimental data sets obtained from single- 
beam experiments cover a broad range of particle types and energies 
of direct relevance to space radiation protection and crew health. These 
data form the basis of scaling factors used in health risk assessment 
models and have led to important mechanistic understanding and the 
development of predictive computational models. Nonetheless, 
improved ground-based experimental analogs are still needed to further 
reduce risk projection uncertainties and validate predictive models, as 
well as to enable countermeasure development and testing in a relevant 
space environment. 

It is within this context that the GCR simulator (GCRsim) at the NASA 
Space Radiation Laboratory (NSRL) was developed. The NSRL GCRsim is 
intended to deliver the deep space, shielded tissue radiation field to 
relevant biological targets in a laboratory setting. Preliminary design 
considerations of the GCRsim were studied by Slaba (2016) and focused 
mainly on the reference field specification and beam selection strategies. 
The term reference field refers to the space radiation environment being 
simulated. In defining the reference field, a broad range of mission ar
chitectures, shielding configurations, and physical quantities were 
considered. It was found that tissue doses (Gy), tissue dose equivalents 
(Sv), and spectral quantities such as flux as a function of linear energy 
transfer (LET), exhibited minimal variation within regions of interest to 
human risk. Solar activity effects were assessed, and it was determined 
that the main difference between solar minimum and solar maximum is 
the exposure-rate, while spectral characteristics of the radiation field 
encountered by humans in space behind shielding remain qualitatively 
similar between these two extremes. A single reference field for GCRsim 
development was ultimately identified as the radiation environment 
found within the blood-forming organ (BFO) of a human behind 20 
g/cm2 of aluminum shielding during solar minimum. It was shown that 
results for this organ and shielding level adequately represented the 
highly diverse shielding configurations analyzed. The BFO sites are also 
distributed throughout the body and therefore naturally provide a useful 
body-averaged surrogate. 

Slaba (2016) next examined the impact of facility constraints on 
preliminary GCRsim design considerations. The NSRL can deliver pro
tons up to 4 GeV and heavier ions up to 1.5 GeV/n. It was shown that 
approximately half of the exposure behind simple shielding configura
tions is lost if the energies above approximately 1.5 GeV/n cannot be 
represented in the external field. Conversely, ~90% of the shielded, 
local tissue environment (i.e., the collection of primary and secondary 
particles found within human body tissues) can be represented within 
current facility capabilities with energies of protons up to 2.5 GeV, he
lium up to 1.5 GeV/n, and heavier ions up to 1.5 GeV/n. This distinction 
between the external field impinging on the vehicle or habitat shielding 
and the local field found within radiosensitive tissues, illustrated in 
Fig. 1, is an important aspect of GCRsim design and is discussed later in 
this paper. Suffice to note here that the NSRL GCRsim is based on the 
local field approach, Fig. 1B, wherein a discrete set of beams are chosen 
to directly represent the reference field, and no shielding or moderator 
blocks are placed in the beam line. Finally, a systematic method for 
beam selection within this design concept was defined, and it was shown 
that a practical number of beams accurately reproduced the dose, dose 
equivalent, and spectral fluence quantities defined for the reference field 

2 The fold-factor is calculated as the ratio of the upper 95% confidence in
terval bound risk to the median risk.  

3 The NASA cancer risk model propagates parameter uncertainties into risk 
assessments using Monte Carlo methods. Uncertainties associated with under
lying model assumptions, or model-form, are not explicitly characterized. 
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(Slaba 2016). 
Results from this initial study were presented at the NASA Human 

Research Program Investigators’ workshop in 2015 (Slaba 2015) and 
discussed at length by attendees. Discussion continued beyond the 
workshop and was expanded to include international research partners, 
ultimately leading to the opinion paper of Norbury and over 40 

co-authors (Norbury 2016). A broad range of topics pertaining to 
GCRsim design were addressed in the paper. It was concluded that the 
local field approach was most appropriate for a baseline GCRsim capa
bility at NSRL given the known energy constraints. It was also recom
mended that further work should be done to optimize simulator design 
while retaining connections to the single-beam experimental data 

Fig. 1. General approaches for ground-based GCRsim. Panel A illustrates the external field approach, where a combination of beams and shielding are chosen such 
that the radiation field impinging on biological targets closely represents the reference field. Panel B shows the local field approach, where beams are chosen directly 
to represent the reference environment. Panel C illustrates the hybrid approach based on optimization of the external and local field approaches requiring further 
research (Simonsen 2020). 

Fig. 2. Comparison of reference field to the GCRsim beam and corresponding simulated spectra obtained inside mouse (Digimouse – a 3D mouse atlas from http:// 
neuroimage.usc.edu/neuro/Digimouse) and rat (Digirat – a scaled version of Digimouse) phantoms. Panel A shows the fluence spectra in terms of tracks per cell 
nuclei (100 μm2). Panel B shows the dose spectra (mGy). Both results are normalized to a total dose of 500 mGy, which is within the range of exposure estimates for a 
long duration Mars mission (Valinia 2022) and can be directly scaled to any other desired dose. Multiple green and red lines correspond to results for various tissues 
in the phantoms. Details of the simulation approach can be found in (Simonsen 2020). To view figure in color, access the online version. 
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collected previously. 
The first NSRL GCRsim was defined in 2017 (Simonsen 2020). Given 

the incomplete information on mixed-field radiation effects available at 
the time, the definition was guided by optimizing across reference field 
quantities, NSRL facility constraints, animal care and cellular model 
requirements, and the desire to maximize overlap with historical single 
beam data. The GCRsim beam includes 33 mono-energetic beams 
covering the particles, energies, and LET of interest to human health. A 
comparison between the reference field and GCRsim beam is shown in 
Fig. 2, along with the simulated spectra obtained at various tissues inside 
mouse and rat phantoms. The purpose of such a comparison is to 
demonstrate that the GCRsim beam and corresponding simulated 
spectra inside commonly used experimental systems (mice and rats) 
agree well with the reference environment over the full range of LET. 
Details of the simulation results can be found in Simonsen (2020). The 
simulated fluence and dose spectra inside the phantoms agree well with 
the reference field across the full range of LET. 

Beam ordering, concept-of-operations, and contingency plans were 
defined to support acute exposures and fractionated exposures carried 
out over multiple weeks. NSRL can reliably deliver the 33 beams 
sequentially in approximately 75 min. A simplified GCRsim using 5-ions 
was also defined, which requires less time for set-up and delivery while 
remaining compatible/consistent with the full GCRsim. Discussion of 
beam delivery times and possible overlap with certain biological 
response and repair time scales is provided in Section 4. 

There have been several experiments using the full GCRsim, the 
simplified GCRsim, and other mixed-field definitions, especially over the 
past five years. The data and experiences collectively gained from these 
efforts provided the opportunity to evaluate the suitability of the NSRL 
GCRsim for its stated purpose. A GCRsim workshop was held virtually in 
December 2020. Workshop attendees included principal investigators of 
NASA-funded studies, NASA scientists, NASA managers and staff sci
entists from the NSRL. The workshop included a full day of scientific 
presentations followed by a half day of discussion with the goal of 
answering the following questions:  

• Is there any experimental evidence suggesting that simplifications, 
modifications, or improvements to the GCRsim beam are needed?  

• What future studies need to be performed to improve the GCRsim 
mixed-field definition?  

• Does the current GCRsim beam adequately represent the radiation 
environment that will be encountered by humans in deep space 
behind shielding? 

It was recognized that the concepts of mixed-field and dose-rate ef
fects may be intrinsically coupled. Nevertheless, discussions within the 
workshop remained largely focused on the NSRL GCRsim mixed-field 
definition. 

In this paper, we provide a summary of the workshop findings, ob
servations, and recommendations related to the NSRL mixed-field defi
nition. In Section 2 an overview of the current NASA GCRsim format is 
given, which includes a description of the beam characteristics and a 
comparative discussion of alternative GCRsim design approaches. In 
Section 3, experimental and modeling efforts focused on mixed-field 
effects that were presented at the workshop are summarized. Work
shop discussion topics are broadly organized in Section 4 into three main 
areas: areas of consensus (4.1), contradictory results or evidence (4.2), 
and open questions (4.3). 

2. Brief overview of the current GCR simulator at NASA 

2.1. NSRL GCRsim beam 

The NSRL GCRsim beam parameters are summarized in Table 1. The 
beam encompasses ions with charge (Z) between Z = 1 and Z = 26, 
energies between 20 MeV/n and 1000 MeV/n, LET between 0.2 keV/μm 

and 175 keV/μm, and can be delivered in approximately 75 min. In the 
case of the 1H and 4He beams, a polyethylene degrader system is used to 
generate a pseudo-continuous low energy spectrum. The 100 MeV/n 
beam for both particle species is degraded into 10 distinct energies with 
a lower limit of 20 MeV/n. Further discussion and rationale for the 
binning structure is provided by Simonsen (2020). It is important to 
point out though that Z = 1, 2 ions with energy below 100 MeV/n ac
count for ~36% of the dose in radiosensitive organs. Extra fidelity for 
this ion/energy region is needed to simultaneously reproduce the dose 
and fluence spectrum of the reference environment while maintaining 
reasonably homogeneous dose profiles within rodent systems. 

Numerous radiobiology experiments suggest that the ordering of ion 
exposures can influence observed biological responses, and this effect 
was explicitly discussed in the workshop. The GCR environment may be 
generally thought of as a continuous shower of protons with interspersed 
helium and sporadic heavy ions. The ordering of ion delivery in the GCR 
simulator is therefore defined to approximate this behavior to the extent 
possible. Protons and helium are frequently delivered (majority of the 
dose is delivered first and last in the sequence) with sporadic heavy ions 
throughout the sequence. 

NASA has also defined a simplified GCRsim (Simonsen 2020), 
composed of only six ion beams (five different ions with protons at two 
different energies), which can be delivered in 20 min (Table 2). The 
simplified GCRsim beam was defined for collection of preliminary data, 
countermeasure screening studies and initial understanding of 
mixed-field effects (Simonsen 2020). The beam order and dose fractions 
used in the simplified GCRsim are consistent with the full GCRsim, with 
protons constituting most of the exposure and delivered first and last in 
the sequence. While spectral characteristics of the reference field are not 
as accurately captured by the simplified GCRsim, the selected beams still 
provide uniform dose profiles in both mice and rat models (Simonsen 
2020). The complexity of the GCR simulator, including how many 
beams are sufficient, and whether the 6 ion beams are adequate, was a 
topic covered in this workshop, and will be discussed in later sections. 

The beams are delivered by the GCR simulator in the following order 
(ion beam followed by their energy in MeV/n): 

Table 1 
NSRL GCRsim beam parameters normalized for a total dose of 500 mGy, which is 
within the range of exposure estimates for a long duration Mars mission (Valinia 
2022). Values can also be directly scaled to any other desired dose.   

Energy 
(MeV/n) 

LET 
(keV/μm) 

Range 
(cm) 

Dose 
(mGy) 

Tracks per 100 μm2 

cell nucleus 
1H 20–100 0.7 – 2.6 0.4 – 7.8 140.6 71.6 

150 0.5 15.9 35.0 40.2 
250 0.4 38.1 68.9 110.4 
1000 0.2 326.6 123.6 349.6 

4He 20–100 2.9 - 10.3 0.4 – 7.8 39.6 4.7 
150 2.2 16.0 7.5 2.1 
250 1.6 38.3 16.4 6.6 
1000 0.9 327.8 24.9 17.6 

12C 1000 7.8 110.1 11.7 0.9 
16O 350 20.8 17.0 15.4 0.5 
28Si 600 50.2 22.7 8.1 0.1 
48Ti 1000 109.5 32.5 4.5 0.03 
56Fe 600 175.1 13.1 4.1 0.01  

Table 2 
Beam definition for the simplified 5-ion GCRsim.   

Energy (MeV/n) Dose contribution (%) Delivery order 
1H 1000 35 1 
28Si 600 1 2 
4He 250 18 3 
16O 350 6 4 
56Fe 600 1 5 
1H 250 39 6  
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• (1H 1000), (4He 1000), (28Si 600)  
• (1H 20), (1H 23), (4He 20), (4He 23), (48Ti 1000)  
• (4He 27), (4He 32), (1H 27), (1H 32) (1H 37), (1H 43), (4He 37), (4He 

43), (16O 350)  
• (4He 50), (4He 58), (1H 50), (1H 58) (1H 68), (1H 80), (4He 68), (4He 

80), (12C 1000)  
• (4He 100), (1H 100), (1H 150), (4He 150), (56Fe 600)  
• (4He 250), (1H 250) 

2.2. Other approaches 

The NSRL GCRsim is based on the local field approach described 
briefly in Section 1 and illustrated in Fig. 1B. For this concept, models 
are used to characterize the radiation field found within radiosensitive 
tissues – the reference field. A set of mono-energetic ion beams is used to 
collectively represent the particles and energies found in the reference 
field, as shown in Table 1. 

The external field approach, illustrated in Fig. 1A, manifests a very 
different set of requirements and practical considerations compared to 
the local field approach. For this concept, a moderating shield is placed 
within the beam line and irradiated with one or more mono-energetic 
ions; the biological target or sample is placed downstream of the 
moderator, although not necessarily along the main beamline. As the 
energetic primary ion beam interacts with the shield, nuclear collisions 
yield a spectrum of secondary particles produced over a broad range of 
energies and angles. The primary ion beam may be stopped by the shield 
or allowed to penetrate through and reach the intended target(s) 
depending on the design parameters. 

There have been variations of the external field approach published 
over the past few years. Kim (2015) developed a simulator concept 
requiring nine heavy ion (Z > 2) beams and at least 10 distinct energetic 
beams for protons and helium. Unique absorber thicknesses were pre
scribed for each of the beams to broaden the energy distributions of 
primary and secondary particles. The approach was shown to produce a 
radiation field that adequately represents the space environment in 
terms of charge and energy-segregated dose. 

Timoshenko (2017) proposed an idea based on using 12 GeV protons 
with multiple absorbers placed at distinct locations along the beam line. 
Biological targets are placed off-axis from the beam to capture a su
perposition of secondary nucleons produced in each of the absorbers at 
different angles. The method yields continuous nucleon spectra that 
were qualitatively compared to simulations of the space environment. In 
a companion study, (Gordeev 2021), considered a 1 GeV/n 56Fe beam 
incident on an axially rotating cylindrical absorber. The cylinder is 
constructed by sets of circular targets that each cover only partial sectors 
of the full circular cross section. Simulation results showed that this 
approach can produce heavy ions with broad energy distributions. 

Chancellor (2017) used a 1 GeV/n 56Fe beam with a complex 
moderator block placed along the beam line. Details of the block were 
not provided; however, a complex geometric volume comprising mul
tiple materials is alluded to in the report. Simulation results were 
compared to spaceflight LET spectra and showed reasonable agreement 
above 10 keV/μm. 

Schuy (2020) used a design with fast energy switching of 400 MeV/n, 
700 MeV/n, and 1 GeV/n 56Fe beams incident on detailed periodic ab
sorbers specifically designed for each of the energies. Proposed methods 
for designing and optimizing the absorbers were described, but no 
verification or simulation results were provided for GCR in the initial 
study. 

Although not discussed at the workshop, it should be noted that other 
irradiation facilities are being developed and utilized to study aspects of 
the high LET component of the space environment and to evaluate 
combined effects of radiation and simulated microgravity. Takahashi 
(2020) developed the Simulator of the environments on the Moon and 
Mars with Neutron irradiation and Gravity (SwiNG) to study the com
bined effects of high LET irradiations and microgravity conditions. 

Borak et al. (2019) developed a combined neutron/gamma irradiator 
allowing both acute and prolonged chronic exposures to be developed to 
help assess dose-rate effects for high LET irradiations. These facilities 
provide useful information for targeted components of the space envi
ronment. Likewise, simulation of microgravity at the NSRL and how this 
may modify radiation responses were not topics of discussion at this 
workshop but could be addressed in the future. 

There is notable diversity in the implementation features of these 
external field approaches due, in some cases, to the diverse constraints 
associated with the different facilities. Some concepts were not neces
sarily optimized for a specific facility. The number of beams used, beam 
types, and beam energies all vary, as do the number and placement of 
absorbers along the beamline, geometry, and materials used. Nonethe
less, there are primary distinctions that can be drawn between these 
approaches relative to the NSRL GCRsim. The presence of shielding in 
the beamline produces a true mixed field of primary and secondary ions 
and neutrons incident on a biological sample, which is different than the 
NSRL GCRsim that achieves an accumulated mixed field in ~75 min 
through a rapid sequence of mono-energetic, single-ion beams. Neutrons 
are not explicitly included in the NSRL GCRsim beam; although, it is 
important to recognize that dominant aspects of neutron dose (proton 
recoils and inelastic reaction products with Z ≤ 2) are included in the 
charged particle beams (Simonsen 2020). More details on the neutron 
dose components included in the NSRL GCRsim are provided in Section 
4. 

Dosimetry requirements to fully characterize the NSRL GCRsim were 
quite minimal since only a time-accumulated characterization of indi
vidual beams was needed, which was easily accomplished with the 
existing dosimetry system used for single beam studies for many years. 
Though none of the external field approaches have reached operational 
status yet, dosimetry requirements in mixed GCR beams may be sub
stantial and cannot be ignored in design studies. Characterization of the 
beam emerging from one or more moderator blocks must include 
discrimination of particle charge and energy over the ranges of interest 
to multiple human risks. Simple measurements of absorbed dose or LET 
spectra behind the moderator block(s) will be insufficient to enable 
complete interpretation of experimental results. These topics, along with 
the impact of secondary neutrons, were discussed at length by workshop 
attendees. A summary of the discussion is provided in Section 4.1.2. 

3. Experimental data and computational models to evaluate 
mixed-field effects 

As stated in Section 1, there have been several studies utilizing the 
simplified GCRsim beam, full GCRsim beam, and other mixed-ion 
exposure regimens over the past ~five years. Per design, many of 
these were able to make use of historical single-ion datasets to test 
specific hypotheses related to mixed-field biological responses. Impor
tantly, these early GCRsim studies offer an opportunity to shed light on 
the adequacy of the NSRL GCRsim mixed-field definition. Important 
advancements in predictive model capabilities have also been made and 
are critical for continued progress. This section summarizes recent 
experimental and modeling progress pertaining to mixed-field effects in 
the context of the NSRL GCRsim. 

3.1. Predictive computational modeling 

Significant progress has been made in recent years to help interpret 
and translate between single-ion and GCRsim experimental results. In 
combination with experimental data, these computational models also 
have the potential to improve the characterization of radiation quality 
effects and advance human health risk assessment. This section sum
marizes computational models developed or improved upon to describe 
mixed-field effects of interest to GCRsim. 

Ham (2017); Huang (2019, 2020) developed an incremental effect 
additivity model to predict experimental dose-response relationships for 
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mixed-ion exposures. The model assumes such predictions can be made 
if the corresponding dose-responses for the single-beams comprising the 
mixed-ion composition are known a priori. Different dose-response 
relationship models, including targeted and non-targeted effects, can 
be tested within the theoretical and computational framework. Impor
tant to their work is the evaluation of 95% confidence intervals, ac
counting for the correlation between the adjustable parameters. 
Comparison of these intervals from the different models to experimental 
data enables statistical tests for synergy (i.e., combination of multiple 
beams yields a response that exceeds incremental effect additivity and 
exceeds Loewe additivity) or antagonism (i.e., combination of multiple 
beams is sub-additive) (Loewe 1926, 1928; Azasi 2020; Lederer 2019). 
In principle, the incremental effect additivity approach can be applied to 
any endpoint and therefore offers a means of evaluating beam 
complexity requirements in the NSRL GCRsim as data become available. 
This modeling approach may also become particularly important in the 
context of cancer risk assessment models, where simple additivity in 
mixed-field exposures is still assumed (Cucinotta et al. 2013a; Simonsen 
2021). 

Slaba (2020) developed an integrated, multi-scale model (MSM) 
utilizing Geant4 (Agostinelli 2003), RITRACKS (Plante 2019a), and 
RITCARD (Plante 2019a) to predict chromosome aberrations (CA) in 
cells exposed to either sequential mixed beams or complex radiation 
fields produced by beam interactions with shielding. Briefly, for a given 
experimental setup, Geant4 is used to describe the beam interactions 
with shielding and/or the biological sample of interest. Relevant mass 
along the beamline, including air, measurement devices, and sample 
holders can be included in the simulation, along with the NSRL target 
room. The simulated fluence of particles impinging on the biological 
sample of interest is used as input to the track-structure simulation code, 
RITRACKS, to describe energy deposition characteristics at the nano
meter scale. This information is then provided to RITCARD to describe 
the cellular damage and repair processes leading to CA formation. 
Damage classification and repair kinetics models in RITCARD have been 
greatly improved over the past few years (Plante 2019b), and simulation 
results are being benchmarked against experimental data for lympho
cytes and fibroblasts to assess and improve predictions across several 
cell lines and over a large LET range. The MSM was used to predict 
experimental dose-response of human fibroblasts exposed to mono
energetic ion beams 1H (344 MeV), 4He (344 MeV/n), 16O (450 MeV/n) 
or 56Fe (950 MeV/n) behind 20 g/cm2 of aluminum and 10.345 g/cm2 of 
polyethylene, thus making a complex irradiation field. Predictions fell 
within the experiment error bars for most of the available data (Slaba 
2020). 

These predictive models offer multiple opportunities to improve ra
diation quality models used in cancer risk assessments. (Ham 2017; 
Huang 2019, 2020) have suggested that simple additivity may not be 
valid especially if non-linearities at low dose appear as a result of 
non-targeted effects. Aside from the obvious value of using the incre
mental effects additivity approach to predict and interpret mixed-ion 
experimental results, it may have greater value in providing an alter
native to simple additivity used in risk assessment (or at least provide 
some measure of the uncertainty introduced by simple additivity in 
space applications). Similarly, the multi-scale simulation model has 
shown the ability to predict CA in a broad range of irradiation conditions 
including single-ions, sequential beams, and complex mixed fields 
(Slaba 2020). Continued validation is necessary, but the multi-scale 
simulation model provides a complimentary approach to incremental 
effects additivity that may also provide valuable surrogate information 
for quality factor models. 

A conceptually distinct approach is to directly model the dose- 
response relationships obtained from GCRsim irradiation. In principle, 
such a model would give rise to a GCR relative biological effectiveness 
(RBE) factor or relative effects ratio (RER) (Shuryak 2017, 2021, 2022), 
circumventing the need for detailed quality factors defined over a broad 
range of particles and energies. The questions surrounding additivity of 

single particle responses for mixed fields are also avoided. The single 
RBE (or RER) value would be applied as a multiplicative factor to space 
relevant GCR doses (or risks) for use in risk assessment. Multiple ques
tions surely arise in practical application of this approach; however, it 
bears noting in the broader discussion of modeling advancements rele
vant to ground-based analogs such as the GCRsim. 

3.2. Cellular endpoints 

3.2.1. Chromosome aberrations 
Chromosome aberrations (CA) are a known consequence of exposure 

to ionizing radiation. Chromosome instability is one of the primary 
drivers for tumor initiation, thus making chromosome aberrations an 
endpoint of interest for carcinogenesis (Sridharan 2016). Previous 
studies on human cells have characterized radiation quality effects for 
mono-energetic ions with and without shielding (George 2003a, 2003b, 
2007, 2013; Durante 2005), and studies are ongoing to assess the effect 
of mixed beams. 

Hada (2021) compared CA (simple and total exchanges) for various 
related beam configurations and shielding. First, a 4-beam mixture 
comprising 1H (344 MeV, 43.7%), 4He (344 MeV/n, 18.9%), 16O (450 
MeV/n, 23.7%), and 56Fe (950 MeV/n, 13.7%) was used to irradiate 
cells shielded by 20 g/cm2 aluminum and 10 g/cm2 polyethylene. The 
shield configuration allowed penetration of the 1H and 4He beams, but 
the primary ion energies were downshifted to ~250 MeV/n, on average. 
The heavier beams were fully stopped by shielding, allowing only sec
ondary particles to reach the cells. The complex field produced by beam 
interactions in shielding was approximated using spectral binning pro
cedures (Slaba 2016) by a 4-beam mixture comprising 1H (250 MeV, 
68.1%), 4He (344 MeV/n, 20.3%), 16O (350 MeV/n, 6.9%), and 48Ti 
(300 MeV/n, 4.7%). Measured CA yields are statistically indistinguish
able between the two scenarios (Hada 2021), providing support for the 
spectral binning approach used to guide NSRL GCRsim beam selection. 
Further analysis of these experimental data is ongoing, and comparisons 
with the MSM of Slaba (2020) will also be helpful, as it has already 
demonstrated the ability to predict CA for single ion and mixed-field 
configurations. 

In another experiment, Hada (2021) investigated the effect of the 
beam order on the dose response for total exchanges. Human fibroblasts 
were irradiated at HIMAC, Japan using two beams, 1H (150 MeV, 60%) 
and 12C (290 MeV/n, 40%), with a 2 hr interval between beam 
switching. Preliminary results showed that the order of beam delivery 
may impact the dose response. Additionally, it was observed that irra
diating cells with two beams appeared to result in more than an additive 
effect on the frequency of chromosome aberrations, thus suggesting 
some synergetic effect for this endpoint. Similar results were also 
observed in other 2-ion and 3-ion beam experiments with quick beam 
switching at NSRL for fibroblasts and lymphocytes, but not for epithelial 
cells (Hada 2021). However, experiments with a more complex 6-ion 
beam mixture appear to show less than additive effect on chromosome 
aberration total exchanges for human fibroblast. The extent of the effect 
depended on the dose. 

3.2.2. Cell survival 
Kronenberg et al. are investigating the effect of radiation on TK6 

human lymphoblasts, which is a good model for sensitivity to ionizing 
radiation and for which there is substantial archival data from single ion 
exposures (Kronenberg 1989, 1995). Initial studies using a 3-ion beam 
comprising 1H (250 MeV, 0.4 keV/μm, 70%), 20Ne (353 MeV/n, 32 
keV/μm, 15%) and 28Si (383 MeV/n, 61 keV/μm, 15%), indicated it may 
be possible to predict the results for cell killing by considering a strictly 
additive model derived from individual ion beams (Kronenberg 2021). 
Results from ongoing studies address other genotoxic endpoints 
including mutation and consider other irradiation conditions focused on 
dose rate. 
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3.3. Animal endpoints 

3.3.1. Harderian gland tumorigenesis 
Historically, the largest tumor dataset available was obtained for 

harderian gland tumor prevalence for ion beams of LET varying from 
0.4 keV/μm to 953 keV/μm (Alpen 1993; Alpen 1994; Chang 2016), 
thereby covering an important LET range of interest for space radiation 
protection. This database has provided important understanding for 
space radiation induced cancer risk and the dependence on particle type 
and energy. Recent efforts have thus converged towards obtaining the 
same endpoint but considering mixed beams. Analysis was performed 
with the incremental effects additivity approach to infer on possible 
synergy/antagonism. 

Experimental tumor prevalence for 2-ion beams showed that one 
experimental approach, 1H (250 MeV, 0.4 keV/μm) + 56Fe (600 MeV/n, 
193 keV/μm), 70 cGy, showed synergy (described in Section 3.1), while 
two others did not 28Si (260 MeV/n, 70 keV/μm) + 56Fe (600 MeV/n, 
193 keV/μm), 40 cGy and 1H (250 MeV, 0.4 keV/μm) + 28Si (260 MeV/ 
n, 70 keV/μm), 100 cGy (Huang 2020). Experimental and modeling 
results for the 1H + 56Fe case are shown in Fig. 3, where synergy was 
observed. 

Additional experiments were conducted using a 3-ion beam of 28Si 
(260 MeV/n, 70 keV/μm) + 48Ti (1000 MeV/n, 100 keV/μm) + 56Fe 
(600 MeV/n, 193 keV/μm) and for 2 doses (30 cGy and 60 cGy) deliv
ered within 15 min, with doses evenly distributed between each ion 
(Blakely 2021). Separately, animals were either sham treated or exposed 
to a single 100 cGy dose of a 6-ion beam consisting of 1H (250 MeV, 0.4 
keV/μm) + 4He (228 MeV/n, 1.6 keV/μm) + 16O (350 MeV/n, 17 
keV/μm) + 28Si (260 MeV/n, 70 keV/μm) + 48Ti (1000 MeV/n, 100 
keV/μm) + 56Fe (600 MeV/n, 190 keV/μm). Modeling of tumor preva
lence for these mixed beam experiments was performed using the in
cremental effects additivity approach with targeted effects-only or 
targeted effects + non-targeted effects, and the results will be reported 
elsewhere. 

3.3.2. Lung tumorigenesis and carcinogenesis 
Previous studies on lung cancer were done to investigate the effect of 

both low and high-LET mono-energetic ion beams, with evidence 
showing an increased risk of lung tumor progression for high-LET beams 
(Asselin-Labat 2017; Luitel 2018). To better represent the space 

environment, Shay et al. investigated the effect of order of ion delivery 
of mixed ion beam on lung cancer progression using eight- to 
twelve-week-old male and female K-rasLA1 mice, evaluated at two time 
points (100 days and 1 year) (Luitel 2020). Several biological endpoints 
were measured, such as lipid peroxidation to characterize oxidative 
stress, and the number of premalignant lesions and invasive carcinomas. 
The authors used a 3-ion beam mixture composed of 20 cGy of 1H (120 
MeV, 0.64 keV/µm), 5 cGy of 4He (250 MeV/n, 1.6 keV/µm) and 5 cGy 
of 28Si (300 MeV/n, 70 keV/µm), which was delivered at a dose rate of 
0.5 cGy/min. Two beam orders were considered, 3B-1 (1H→4 He→ 28Si) 
and 3B-2 (28Si→ 4He→ 1H), both delivered in 66 min. Irradiation with a 
monoenergetic beam of 30 cGy 1H (120 MeV) was included for 
comparison. 

As shown in Fig. 4 from Luitel (2020), a significant increase of 
invasive lung adenocarcinomas was observed one-year post irradiation 
when protons were delivered first (3B-1), but not when Si ions were first 
(3B-2). Increased invasiveness was associated with an elevated level of 
oxidative stress and increased number of lesions at 100 days post irra
diation. (Luitel 2020) also observed that when protons and helium were 
delivered first, and there was a 24 h interval before the Si ion exposure, 
that there was no increase in cancer incidence, which suggests that the 
order of the ion beam delivery matters during acute exposures, but that 
temporally spacing them out mitigates this effect (lowering the dose of 
silicon ions also attenuated this effect). Given the dose and LET of par
ticles, it was estimated that every cell nucleus is traversed by ~150 
protons, ~15 4He ions while only one in three cell nuclei is traversed by 
28Si ions. In the scenario where protons are delivered first (3B-1), all 
cells will contain damage, while for the scenario with Si ions delivered 
first (3B-2), only ~1 in 3 cells will contain damage at the end of the first 
irradiation. Thus, it is possible that during repair of initial damage there 
is a greater amount of open chromatin in the proton first scenario (3B-1), 
which might increase sensitivity to the formation of double strand 
breaks during the second and third exposures, thereby increasing 
carcinogenesis. Spacing out the irradiations allows time for DNA to fold 
back to a normal configuration following repair, thus attenuating the 
effect. While such a model could explain this effect, this might not be 
reflective of what occurs in deep space where the dose rate is much 
lower. 

Fig. 3. Harderian gland (HG) tumor prevalence experimental data (black dot 
with error bar) and targeted-effects only model results for 1H + 56Fe exposure. 
The brown and blue curves are the 1H and 56Fe dose-effect models, respectively. 
The red curve is the incremental effects additivity neither-synergy-nor- 
antagonism (IEA NSNA) model result along with the 95% confidence level. 
(Huang 2020). To view figure in color, access the online version. 

Fig. 4. Tumorigenic effect (lung) of multiple ion radiation in a K-rasLA-1 mouse 
model. Results are shown for unirradiated controls (UNIR), irradiation (IR) with 
a 30 cGy mixed beam ordered as 1H →4He→ 28Si (3B-1) and 28Si →4He→ 1H 
(3B-2), and irradiation with 30 cGy of 1H (Luitel 2020). 
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Currently, this group is investigating the full GCRsim beam 
comparing acute (one hr) and chronic (four weeks) exposures to 50 cGy 
total dose. Similar data for 25 cGy and 75 cGy are under analysis. These 
data showed that, while after 100 days a persistent level of oxidative 
stress was observed, no significant increase in tumor initiation (100 
days) was evident. Although a trend of increased invasive carcinoma 
(one year) was observed, it was not statistically significant. 

3.3.3. Gastro-intestinal (GI) tumorigenesis 
In previous work, Fornace at al. have shown a significantly higher 

risk of intestinal and colonic tumorigenesis for three mouse models of 
human colorectal cancer exposed to HZE as compared to γ-rays, even at 
low dose. In these studies, the mice were exposed to doses ranging from 
5 cGy to 50 cGy and intestinal and colon tumor frequency and size were 
scored 150 days after exposure (Suman 2019; Kumar 2019). Recently, GI 
tumorigenesis was investigated 150 days post irradiation, for 6–8 week 
APC1638N/+ male mice irradiated with 5 cGy single ions of 16O (325 
MeV/n, 22 keV/μm) or 28Si (300 MeV/n, 69 keV/μm) vs. 50 cGy total 
dose of a 4-ion beam consisting of 1H (1000 MeV, 1.26 keV/μm, 60%) +
4He (250 MeV/n, 2 keV/μm, 20%) + 16O (325 MeV/n, 22 keV/μm, 
10%) + 28Si (300 MeV/n, 69 keV/μm, 10%). Results to date indicate that 
the majority of the tumorigenesis can be ascribed to the HZE ions since 
an estimate of the additive results after single beam irradiation with 16O 
plus 28Si were comparable to that of the 4-ion beam (Fornace 2021). 
This study illustrates the importance of cross comparison of mixed field 
exposures with single ion studies. 

3.3.4. Central nervous system and cognitive function 
Alterations in cognitive and behavioral responses can be character

ized by a variety of tests of varying complexity, including recognition 
memory, social memory, spatial memory, anxiety and attention (Ceka
naviciute 2018). Basic tasks (e.g., novel object recognition) interrogate 
the functionality of defined brain regions and assess relatively simple 
cognitive processes, while complex cognitive tasks involve brain regions 
working in a highly complex manner, requiring neural network func
tioning in synchrony (e.g., creative problem solving, Associative 
Recognition Memory and Interference Touchscreen (ARMIT) task). 
Impairment of basic tasks would indicate extremely severe damage; 
however, mission success or failure will more likely depend upon the 
ability to perform complex cognitive tasks under pressure. In general, 
studies need to assess space-radiation induced CNS damages on multiple 
cognitive processes to have a complete assessment of the risks (Britten 
2022). 

As for other endpoints, until recently, the predominant strategy has 
been to assess the impact that exposure to single ions of defined energy/ 
LET has on performance in a cognitive task. There is now a considerable 
body of evidence from ground-based rodent experiments to suggest that 
exposure to doses as low as 25 cGy of several ions (i.e. protons, 4He 16O, 
28Si, 48Ti and 56Fe) impairs various cognitive functions, including 
cognitive flexibility tasks (Acharya 2019; Britten 2014; 2018, 2020a, 
2020b, 2022; Davis 2014; Hadley 2016; Jewell 2018; Parihar 2015, 
2016, 2018; Burket 2021; Whoolery 2019; Soler 2021). The findings 
from these studies cover a relevant dose regime for sustained deep space 
habitat and Mars scenarios (Simonsen 2020). However, there is also a 
concern about whether the neurocognitive impairment data obtained 
from single ion studies will be representative of the severity, frequency 
or nature of cognitive deficits that arise following exposure to the GCR 
spectrum. The precise impacts on humans remain unknown at this time 
due to the lack of relevant epidemiological data from which risks may be 
estimated. 

Currently, there are eight published studies on the impact of multi- 
ion exposure on cognitive performance (Britten 2022; Krukowski 
2018a, 2021; Raber 2016, 2019, 2020, 2021; Schaeffer 2022). One study 
directly compared the impact of the simplified GCRsim with that of a 
single ion (4He, 250 MeV/n) (Britten 2022). In that study, while expo
sure to 10 cGy simplified GCRsim adversely impacted problem-solving 

capabilities of female rats using the ARMIT task, exposure to 10 cGy 
4He did not. Whether this differential impact on cognitive performance 
is maintained in different cognitive tasks is currently unclear. Results 
from conference presentations suggest that GCRsim exposure impacts 
many other cognitive and psychosocial processes, but whether GCRsim 
is more detrimental than single ions, appears to be very context 
dependent, and may be neural network specific. 

Two studies investigated exposure of female and male B6D2F1 mice 
to a dose up to 200 cGy with a rapidly delivered 3-ion beam 1H (1000 
MeV, 0.24 keV/μm, 60%), 16O (250 MeV/n, 25 keV/μm, 20%) and 28Si 
(263 MeV/n, 78 keV/μm, 20%) (Raber 2019) or 6- ion beam 1H (1000 
MeV, 0.24 keV/μm, 50%), 4He (250 MeV/n, 1.6 keV/μm, 20%), 16O 
(250 MeV/n, 25 keV/μm, 7.5%), 28Si (263 MeV/n, 78 keV/μm, 7.5%), 
48Ti (1000 MeV/n, 107 keV/μm, 7.5%) and 56Fe (1000 MeV/n, 151 
keV/μm, 7.5%) (Raber 2020). Detrimental effects that differed between 
males and females and depended on the cognitive task were observed. Of 
note, a systematically impaired object recognition for doses of 50 cGy 
and higher and for both 3-ion and 6-ion beams was also observed, which 
was consistent with previous single-ion beam studies. For contextual or 
cued fear memory, no statistically significant irradiation effects were 
observed, while other studies reported that impairment could be 
observed depending on the ion type. In addition, several differences 
between 3-ion and 6-ion beams were noted, including effects on body 
weight, home cage activity, open field activity/anxiety or 
depressive-like behavior. 

Using the simplified GCRsim beam, Krukowski (2021) showed a 
detrimental effect to spatial learning for a 50 cGy exposure for male 
C57B16/J wild-type mice, but not for 100 cGy and not for female mice. 
This impairment was associated with an inflammatory response char
acterized by enhanced microglia activation and synaptic alterations in 
the hippocampus and could be mitigated by inducing a temporary 
microglia depletion followed by repopulation, which was also observed 
for 4He irradiation (Krukowski 2018b). Microglia are macrophage cells 
acting as the main immune response of the CNS and can affect neuronal 
structure and function, thereby altering cognitive tasks (Krukowski 
2021). Contrary to previous single-ion studies, deficits in other behav
ioral (anxiety, sociability) or cognitive (social memory and recognition 
memory) tasks were not observed. Considering chronic exposure of mice 
(BALB/c female and C3H male) to a mixed field of neutrons and photons 
with a 252Cf emitter, two studies showed different dose-response re
lationships depending on the measured endpoint, with anticipation of 
worse performances during space mission for some tasks, and enhanced 
performances for others (Perez 2020; Holden 2021). CH3 male mice 
were also exposed to acute or fractionated GCRsim and showed that the 
effect of time of exposure depended on the behavioral or cognitive tasks 
as well (Holden 2021). 

A recent modeling exercise on the LET dependency of induced def
icits in novel object recognition performance revealed that the best fit 
for the data was a combination of non-targeted effects as well as targeted 
effects (Shuryak 2021). Although the nature of the non-targeted effects 
is currently not known, these appear to be an important determinant of 
CNS functionality in some instances. 

3.3.5. Lifespan studies with neutron vs. HZE ions 
Weil (2021) investigated the effect of acute vs. chronic exposure to 

neutrons and acute vs. fractionated exposure to GCRsim on lifespan in 
BALB/c female and C3H male mice, and histopathology investigation is 
ongoing. The chronic neutron source was 252Cf with a dose rate of 1 
mGy/day and contained 20% of γ-ray contamination (Borak et al., 
2019). The mean LET was ~70 keV/µm. The acute exposure was per
formed at the Radiological Research Accelerator Facility at Columbia 
University, by bombarding a beryllium target with mixed hydrogen and 
deuterium beam. The dose rate was 1.2 Gy/hr with γ-ray contamination 
of ~17%. BALB/c female mice showed a significant decrease of survival 
that was dose dependent (7 to 10% median life span) for chronic 
exposure. A 400 mGy low dose rate exposure was less effective than a 
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400 mGy acute exposure for life shortening. The decrease was not 
observed for C3H males irradiated with chronic neutrons, but life 
shortening was observed for acute exposure at 400 mGy. Acute vs. 
fractionated (19 fractions over 4 weeks) exposures using the GCRsim 
beam were also evaluated. A decrease in survival of CH3 male mice 
compared to sham irradiated controls was observed, but no difference 
was detected between chronic vs. acute exposure. GCR exposure 
increased life shortening compared to chronic neutron exposure but was 
less effective than acute neutron exposure (Weil 2021). 

4. Workshop discussion 

The workshop discussion aimed at determining, based on the exist
ing body of evidence, if the GCRsim as currently defined, adequately 
represents the radiation environment that will be encountered by 
humans in deep space behind shielding (ion types and energies) for the 
multiple endpoints tested and given the practical limitations of any 
ground-based facility. Where there was evidence suggesting that the 
GCRsim definition needed improvement, participants also discussed 
what types of studies should be designed to make these advancements. 
This section is organized into three parts summarizing the topics dis
cussed at the workshop: (1) areas of consensus, (2) contradictory evi
dence and (3) questions that have not been addressed yet and will need 
to be considered for future studies. In some cases, broad topics such as 
beam ordering may appear in more than one subsection, which reflects 
the complex nature of the problem being addressed wherein consensus 
may have been reached on parts of a broad topic, while it was recog
nized that open questions remain in other parts. 

4.1. Areas of consensus 

4.1.1. Beam composition 
The current GCRsim includes a broad distribution of proton and 

helium beam energies (Table 1), allowing both dose- and fluence-based 
quantities from the reference field to be well represented (Simonsen 
2020). The HZE component, on the other hand, comprises five discrete 
beams covering an LET range of 8 keV/μm – 175 keV/μm. A question 
naturally arises regarding the adequacy of five beams to represent such a 
broad LET range in a mixture dominated by protons and helium ions 
(91% of dose, see Table 1). In that regard, workshop participants have 
compared various endpoints obtained for different beam compositions. 
Given the same beam order (i.e., proton vs. HZE being delivered first), 
workshop participants reported no measurable change in sensitivity 
towards the HZE component for in vitro chromosome aberrations 
comparing 4-ion and 6-ion beams. Although results for more endpoints 
and experimental systems are required to draw a firm conclusion, par
ticipants agreed that based on current evidence the level of complexity 
appears to be sufficient for the GCRsim beam as currently defined. 

4.1.2. Neutrons 
There was an overall agreement that the simulator as currently 

configured is missing a portion of neutron exposure that would be pre
sent in the space environment. Details of the modeling approach used to 
calculate the GCRsim reference field must be understood to set appro
priate context for this discussion (Slaba 2016; Simonsen 2020). The 
GCRsim reference environment describes the radiation field found 
within humans behind shielding while in space, encompassing both 
primary GCR ions as well as the secondary particles produced in 
shielding and tissue, such as neutrons. Also included in the reference 
field are a majority of the neutron interaction byproducts that are 
typically thought of as neutron dose – recoil protons and inelastic re
action products with Z ≤ 2. Since the corresponding GCRsim proton and 
helium beams are normalized directly to the reference field fluences, a 
majority of the neutron dose is accounted for in the GCRsim beam. 

Given this context, there are two remaining aspects of the neutron 
exposure that are missing in the GCRsim. First, when energetic neutrons 

collide with nuclei in the human body, target fragments with Z > 2 can 
be produced with average energies below ~10 MeV/n. These heavy 
target fragments deposit energy within μm of their production site, and 
have LETs exceeding 175 keV/μm. These target fragments are not 
included in the GCRsim reference field or HZE beam definitions. The 
contribution of these particles to total dose is small but could have a 
moderate (on the order of 10%) contribution to cancer risk related 
quantities (Simonsen 2020). The contribution of these particles to other 
health risks in space is largely unknown at this time. Second, the spatial 
correlation and distribution of neutron reaction products are not 
retained in the GCRsim. Neutron interactions are seemingly randomly 
distributed throughout the body in space, but at each interaction site, 
the energy deposited can be quite large due to the multiplicity of 
charged target fragments produced. These high LET events yield corre
lated ion tracks traversing a small volume instantaneously and are not 
retained in the GCRsim sequential beam delivery protocol. Solutions 
were suggested to overcome these issues. 

It was suggested to perform ion irradiation at NSRL and then ship 
mice to another facility for additional neutron exposure. However, given 
that the missing neutron component only accounts for roughly 10% of 
the dose equivalent, decisions to include this neutron component should 
be a trade-off between the cost and complexity it presents and the 
improvement in accuracy or additional uncertainty that it provides. 
Another solution would be to use a hybrid GCRsim method (Fig. 1C), 
which incorporates shielding in the beam line to produce neutrons and 
other secondary particles. The direct advantage of this approach would 
be to recover the correlation of secondary particles produced by neutron 
interactions within the body. More research is needed to define an 
optimal hybrid simulator. 

4.1.3. Beam delivery order 
Another area of consensus regarding beam definition is that the order 

of ion delivery can be important for highly simplified (2-ion or 3-ion) 
mixed beams. The impact of ion order for more complex beams 
(GCRsim or simplified GCRsim) with a significant low LET component 
remains unclear. Overall, participants agreed that protons should be 
delivered first and most frequently, as is the case for both the GCRsim 
beam and the simplified GCRsim beam. This approach best recapitulates 
the deep space radiation environment where a constant flux of proton 
and helium ions dominate the field, with periodic HZE ions. Interleaving 
HZE ions should be maintained for future experiments, unless specif
ically required otherwise for hypothesis testing. 

As detailed in Section 3, several workshop participants reported that 
switching delivery order for heavy ions vs. protons showed sensitivity 
for both chromosome aberrations (2-ion beam) in fibroblasts and lung 
carcinogenesis (3-ion beam). Delivering protons first increased the 
sensitivity for both endpoints. Previous studies show the importance of 
beam order with results consistent with data described during this 
workshop. (Bennett 2007) irradiated cells with split doses of either 
protons or HZE particles and measured transformation from normal to 
an anchorage-independent preneoplastic, nontumorigenic phenotype. A 
much higher number of transformant cells per surviving cell for H (1 
GeV) + HZE (1 GeV/n 48Ti or 1 GeV/n 56Fe) as compared to 1H or HZE 
alone, even for small doses of 1H (i.e., < 20 cGy followed by 20 cGy of 
56Fe ions) was observed. 

Considering the same endpoint, (Zhou 2006) also investigated 
sequential beams 1H (1000 MeV) + HZE (48Ti or 56Fe 1000 MeV/n), 
with different time intervals between the two irradiations (2.5 min – 48 
hrs). In this study, a more than an additive effect was obtained with a 
critical time window between 2.5 min and 1 h for maximized synergetic 
effects, while longer times (~3 hrs for 56Fe ions and ~6 hrs for 48Ti ions) 
yielded additive effects, in agreement with previous reports (Sutherland 
2005). When testing 1H or HZE only or reversing the order of delivery 
(HZE + 1H), additive effects were observed. Analysis of survival showed 
similarity regardless of the beam composition and/or order, and analysis 
of the cell cycle showed no major differences following irradiation by 1H 
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ions regardless of the time point, which excludes a change in either cell 
cycle or survival as the origin of the effect. Further work by (Hada 2007) 
evaluated formation of chromosome aberrations in human mammary 
epithelial cells following sequential beams of protons (1000 MeV) and 
56Fe ions (1000 MeV/n) using 2 min, 30 min and 60 min intervals be
tween exposures. At intervals of 2 min and 30 min, the aberration yield 
was greater than additive, while at 60 min additive effects were 
observed. The authors suggest that following the initial exposure chro
matin unwinding at sites of DNA repair render the cells more susceptible 
to DNA damage by additional exposures. 

However, not all endpoints show sensitivity to beam order for mixed 
beam experiments. One study investigated mixed beam responses for in 
vitro cell transformation from a preneoplastic to a neoplastic, tumori
genic phenotype (Elmore 2011). Adaptive response has been observed 
for such an endpoint for both 1H (1000 MeV; < 10 cGy) and 56Fe (1000 
MeV/n; ≤ 1 cGy), where a small irradiation dose reduced the frequency 
of neoplastic transformation as compared to the zero-dose baseline, 
resulting in J-shaped dose-response curves. Whether a small dose of 
irradiation (10 cGy of 1H or 56Fe) followed by a higher dose (1 Gy of 1H 
or 56Fe) would induce a protective effect was also evaluated using either 
5 min – 15 min (immediate) or 16 h–24 h (delayed) time intervals. 
Regardless of the testing configuration, an adaptive response was not 
observed, with a possible exception for 10 cGy 56Fe irradiation followed 
by 1 Gy 1H irradiation, although the authors pointed out that both the 
original dose (10 cGy) and time interval might have been too large to 
observe such outcomes. In any case, responses were no more than ad
ditive, indicating no beam order effect for this endpoint. 

Another study investigated the effect of sequential irradiation with 
1H (50 MeV or 1000 MeV; 1.25 keV/μm or 0.2 keV/μm) followed, at 
different time points (6 hrs, 24 hrs or 72 hrs), by 56Fe (1000 MeV/n; 151 
keV/μm) on micronucleus formation in normal human fibroblasts 
(Buonanno 2015). Compared to 56Fe ion only irradiation, a reduced 
number of micronuclei were observed, a mitigating effect that was 
transient. In addition, unirradiated cells that were co-cultured with cells 
exposed to the first proton dose were also afforded protection against 
damage from a subsequent 56Fe exposure. 

While the order of the beam (1H vs. HZE) for simplified, 2-ion to 3- 
ion beams, shows an effect for many endpoints, it remains unclear 
whether this dependence is still observed for more complex (GCRsim or 
simplified GCRsim) beams with a dose that is largely dominated by low 
LET proton and helium components. These 2-ion to 3-ion beam experi
ments have a higher HZE component than is expected for a realistic 
intravehicular GCR environment, which could exacerbate the depen
dence on the ion order and needs to be understood mechanistically. 

4.1.4. GCRsim beam standardization 
Early ground-based experiments focused on space radiation were 

heavily influenced by facility constraints wherein only a single particle 
type or energy could be provided. The notion of switching the beam ion 
or energy during an experiment is still a relatively new concept, and the 
remarkable fast switching capability at NSRL is fundamental to the 
current GCRsim. These technological advancements have given re
searchers more degrees of freedom in experimental design, particularly 
in the areas of beam selection and delivery protocols. This increased 
freedom also introduces challenges when one attempts to synthesize the 
data from these diverse experimental designs, as is needed to develop 
consensus models (Shuryak 2022) for radiation quality or dose rate ef
fects used in risk assessment (Simonsen 2021). Investigation of 
mixed-field effects amplifies this problem as the number of conceivable 
beam mixtures becomes infinite. Recognizing the potential for such a 
problem, NASA chose to standardize the GCRsim and simplified GCRsim 
beams as defined in Tables 1 and 2, respectively. The practical value of 
beam standardization for such a complex tool as the GCRsim is obvious 
from the standpoint of data synthesis, cross validation, and long-term 
research vision. At the same time, it is recognized that 
over-prescribing experimental parameters can cripple innovation, 

constrain hypothesis driven research, and hinder necessary break
throughs. It is within this context that the topic of GCRsim beam stan
dardization was discussed during the workshop. 

There was a consensus on the need for GCRsim beam standardization 
for established biological systems (cells, mice, and rats). Larger animals 
have been discussed and proposed, such as mini-pigs, and may neces
sitate adjustments to account for larger tissue shielding and beam 
modifications. It is important to note however, that the prescription of a 
standard GCRsim beam would not preclude other mixed fields or single 
ions to be studied given suitable hypotheses, e.g., for mechanistic un
derstanding or modeling. Indeed, the workshop discussion made it clear 
that multiple questions pertaining to mixed-field effects remain open 
and will require the use of unique beam mixtures. 

It was generally agreed though that there should be a priority on the 
use of standardized (GCRsim and simplified GCRsim) beams for early 
investigations with little or no single beam data to support interrogation 
of combinatorial effects. As for using the GCRsim or its simplified 
version, it was suggested that participants with existing datasets and 
mature research should work with the GCRsim, while newer research 
could start off with the simplified GCRsim beam. Beam standardization 
would then facilitate inter-comparability between data across different 
experiments performed from different institutions and provide space vs. 
ground reference type of results. It was suggested that beam standard
ization with the simplified GCRsim may be particularly beneficial for 
CNS endpoints, where cross-experiment comparisons remain chal
lenging at this time. 

4.2. Contradictory results or evidence 

4.2.1. Additivity, synergy or antagonism 
The current GCRsim design has the advantage of allowing historical 

datasets based on single ion exposures to support mechanistic under
standing and model development for mixed-field effects. A question then 
arises regarding the combinatorial rules that should be applied to single 
ion exposures for mixed-field predictions, which is particularly impor
tant in the context of risk assessment models (Cucinotta 2013a) where 
simple additivity is assumed in order to project risk for the ions and 
energies comprising the complex space environment. The uncertainty 
associated with this assumption is not accounted for in probabilistic 
calculations either. Yet, in the presence of non-linearities at low dose 
associated with non-targeted effects or possible thresholds, simple 
additivity would likely be invalid. Insights gained from experimental 
studies and model advancements enable more accurate combinatorial 
methods to be developed or at least uncertainty to be quantified for the 
existing simple additivity approach used in the NASA risk model 
(Simonsen 2021). 

Experimental evidence and modeling results obtained so far show 
diverse results regarding additivity vs. synergy/antagonism for mixed 
beam exposures (Section 3). In vitro chromosome aberrations data 
showed synergy or antagonism, which depended on the number of ions 
included in the beam and on the cell line. Harderian gland data showed 
either strictly additivity or synergy, and the extent of the effect depen
ded on the dose (Huang 2020). As discussed in Section 4.3.4 it is also 
important to consider the interplay between the timing of exposures and 
the complexity of the beam mixture. While issues related to dose-rate 
were not the focus of this workshop, the impact of time between ions 
when one considers complex mixed fields like the GCRsim with greater 
than 30 beams is not yet clear. Additional systematic studies are needed 
in mature experimental systems to improve clarity. 

4.2.2. Experimental protocols standardization 
The need for GCRsim beam standardization was discussed in Section 

4.1.4 as an area of consensus, with the caveat that alternative beam 
definitions may be needed to interrogate specific aspects of mixed-field 
effects. The topic of standardized experimental protocols was also 
raised. Although no consensus was reached on the issue, the workshop 
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attendees provided diverse and sometimes contradictory points of view 
that collectively set important context for future research planning and 
objectives. 

It was recognized that standardization of experimental protocols 
beyond beam selection is challenging in the context of limited mecha
nistic understanding. Furthermore, experimental parameters (model 
system, assay, timing, etc.) often need to be chosen or perturbed such 
that measurable signals can be optimized to facilitate hypothesis testing 
while staying within practical limitations such as cost. However, as 
mentioned in 4.1.4, decisions on experimental design must be balanced 
against the need to synthesize knowledge gained from the breadth of 
experimental data to inform human health risk assessment. 

One approach was suggested that imposes a degree of standardiza
tion. The idea was to pose specific questions requiring the GCRsim that 
could be examined in multiple experimental systems. However, it was 
argued that this strategy would only allow analogies to be drawn from 
seemingly comparable measurements across different systems. The 
preferred alternative is to identify a catalog of relevant and high priority 
mechanisms that appear common across studies and enable predictions 
to be made. Such an approach has been proposed for different stressors 
in the framework of adverse outcome pathways, with the example of this 
framework applied to ionizing radiation for its effects in lung cancer 
(Chauhan 2021). 

Another point of conflict that arises, in terms of standardization, 
while going from animal models to human models, is the use of larger 
animals. Some participants contended that having larger animals such as 
pigs would be a better substitute to scale to humans in lieu of mouse and 
rat models. However, other participants commented that using such 
larger animals is not yet feasible with current NSRL capabilities and 
might not provide more insight than the smaller animal models. 

Workshop participants agreed that standardization will be particu
larly important for medical countermeasure (MCM) validation, although 
no consensus was reached on the prescription of such standards. It was 
clarified that for each defined endpoint or health risk of interest, a 
common baseline measure must be identified with a justifiable linkage 
to a human health outcome from which MCM efficacy can be gauged. 
Workshop participants concluded that for early stage MCM development 
or screening, standard assays may not be needed and the use of low-LET 
sources and methods that allow for high throughput evaluation may be 
sufficient to establish efficacy and the need for further testing. Later 
stages of MCM evaluation would necessitate testing with GCRsim using 
standard measures and predefined model systems. 

4.3. Open questions 

4.3.1. HZE ion order in the GCRsim 
As discussed previously, participants agreed that beam order can 

influence results for simplified, 2-ion to 3-ion beams, but it is unclear if 
this dependence is retained within more complex irradiation fields 
dominated by low LET ions, such as the GCRsim. This sensitivity might 
also strongly depend on the total dose and dose rate definitions, as was 
seen for the mixed-field lung carcinogenesis experiments (see Section 
3.3.2). Acute exposures showed sensitivity to ion beam order with 3 
beam mixtures, but the sensitivity was reduced when the time between 
individual beams was increased. 

In that regard, an experiment to specifically address the question of 
HZE ion ordering in the GCRsim was in progress and discussed at the 
workshop. Mice were exposed to the GCRsim beam with all heavy ions 
delivered at the end of an acute exposure. Results are expected for lung 
tumor invasiveness at 1-year post-irradiation which may provide more 
clarity when compared to results for the standard GCRsim ordering. 
Additional limited experimental cases could be tested, e.g., by testing 
the sensitivity of the beam delivery order for increasing beam 
complexity. Knowledge of the underlying mechanisms (Section 3.3.2) is 
also critical for determining if such effects are relevant for deep space 
exposure and to ensure adequate ground-based GCR simulations. 

4.3.2. Sequential beams as a surrogate for mixed fields 
One limitation of the reference field is that the spatial-temporal 

correlation of the secondary particle shower generated when GCR ions 
traverse shielding, and tissue is partly lacking. When a heavy ion from 
the natural GCR environment suffers a nuclear collision within vehicle 
shielding or tissue, many secondary particles are produced including 
fragments from the original ion (projectile-like) and fragments from the 
target (target-like). Projectile-like fragments are produced with an en
ergy and direction very near that of the original ion, while target-like 
fragments include both energetic, forward directed components and 
low energy, isotropic components. The possibility exists for multiple 
projectile-like fragments to traverse the same small volume almost 
simultaneously, thereby creating a spatial-temporal correlation. 
Although the current GCRsim beam includes the relevant charged par
ticle secondaries, the aforementioned correlations are lost within the 
sequential beam protocol. 

From a CNS perspective, the timing of ion tracks may be particularly 
important as these health effects likely involve several regions of the 
brain rather than just one. Representing the cascade of correlated pri
mary and secondary particle tracks by sequential ion irradiation is an 
approximation, and it is difficult to test whether it is acceptable. A 
possibility would be to use a hybrid approach to (at least partly) recover 
the correlations associated with a secondary ion shower. Monte Carlo 
simulations of particle traversals for different regions of the brain that 
quantify such correlations would help clarify if this could be significant. 

4.3.3. Low energy HZE ions in the GCRsim 
The GCRsim HZE beam energies were chosen, in part, to avoid rapid 

dose gradients within commonly used experimental systems such as 
cells, mice, and rats. Low energy HZE beams have the potential to range- 
out, or come to rest, in some experimental systems, which would yield 
an internal Bragg peak with significant dose variation in localized re
gions that may unpredictably influence biological outcomes. Despite the 
obvious practical rationale for avoiding locally high dose gradients, 
there are low energy HZE ions in space that will stop within the human 
body on an individual track basis. 

The question was raised regarding the importance of these low en
ergy HZE ions and the value of including them in the GCRsim. For CNS 
endpoints, the spatial deposition of inhomogeneous doses due to low 
energy tracks could injure neuronal networks and thus alter several 
functions involved in multiple regions of the brain. From a physics 
standpoint, it is very plausible that multiple HZE ions could come to rest 
in regions of the brain within relevant time scales, which would occur in 
the context of many more traversals by hydrogen ions, helium ions and 
highly energetic HZE ions. Monte Carlo simulations should be pursued 
to better quantify the impact of low-energy particles relative to the bulk 
of the environment represented by energetic tracks. 

4.3.4. Decoupling dose-rate and mixed-field effects 
The question of dose rate was voluntarily left out of the discussion, as 

the purpose of the workshop was to answer questions regarding the 
adequacy of the mixed-field aspects of the beam, and thus primarily the 
beam composition (ions, energies, etc.). However, fractionation and 
dose rate aspects remain as one of the dominant uncertainties in 
assessing space radiation induced health effects and as discussed, may 
also affect the questions related to adequacy of the beam composition. 
The subsequent open question is whether the issues of beam composi
tion and dose rate can be treated separately. Experimental data to assess 
the dependence of dose rate and chronic vs. acute exposure are forth
coming for high-LET (Sections 3.2.2 and 3.3.2) and neutrons (Section 
3.3.5). While dose rate is undoubtably a strong variable, it remains 
unclear how this affects dose-responses, for instance in vivo results 
suggest higher carcinogenesis (Section 3.2.2) while in vitro results 
suggested otherwise (Section 3.3.2). Participants suggested that, just as 
there is a reference beam field, there should be a reference dose rate. 
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5. Conclusion 

Understanding the biological outcomes associated with exposure to 
the complex radiation environment in space is a tremendous challenge, 
but an essential step in the process to achieve safe and productive human 
space exploration, and to preserve long-term quality of life for space 
explorers. The GCR simulator at the NASA Space Radiation Laboratory 
provides an accelerator-based exposure regimen consisting of rapidly 
switchable ions and energies that approximates the primary and sec
ondary GCR field experienced by the human body within a spacecraft. 
The GCR simulator is an added capability at NSRL supporting space 
radiobiology research. As part of a comprehensive research program, the 
GCRsim will improve risk model predictions, enhance biomarker dis
covery and validation, and aid countermeasure selection and validation 
across all major space radiation health risk areas. This information is 
needed to realize NASA exploration goals. The GCRsim workshop 
summarized in this report provided an opportunity to evaluate progress 
of the NASA GCR simulator design and early implementation with a 
focus on review of the mixed-field composition, order of ion delivery, 
and early data from computational modeling and biological experi
mentation. Modeling approaches, experimental constraints, areas of 
consensus, and questions of concern were also discussed in detail. 

The early experimental campaigns were successful with the auto
mated delivery of 33-ion sequential GCRsim reference field taking 
approximately 75 min with no major interruptions or delays. There were 
several main lessons learned from this early work related to the 
complexity of the beam, the order of delivery and evidence for combi
natorial effects. The complexity of the GCRsim beam, as currently 
specified, was considered adequate to represent the radiation environ
ment encountered by humans in deep space behind shielding. However 
further work is required to fully address this issue with specific studies 
focused on comparing data acquired using the 33-ion GCRsim reference 
field to less complex mixtures including the simplified 5-ion GCRsim. 
Two additional caveats were also discussed. One is the lack of low en
ergy HZE ions, omitted to avoid exposure "hot spots" in experimental 
models, but that is present in the spaceflight environment. The other 
caveat is the lack of a small fraction of neutron exposure and related 
spatial-temporal correlation of ion tracks occurring in space. These is
sues may be addressed by considering a hybrid method at the NSRL 
beamline, but development and implementation will require further 
research. 

The order of ion delivery appears to be appropriate. Early experi
mental data suggests ion order may be less important for a complex 
radiation field, such as the GCRsim, which spans a broad range of LET. 
Experimental results from simple mixed-field exposures, on the other 
hand, seem to be more sensitive to ion order and timing protocols. 
Careful design of experimental studies directed at bounding this issue 
are important to pursue and will provide necessary validation of this 
strategy. There was varied evidence for combinatorial effects (addi
tivity/synergy/antagonism), and general agreement that further data is 
required to determine how generalizable these concepts may be across 
the main human health risk areas. There was also overall agreement that 
the standardized GCRsim or simplified 5-ion GCRsim beams should be 
preferred for experimental studies that are not directly addressing hy
pothesis driven questions related to order of ion delivery, validation of 
combinatorial effects or when single ion studies are not clearly justified, 
which will facilitate comparison of experimental results across different 
studies and risk areas. The issue of standardization was also discussed 
with regards to experimental models and protocols, and it was recog
nized that standardization beyond beam selection would be challenging 
given the current incomplete mechanistic understanding of the complex 
outcomes of space radiation exposure but would be important to 
consider for future biomarker and/or medical countermeasure studies. 
While outside the scope of this workshop, open questions remain 
regarding the use of rapidly delivered sequential beams as a surrogate 
for chronic exposures in the space environment, the importance of 

which may vary depending on the endpoints and timescales of biological 
processes under evaluation. 

In summary, the overarching conclusion of the workshop discussions 
was that the current GCRsim reference field and delivery approach are 
scientifically sound and state of the art. This capability provides a step 
forward, enabling space radiobiology studies focused on addressing key 
issues for protection of humans during space travel. 
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