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INTRODUCTION TO SPACE RADIATION - ARTEMIS

Images courtesy of NASA

Artemis I
- Uncrewed flight test around Moon

Nov. 16, 2022 - Dec. 11, 2022

Artemis II
- Crewed (4) lunar flyby, 2026, 10 days

Artemis III
- Human landing near South Pole, 2027

Artemis IV
- Lunar space station (Gateway), 2028

Mars long term plan
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INTRODUCTION - SPACEFLIGHT HAZARDS

3

Space Radiation Overview

• What à Space radiation is identified by NASA as one of the 5 hazards of human spaceflight 

https://www.nasa.gov/organizations/ochmo/human-spaceflight-hazards/
https://www.nasa.gov/organizations/ochmo/human-spaceflight-hazards/
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INTRODUCTION - SPACE RADIATION ENVIRONMENT

Geomagnetically trapped radiation

Charles Werneth | charles.m.werneth@nasa.gov 13

Space Radiation Environment
Geomagnetically Trapped Radiation

Image Courtesy of NASA

• Inner Belt: mostly protons 
and electrons 

• Outer belts: composed of 
electrons

• Proton Energy < 250 MeV
• Electron Energy < 6 MeV

Image courtesy of NASA

Low energy protons (< 250 MeV) and
electrons (< 7 MeV)

Inner Belt: mostly protons and electrons

Outer belts: composed of electrons

Continuous exposure at altitude up to
40,000 km (Geo 36k)

Can be shielded; mainly relevant to ISS

Slide courtesy of Dr. Charlie Werneth (NASA) & Dr. Shirin Rahmanian (AMA)
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INTRODUCTION - SPACE RADIATION ENVIRONMENT

Solar Particle Events (SPE)

Charles Werneth | charles.m.werneth@nasa.gov 11

Space Radiation Environment
Solar Particle Events (SPE)

7 June 2011
Image Courtesy of NASA

• Consists of mostly protons with energies 
that range from fraction of MeV to several 
hundred MeV and higher

• Sporadic events 
• More frequently occur near solar 

maximum 
• Storm shelters can be constructed to 

minimize exposure risk 
7 June 2011

Image courtesy of NASA

Medium (keV to 100s MeV) to high
energy protons (< 1 GeV) from coronal
mass ejections

Intermittent exposure with peak activity
during solar max

Can be effectively shielded to prevent
severe acute radiation syndrome

Storm shelters minimize exposure risk

Slide courtesy of Dr. Charlie Werneth (NASA) & Dr. Shirin Rahmanian (AMA)
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INTRODUCTION - SPACE RADIATION ENVIRONMENT

Galactic Cosmic Rays (GCR)

Charles Werneth | charles.m.werneth@nasa.gov 12

Space Radiation Environment

Crab Nebula

Image Courtesy of NASA

Galactic Cosmic Rays (GCR) • Galactic Cosmic Rays originate from 
the shock waves of galactic 
supernovae 

• Mostly composed of protons and 
heavier nuclei with energies that 
reach TeV/n (1012 eV/n) and higher

• Intensity near Earth depends on the 
solar cycle

• Difficult to shield from high energy 
and charge ionsCrab Nebula

Image courtesy of NASA

Highly penetrating, complex mixed field
including protons and heavier nuclei

Protons (85%), He ions (12%)

High charge and energy (HZE) ions (1%)
(lower flux but biologically significant)

Energies > TeV/n

Chronic low-dose rate exposure that
varies with solar cycle

Difficult to shield due to energy and
complexity of field

Biophysical properties of HZE particles
differ vastly from terrestrial radiation with
adverse biological affects contributing to
health risks

From supernova shock waves

Slide courtesy of Dr. Charlie Werneth (NASA) & Dr. Shirin Rahmanian (AMA)
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INTRODUCTION - SPACE RADIATION EXPOSURE

Dose (D)
Energy deposited
Gray (Gy) (J/kg)

Dose Equivalent (H)
Dose scaled by radiation quality factor (Q)
Sievert (Sv)

Effective Dose:
Weighted sum of tissue averaged dose equivalent
Tissue weights: radiosensitivity of specific tissues
Sievert (Sv)

NASA Career Permissible Exposure Limit (PEL)
Exposure should not exceed effective dose of 600 mSv
Corresponds to mean Risk of Exposure Induced Death (REID) for
cancer mortality of 3% for 35 yr old female
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INTRODUCTION - TERRESTRIAL EXPOSURES

Charles Werneth | charles.m.werneth@nasa.gov 23

Terrestrial Exposures
Exposure Scenario Dose (mGy)

Chest x-ray 0.1-0.23

Computed tomography-Chest 20-30

Computed tomography-Full body 50-100

Cardiac catheterization 12-40

Mammogram 0.6-2.9

Cancer Radiotherapy to tumor: doses ≥ 20 Gy 

Department of Energy Ionizing Radiation Dose Ranges Charge (2017)

Slide courtesy of Dr. Charlie Werneth - NASA
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INTRODUCTION - SPACE RADIATION EXPOSURES

Charles Werneth | charles.m.werneth@nasa.gov 24

Space Radiation Exposures

Simonsen LC, Slaba TC, Guida P, Rusek A (2020) NASA’s first ground-based Galactic Cosmic Ray Simulator: Enabling a new 
era in space radiobiology research. PLoS Biol 18(5): e3000669. https://doi.org/10.1371/journal.pbio.3000669

aBoth NASA defined quality factors and ICRP 60 quality factors considered in range of estimates

Exploration Mission Mission 
Duration

Dose (mGy) Dose Equivalent 
(mSv)a

ISS in LEO 6 months 30-60 50-100
ISS in LEO 1 year 60-120 100-200

Sortie to Gateway (free space) 30 days 20 55
Lunar surface mission
 (2 weeks on surface)

42 days 25 70

Sustained lunar operations 1 year 100-120 300-400
Deep space 1 year 175-220 500-650

Mars mission 650 to 920 
days

300-450 870-1200 

Slide courtesy of Dr. Charlie Werneth - NASA

Note: Previous slide PEL was Effective Dose, not Dose Equiv.
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INTRODUCTION - SPACE RADIATION MITIGATION

Charles Werneth | charles.m.werneth@nasa.gov 26

Mitigation Approaches

• Radiation shielding
• Mission planning: time in solar 

cycle and mission duration
• Crew selection: age, previous 

exposure
• Biomarkers predictive of 

radiation induced diseases
• Physical activity: studies indicate 

reduced cancer incidence

Individual
Sensitivity 

Variations in Solar Cycle
Shield Design 

and Optimization

Exercise 
and Conditioning

Charles Werneth | charles.m.werneth@nasa.gov 26
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Slide courtesy of Dr. Charlie Werneth - NASA
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INTRODUCTION - SPACE RADIATION HEALTH RISKS

Charles Werneth | charles.m.werneth@nasa.gov 25

• Risk of radiation carcinogenesis
• Morbidity and mortality risks

• Risk of acute and late central nervous system (CNS) effects 
• Changes in motor function and behavior or neurological disorders

• Circulatory diseases 
• Heart and Vasculature 

• Risk of acute radiation syndromes 
• Prodromal effects (nausea, vomiting, anorexia, and fatigue), skin 

injury, and depletion of blood forming organs

Space Radiation Health Risks

Slide courtesy of Dr. Charlie Werneth - NASA
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SPACE RADIATION & ION THERAPY OVERLAP

Relative contribution to fluence, dose, dose equivalent
First 4 peaks: H, He, C, O (Average over 1 year during solar min behind 5 g/cm2 Aluminum)

GCR simulator is designed to approximate this mixed field of primary and secondary particles

seen at critical body organ and tissue locations within an astronaut in a shielded vehicle. In

comparison with the high energies of GCR in the 10s of GeV/n, NSRL’s upper energy limit of

1.5 to 2.5 GeV/n will be the largest constraint on implementation strategy.

Mission doses. Over the last decades, there have been numerous studies estimating radia-

tion exposures to astronauts from both SPEs and GCR during solar minimum and maximum

conditions. These studies have assumed a wide variety of vehicle and shielding configurations

with various levels of fidelity in design and material characterization, mission durations, and

solar conditions [20,21,22]. Additionally, environmental models, transport codes, nuclear

models, and human voxel phantoms have greatly improved our ability to more accurately proj-

ect exposures [9]. Important environmental measures on both the International Space Station

Fig 2. Relative contribution to fluence (squares), dose (diamonds), and dose equivalent (circles) of different elements in the free-space GCR

environment during solar minimum conditions (June 1976) as described by the Badhwar–O’Neill 2010 GCR model [14] (Adapted from

Durante and Cucinotta [3]). Plot data available in S1 Data. GCR, galactic cosmic radiation.

https://doi.org/10.1371/journal.pbio.3000669.g002

PLOS BIOLOGY NASA’s galactic cosmic ray simulator

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000669 May 19, 2020 5 / 32

GCR environment during solar minimum conditions (June 1976) - Badhwar-O’Neill 2010 GCR model
Simonsen, Slaba, Guida, Rusek, PLOS Biology 18(5): e3000669, 2020 [Open Access]
Figure easily mis-interpreted: Looks like Fe very important, but note very thin shield 5 g/cm2

But Fe fragments into light ions & neutrons before reaching astronaut - more details later
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SPACE RADIATION & ION THERAPY OVERLAP

Galactic Cosmic Rays
• Galactic cosmic rays (GCR) are the main radiation hazard for long 

duration exploration missions 

Relative contributions of different
elements in the 1976 solar minimum GCR environment 

[Simonsen, Slaba, Guida, 2020]
[Image courtesy of Tony Slaba]

5

Note: Proton therapy flux NOT represented by vertical scale Figure courtesy of Dr. Tony Slaba

AMS = Alpha Magnetic Spectrometer
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SPACE RADIATION & ION THERAPY OVERLAP

Effective dose contributions versus GCR BOUNDARY (incident) energy
(20 g/cm2 Aluminum)

Proton, 4He (alpha), 12C, 16O peaks ∼ ion therapy energies

GCR ion in free space before propagating into any shielding material. The contribution from each ion and
boundary energy to effective dose depends directly on the shielding material, shielding thickness, and
solar conditions. Therefore, the sensitivity analysis is performed for different shielding materials, shielding
thickness, and solar conditions.

Throughout this section, it is important to remember that the ions and energies being discussed refer to the
energy of each ion before impinging on any shielding material. The discussion should not be confused
with the local particles and energies depositing energy at the tissue site. The intent of this analysis and
discussion is to determine how exposure quantities depend on the GCR field before interacting with
shielding materials or human tissue.

The quantity that describes effective dose as a function of boundary ion energy may be written as

hZ EBð Þ ≡ ∂
∂EB

HZ E > EBð Þ; (1)

where EB is the boundary energy and HZ and hZ are the cumulative and differential effective dose rates as a
function of boundary kinetic energy for GCR ion Z. The cumulative effective dose rate, HZ (E> EB), is the
effective dose delivered by boundary energies greater than EB from GCR ion Z. The differential effective dose
rate is simply the derivative of HZ with respect to EB.

Monte Carlo transport codes are, in principle, well suited to simulate the quantity in equation (1), since
contributions to specific exposure quantities can be directly tallied as a function of the radiation type and
energy impinging on the shielding geometry. However, in practice, performing the full sensitivity analysis for
each GCR ion and boundary energy and a range of shielding thicknesses and materials is computationally
expensive. An alternative approach utilizing HZETRN-π/EM [Wilson et al., 1991; Slaba et al., 2010b, 2010c;
Norman et al., 2013] is implemented in this work. The numerical procedure and computational tools used to
express effective dose as a function of boundary energy for each GCR ion is described in Appendix A.

For all calculations in the sensitivity study, effective dose is computed using the International Commission
on Radiological Protection (ICRP) 60 quality factor [International Commission on Radiological Protection (ICRP),
1990] and ICRP 103 tissue weights [ICRP, 2007] with the FAX (Female Adult Voxel) human phantom
[Kramer et al., 2004] as described by Slaba et al. [2010a]. Radiation transport has been performed using the
HZETRN-π/EM code. The BON2010 [O’Neill, 2010] model was used to evaluate the GCR spectrum for solar
minimum and solar maximum conditions, and October 1976 and June 2001 were used as representative
dates for solar minimum and maximum, respectively. These dates were chosen to bound the range of solar
conditions that might occur. One would not expect the relative importance of specific ions and energy

Figure 2. Differential effective dose rate as a function of boundary kinetic energy behind 20 g/cm2 of aluminum exposed
to solar minimum conditions described by BON2010 model. Results for specific ions have been scaled to improve plot
clarity. The location of the peak distribution values along the horizontal axis indicates which boundary energies are most
important to effective dose behind shielding.

Space Weather 10.1002/2013SW001025

SLABA AND BLATTNIG ©2014. American Geophysical Union. All Rights Reserved. 219

Slaba & Blattnig, Space Weather 12, 217, 2014
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SPACE RADIATION & ION THERAPY OVERLAP

Common needs:
Uncertainty Quantification (UQ)
Cross section measurements overlap

Similar types (double-differential)
Similar projectiles (H, He, C, O) space rad needs additional

Similar projectile energies space rad also needs additional

Similar targets space rad also needs additional

Similar fragments (light ions)

Nuclear model improvements
Transport code improvements - with improved nuclear models

But biggest differences:
 Ion Therapy Space Radiation 
Energy 10s - 100s MeV/n 10s MeV/n – 50 GeV/n 
Projectiles H, He, C, O H  –  Ni 
Targets - human body H, C, O, N, Ca, P, 

S, K, Na, Cl, Mg 
H, C, O, N, Ca, P, 
S, K, Na, Cl, Mg 

Targets - materials  C, Al, Cu, Ti 
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THICK & THIN

Up to now, shielding relatively thin ∼ 20 g/cm2 (except ISS, NAIRAS)

International Space Station (ISS) shows considerable variation:
1 g/cm2 – 4800 g/cm2, median ∼ 54 g/cm2 Thanks Dr. Tony Slaba

Orion: 2 g/cm2 – 820 g/cm2, median ∼ 35 g/cm2

Earth atmosphere:
1000 g/cm2 (vertical) ∼ 50,000 g/cm2 (horizontal)

NAIRAS - Nowcast of Atmospheric Ionizing Radiation for Aviation Safety

Mars atmosphere:
20 g/cm2 (vertical) ∼ 1000 g/cm2 (horizontal)

Future shields:

Moderate thickness - Lunar space station (Gateway); Commercial space stations
Very thick - Moon, Mars surface habitats; Mars transit vehicle

Thick shields are real and represent future
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THICK & THIN - EXAMPLE BRAGG CURVES
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target material. The build-up reaches a maximum at a depth
where the projectile fragmentation takes over and the dose
ratio starts to decrease.
As shown in Figs. 2 and 3, the depth-dose distribution of

the aluminum alloy, HDPE, and Moon regolith simulant is
similar in the build-up region, suggesting that the production
of secondary particles is quite similar in the three materials.
However, it must be considered that the Moon regolith simu-
lant was irradiated inside PMMA boxes. For both the beams,
instead, the LiH target shows a weaker build-up compared
to the other investigated materials. Monte Carlo simulations
were performed to investigate this effect in detail. Their
results suggest that this effect is likely due to the secondary
particles laterally escaping the target volume (49). The
Bragg peak position is different for the three target materials
because of their different electron density: 1/q energy loss
per unit pathlength (dE/dx)! ZT/AT.

When comparing proton and helium depth-dose distribu-
tions (see Fig. 4), it can be observed that the build-up is
higher for the proton beams. This is due to the higher dE/
dx of helium (dE/dx ! Zp2), which increases the entrance
channel and makes the relative contribution of the second-
ary particles smaller, combined with the fragmentation of
the primary ions, which pulls the depth-dose curve down
because of the lower dE/dx of the secondary particles.
Additionally, in Fig. 4d, the results obtained with LiH and
the 2 GeV proton beam are also reported. For higher proton
beam energies, the build-up effect is also stronger. This can
be explained again by a reduced stopping power of the
more energetic proton beam (dE/dx ! vp�2) and, thus, a
larger relative contribution to the energy deposition of the
secondary fragments produced via nuclear interaction. The
ranges of 4He ions are shorter because of the lower kinetic
energy per nucleon of the beam.

FIG. 2. Experimental depth-dose distribution curves obtained with 480 MeV protons. Panel a shows the full Bragg curves in the aluminum
alloy, HDPE, Moon, regolith simulant and LiH. Panel b is a zoom-in. The dashed lines connect the experimental points.

FIG. 3. Experimental depth-dose distribution curves obtained with 430 MeV/u 4He ions. Panel a shows the full Bragg curves in the aluminum
alloy, HDPE, Moon, regolith simulant and LiH. Panel b is a zoom-in. The dashed lines connect the experimental points.
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THICK & THIN - INTERNATIONAL SPACE STATION (ISS)

• Complex and detailed shield geometry models
- ISS 
o Derived from CAD ray trace
o ~400,000 kg
o Over 11,000 unique parts/objects

- ORION 
o Derived from CAD ray trace
o ~26,000 kg
o Over 23,000 unique parts/objects

- BioSentinel (1) 
o Combinatorial geometry 
o ~14 kg
o Major component masses retained

- Mars surface (2-4) 
o Stacked cylinders 
o Bottom regolith layer
o 25 CO2 atmosphere layers described by MCD 6.1 (5)

o Vertical column thickness ~21.4 g/cm2 from REMS

18

Shield Geometry

Cumulative mass shielding thickness distributions for 
ISS, Orion, BioSentinel and Mars atmosphere.

(1) Rahmanian et al., Life Sci. Space Res. 38: 19-28; 2023.
(2) Matthia et al., J. Space Weather Space Cli. 6: A13; 2016.
(3) Matthia et al., Life Sci. Space Res. 14: 18-28; 2017.
(4) Slaba et al., Life Sci. Space Res. 14: 29-35; 2017.
(5) Forget et al., J. Geo. Res. 104: 24155-24176; 1999.

CAD – Computer Aided Design
MCD  - Mars Climate Database

REMS - Rover Environmental Monitoring Station 

CDF = Cumulative Distribution Function Slides courtesy of Dr. Tony Slaba - NASA
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THICK & THIN
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Dose Equivalent (Leukemia) vs. Depth

Aluminum spherical geometry free space

Dose increases → more particles being produced and depositing energy

Dose Equivalent (H) - Famous minimum near 20 g/cm2

- H drops due to high LET particles breaking into lower LET
- H starts increasing above 30 due to neutron buildup and elastic scattering protons

Contrary to intuition, Dose Equivalent bigger at large depth (not smaller)
- E.g. compare 20 g/cm2 to 80 g/cm2

- Stay away from windows and stay away from thick walls

Should eventually turn over (“Pfotzer”)
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THICK & THIN - TRANSPORT CODE DISAGREEMENTS

Figure courtesy of Dr. Tony Slaba - NASA

Forward - Backward
geometry

Dose Equivalent -
Famous minimum near
20 g/cm2

Code disagreements
worse at LARGE DEPTH

Large depth shielding
highly uncertain

Disagreement due to
nuclear model differences

Can’t keep going up
forever

What happens > 100 ?

Beyond 100 g/cm2

realistic thick shields

HZETRN (G4 - INCL nucleons only, not light, heavy ions etc.)
Thorough checks that all codes calculated quality factor same way
Similar disagreements seen for Dose and Flux
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THICK & THIN - GCR - DISCOVERY

First thick target experiments by Coulomb, Wulf, Hess, Regener, Pfotzer

Beam = GCR, Target = Atmosphere, Detector = Electroscopes

Began with a mystery concerning leakage of
electric charge from an insulated charged
electroscope.

Unexplained since Henry Coulomb noticed in
1785, that charged metal sphere suspended by
insulated silk thread did not retain charge.

In early days electroscopes & electrometers
also used to study x rays, radioactivity, etc.

Strong sources of radiation cause leaves in
electroscope to come together
(after electroscope initially charged)

Strength of radiation measured by how quickly
leaves come together

[http://www.school-for-champions.com/experiments/]
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THICK & THIN- GCR - DISCOVERY

Researchers found trouble:

Turn off all Crookes tubes, remove all radiation sources,
remove light

Still electroscope leaves fall together

End C19 Wilson connected this to ionization of surrounding air

With discovery of radioactivity & finding that earth itself
contained minute traces of radioactive materials, it was
mistakenly thought that source of ionization of air was this
radioactive material of earth.

Implied that leakage rate (rate at which leaves come together)
should be smaller at higher altitudes

1910 Father Thomas Wulf took electroscope top Eiffel tower

Observed 64% drop in leakage rate

But expected much more reduction
(radiation should be absorbed in air)

Deduced that radiation from ground (gradually decreasing
with height) competing with radiation coming down
through atmosphere

Obvious thing was to go to greater heights (Wulf did not)

[Norbury, 2010]
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THICK SHIELDING - GCR - DISCOVERY

1911 - Victor Hess (Austrian)
- balloon flights with electroscopes

Radiation first decreased as balloons went up

But by 5,000 ft. radiation was more intense than at
sea level

By 17,500 ft. radiation increased several times

Hess hypothesized “extra-terrestrial source of
radiation”

Nobel prize in physics

Named Cosmic Radiation by Millikan in 1925

   Starting in 1911, Victor Hess (Austrian) 
was first to produce decisive results 
from balloon flights in which he 
ascended with electroscopes 

•  radiation first decreased as balloons went up 
•  but by 5,000 ft. radiation was more intense 

than at sea level 
•  by 17,500 ft. radiation increased several 

times 
•  Hess hypothesized “extra-terrestrial source 

of radiation” 
•  named Cosmic Radiation by Millikan in 1925 

Galactic Cosmic Rays - Discovery 

Friedlander, Nature 483, 400, 2012 [Public Domain]
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THICK & THIN - REGENER-PFOTZER MAXIMUM

Altitude (km) versus Dose Rate (µ Gy hour)

Space Weather 10.1002/2016SW001407

Figure 10. Altitude profiles of absorbed dose rates measured in tissue (TEPC) and in silicon (Liulin and TID) during
the ascent phase of the RaD-X balloon flight using the Fourier transform filtering: TEPC (black line), Liulin (red line),
and TID (green line).

respect to the sliding window average method. This was the anticipated result, adding confidence in using this
filtering technique to extract altitude profiles of the dosimetric quantities from the balloon measurements.

The characteristics of the Pfotzer maximum derived from the TEPC, Liulin, and TID absorbed dose rate pro-
files shown in Figure 10 are the following. The peak absorbed dose rate in tissue obtained from the TEPC is
3.2 μGy/h. The altitude of the peak absorbed dose rate is 21.2 km. The peak absorbed dose rate in silicon
obtained from the Liulin data is 3.4 μGy/h, which occurs at an altitude of 19.6 km. From the TID data, the peak
absorbed dose rate in silicon is 3.5 μG/h, which is located at an altitude of 23.7 km. The peak absorbed dose
rates derived from these three instruments are within 10% of each other. The altitude of the Pfotzer maxi-
mum obtained from the TID data is 2.5 km higher than the TEPC, while the Liulin is 1.6 km lower than the
TEPC. The altitude profiles of the TEPC absorbed dose rates extracted using the sliding window average and
the Fourier transform filtering technique are nearly the same. The altitude profile and the Pfotzer maximum
characteristics derived from the TEPC flight data are likely the most accurate of the RaD-X instruments.

Table 3. RaD-X Campaign Flight-Averaged Dosimetric Quantities and Estimated Total Uncertaintyb

Barometric Atmospheric Flight Cutoff Liulin TEPC TEPC TEPC TEPC
Altitude Pressure Platform Rigidity Dose Rate Dose Rate Dose Equation Rate ⟨Q⟩ H∗(10)
(km) (hPa) (GV) (μGy/h) (μGy/h) (μSv/h) (Unitless) (μSv/h)

8.0a 444.9 CSBF 3.62 ± 0.32 0.94 ± 0.05 0.90 ± 0.18 2.44 ± 0.50 2.60 ± 0.75 N/A

10.4 249.0 DLR 4.10 ± 0.80 1.43 ± 0.15 N/A N/A N/A 4.73 ± 0.37

11.3 216.0 DLR 4.10 ± 0.80 1.77 ± 0.18 N/A N/A N/A 5.54 ± 0.45

17.0 92.0 ER-2 4.60 ± 0.21 N/A 4.75 ± 0.95 9.20 ± 1.85 1.99 ± 0.56 N/A

20.0 85.6 ER-2 4.51 ± 0.15 N/A 5.40 ± 1.08 11.08 ± 2.25 2.11 ± 0.60 N/A

24.6 27.3 RaD-X 3.81 ± 0.09 3.34 ± 1.04 3.20 ± 0.48 7.70 ± 1.16 2.37 ± 0.50 9.05 ± 1.37

36.6 4.5 RaD-X 3.52 ± 0.08 2.77 ± 0.86 2.73 ± 0.41 9.40 ± 1.42 3.40 ± 0.72 11.09 ± 1.67
aUnit is geodetic altitude.
bTotal uncertainty is root-mean-square of systematic and statistical uncertainties.
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Mertens et al., Space Weather 15, 874, 2016

1930s Erich Regener - Georg Pfotzer
balloon flights (Germany)

1935 discover Regener - Pfotzer max

Height above Earth surface ∼ 20 km

2016 Mertens et al. (NASA) balloon
flights, investigating in detail for
airplane radiation (NAIRAS)

An investigation into the nature of high altitude cosmic radiation in the stratosphere

Figure 7. The Pfotzer curve. Adapted from [3].

0.003 388 579 × 17 = 0.057 605 85 =

expected number of lost counts per 17 s (package)
due to dead time.

227 + 0.057 605 85 = 227.057 6059 =
expected number of counts if lost counts are
included.

0.057 605 85
227.057 6059 × 100 = 0.025 370 588 =

percentage of counts lost.
As only 0.25% of the counts are lost at the

maximum count rate, we can safely assume that
there was no significant effect on our readings due
to an influence by dead time.

Conclusion
We concluded that the peaks in the graphs are to
be attributed to the maximum flux of the com-
ponents of cosmic rays that are of secondary
origin. In other words, at an approximate altitude
of 20 km, there is a peak amount of ionizing
material produced from air shower cascades that
are propagating downwards to the surface. This
peak can be understood by identifying two com-
peting effects. Firstly, cosmic ray intensity will
decrease as altitude decreases, because there have
already been collisions higher up. Secondly, atmo-
spheric density will increase as altitude decreases,
increasing the likelihood of collisions. The prod-
uct of these two competing effects produces a
maximum in cosmic ray flux at ∼20 km. As we
did not use multiple coincidence arrays to isolate
our cosmic radiation measurements solely to the
vertical direction, we are unable to ascertain the
impact that ionizing particles interacting with the
Geiger–Müller tube from the side had. We can

Figure 8. Payload arrangement. The payload
equipment was contained in an insulated polysytrene
box, separated with dividers (as pictured) and fastened
down with a secondary polystyrene ‘roof’.

Figure 9. Balloon burst at 31 685 m.

only assume, based on previous research, that
the majority of the radiation detected was in the
vertical plane. Looking at previous investigations,
we discovered an article produced by cosmic ray
physicist Pfotzer in the 1930s [3], based on his
work with Regener. Their published graph (see
figure 7) has remarkable similarities with our own
results. It should be noted that the count rate on
the Pfotzer curve (see figure 7) was measured
in counts per 4 min, and our count rates were
measured per every approximate 17 s. The two
graphs seem to be supporting each other. Our
Geiger–Müller tube recorded omnidirectionally,
whereas their apparatus consisted of threefold
coincidences which isolated their recordings to the
vertical plane. This does not seem to have caused a
major difference between our graphed results. This
suggests that the majority of cosmic radiation is
propagating downwards in a vertical direction.

March 2014 P H Y S I C S E D U C A T I O N 169

Bancroft et al., Phys. Ed. 49, 164, 2014
(reproduced with permission)
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THICK & THIN - REGENER-PFOTZER MAXIMUM

Nowcast of Atmospheric Ionizing
Radiation for Aviation Safety

Domestic crews 1 - 2 mSv /yr

International crews < 4 mSv / yr

Pregnant woman < 5 mSv
limit to fetus per pregnancy

Many more polar flights

Concorde & future commercial
supersonic at Pfotzer max ∼ 30 km

NAIRAS, Mertens et al. (NASA)

Image courtesy of NASA
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THICK & THIN - REGENER-PFOTZER MAXIMUM

Aluminum sphere in free space at solar minimum
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Dose Equivalent vs. Depth

Space radiation thick shield shows Pfotzer max near 200 g/cm2

- Both dose and dose equivalent
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LIGHT IONS & NEUTRONS

Figure courtesy Dr. Tony Slaba

Want to understand cause of transport code disagreements

What contributes most to dose versus depth curves?

Especially at large depth

Explore Light Ions and Neutrons →
Light ions are isotopes of Hydrogen & Helium
proton = 1H, deuteron = 2H, triton = 3H, helion = 3He, alpha = 4He
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LIGHT IONS & NEUTRONS - GCR FLUX

Charles Werneth | charles.m.werneth@nasa.gov 16

GCR Flux

Image: Simonsen et al. (2020). PLoS Biol 18(5): e3000669. https://doi.org/10.1371/journal.pbio.3000669

Free Space Female Blood Forming Organ Flux Behind 
20 g/cm2 Aluminum Shield

2010 Badhwar O’Neill GCR model 
• Solar Minimum: June 1976
• Solar Maximum: June 2001

Solar 
Max

Solar 
Min

Slide courtesy of Drs. Tony Slaba and Charlie Werneth - NASA
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LIGHT IONS & NEUTRONS

Percent contribution to blood forming organ (BFO) dose equivalent by charge group

Figs. 1–5 show the percentage of the dose equivalent for
each organ, for each vehicle configuration, as a function
of charge group. As a reference, the left most column in
each figure reiterates the free space values. The relative
effectiveness of vehicle shielding is manifested in Figs. 1–5
by the smaller percentage contributions of the heavy ions
and the nonzero percent contributions by neutrons, which
are purely secondary particles, for each vehicle
configuration.

3.1. BFO dose equivalent results

As displayed in Fig. 1, heavy ion contributions to the
BFO dose equivalent vary from 57% for the astronaut
located at the center of a 1 g/cm2 aluminum sphere, to less
than 10% for the astronaut located next to the wall of a
30 g/cm2 aluminum sphere, or at the ISS Liulin-107 loca-
tion. For astronauts located anywhere in a sphere of 5 g/
cm2 aluminum or less, the dose equivalent contributions
from heavy ions are 39–57%. The only complex geometry
location with heavy ion dose equivalent contribution
comparable to these results is STS_dloc3 (44%).
Heavy ion contributions to BFO dose equivalent for the

remaining complex geometry locations are 10–29%. Heavy
ion contributions at all Liulin locations (10–17%) are even
lower than those for the astronaut at the center of a 30 g/
cm2 aluminum sphere (20%). Finally, note that at the ISS
Liulin locations, the neutron contributions to BFO dose
equivalent exceed those from the sum of all heavy ions.

3.2. Heart dose equivalent results

From Fig. 2, heavy ion contributions to the heart dose
equivalent vary from 49% for the astronaut located at the
center of a 1 g/cm2 aluminum sphere to 8% for the astro-
naut located next to the wall of a 30 g/cm2 aluminum
sphere. For astronauts located anywhere in a sphere of
5 g/cm2 aluminum or less, the dose equivalent contribu-
tions from heavy ions are 34–49%. The only complex
geometry location with a heavy ion dose equivalent contri-
bution comparable to these results is STS_dloc3 (38%).
Heavy ion contributions to heart dose equivalent for the
remaining complex geometry locations are 8–28%. Heavy
ion contributions at all Liulin locations (8–15%) are again
lower than those for the astronaut at the center of a 30 g/
cm2 aluminum sphere (18%). Finally, note that at the ISS

Table 3
Percent contribution by charge group to dose equivalent for the 1977 solar minimum, free space GCR spectrum.

Charge group Z ¼ 0 Z ¼ 1 Z ¼ 2 3 6 Z 6 10 11 6 Z 6 20 21 6 Z 6 28

Percent of dose equivalent 0.0 7.32 3.6 18.44 32.16 38.48

Fig. 1. Percent contribution to BFO dose equivalent by charge group. The left most column labeled free space is the percent by charge group of the 1977
solar minimum GCR from Table 3.

S.A. Walker et al. / Advances in Space Research 51 (2013) 1792–1799 1795

Dose equivalent dominated by light ions & neutrons

Walker, Townsend, Norbury, Adv. Space Res. 51, 1792, 2013
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LIGHT IONS & NEUTRONS

Percent contribution to organ dose equivalent by charge group

T.C. Slaba et al. / Life Sciences in Space Research 8 (2016) 52–67 57

Fig. 5. Female tissue dose (left pane) and dose equivalent (right pane) values behind shielding configurations during solar minimum conditions. The BFO dose equivalent 
values have been scaled 1.6 to offset quality factor differences (Cucinotta et al., 2013) and improve plot clarity.

Fig. 6. Relative contribution to dose (left pane) and dose equivalent (right pane) from charge groups in the bladder, BFO, and breast behind 5 g/cm2, 20 g/cm2, and 40 g/cm2

spherical aluminum shielding during solar minimum conditions.

uncertainty associated with representing the full reference field by 
a discrete number of mono-energetic ions beams in the simulator.

It is also worth noticing that as a function of increasing shield 
thickness, tissue dose values tend to increase while dose equiva-
lent values tend to decrease. The tissue dose is heavily influenced 
by contributions from hydrogen and helium. The dose versus depth 
curves from these particles tend to monotonically increase with in-
creasing shield thickness, corresponding to slowing down of the 
primary beam and added contributions from secondary particles 
and target fragments with higher LET. The tissue dose equivalent, 
on the other hand, is more heavily influenced by contributions 
from HZE particles. The HZE dose equivalent versus depth curves 
tend to decline noticeably up to moderately thick shielding, corre-
sponding to breakup of the HZE ions into lighter ions and nucle-
ons.

It was found that the bladder and breast results generally 
bounded all other tissue exposures. The breast has very little self-
shielding, resulting in larger exposures, while the bladder is more 
deeply positioned within the body and well shielded in all direc-
tions, resulting in smaller exposures. The BFO results were found 
to be near the average of all tissue exposures. This can be seen for 
dose in the left pane of Fig. 5. The same conclusion was drawn for 

dose equivalent if the ICRP 60 (ICRP, 1990) quality factor is used 
in place of the NASA quality factor. The trend for BFO is attributed 
to the distributed nature of the tissue sites found throughout the 
body and represented in the computational procedure (Slaba et al., 
2010a). Recognizing that the bladder, BFO, and breast results ap-
proximately span the range of exposures found within the body 
allows subsequent plots and discussion to be simplified and fo-
cused. It should also be noted that the results behind simplified 
spherical shielding approximately cover the range of values set by 
the complicated shielding geometries.

The results in Table 2 and Fig. 5 provide integrated exposure 
quantities receiving contributions from a range of energies and 
particles. Fig. 6 shows the relative contribution to dose and dose 
equivalent from charge groups in the bladder, BFO, and breast be-
hind spherical aluminum shielding during solar minimum. Consid-
ering the spherical shielding, instead of the complicated geome-
tries, allows the depth-dependence in dose and dose equivalent to 
be clearly seen. The trends for dose and dose equivalent in Fig. 6
are similar, but the presence of the quality factor in dose equiva-
lent again amplifies the relative variation with shielding thickness. 
In particular, the contribution from Z > 10 shows clear depth de-
pendence, corresponding to the breakup of HZE ions as they pass 

Slaba, Blattnig, Norbury, Rusek, La Tessa, Life Sci. Space Res. 8, 52, 2018
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LIGHT IONS & NEUTRONS - TRANSPORT CODE COMPARISONS

straight-ahead approximation, in which particles are transported along
a single ray (N=1) representing the incident beam direction.
HZETRN2010 also allowed for forward-backward (N=2) propagation
in which backward moving particles were also propagated along a
second ray at 180o relative to the incident beam direction. In contrast,
HZETRN2015 allows for three-dimensional (3D) transport in which
neutrons and light ions (Z≤ 2) can be propagated in three-dimensions,
with the number of rays N being arbitrary. If one chooses the N=1
option in HZETRN2015, this corresponds to the straight-ahead approx-
imation, while the N=2 option is the forward-backward approximation
and N>2 corresponds to 3D transport. HZETRN2015 was utilized in
all calculations in the present paper.

The nuclear physics models employed in HZETRN are now briefly
described. Further details can be found in the references (Wilson et al.,
1991). NUCFRG3 (Adamczyk et al., 2012) is a nuclear fragmentation
model, which is used for heavy ion collisions and accounts for both
strong and electromagnetic (Adamczyk et al., 2012) interactions. The
parametric model of Bertini and Ranft (Wilson et al., 1991) is used for
nucleon production from strong interactions, while an electromagnetic
dissociation model (Adamczyk et al., 2012) is used for nucleon
production from electromagnetic interactions. A semi-empirical model
is used for light ion fragmentation and production from targets. Heavy
target fragments are not transported, but are accounted for in dose and
dose equivalent calculations. Light target fragments from heavy pro-
jectiles are not included in the cross section model. Neutron production
from heavy projectiles are approximately accounted for in the cross
section model by scaling the proton projectile values.

2.2. SHIELD

The transport codes SHIELD (Sobolevsky, 1970; Barashenkov et al.,
1972) and also NMTC/HETC (Nucleon-Meson Transport Code / Heavy
ion Transport Code) (Coleman and Armstrong, 1971; Armstrong and
Chandler, 1972) were the first transport codes in the modern sense of
the word. The SHIELD code (http://www.inr.ru/shield) (Dementyev
and Sobolevsky, 1999) allows for the transport of nucleons, pions,
kaons, anti-nucleons and muons, as well as nuclei with arbitrary values
of proton and mass number at energies up to 1 TeV/n. The lower limit is
1 MeV/n for charged particles and the thermal energy for neutrons. The
geometric configuration of a target may be an arbitrary combination of
bodies bounded by second order surfaces (which are the surfaces that
are described by second order algebraic equations or lower: for example
plane, cylinder, sphere, ellipsoid, truncated cone etc.) The chemical and
isotopic composition of materials in each geometric zone of a target is
arbitrary. The ionization energy loss of charged particles and ions,
fluctuations of ionization loss, the multiple Coulomb scattering and
main decay modes of pions and kaons are taken into account. (English
references to the SHIELD code can be found in (Dementyev and
Sobolevsky, 1999; Amelin et al., 1990a; Gudowska et al., 2004;
Hansen et al., 2012). Also see the web site at http://www.inr.ru/
shield.)

At the simulation of the hadron cascade in a target, all generations
of the secondary particles are taken into account. The sources of
secondary particles, such as low energy neutrons (En< 14.5 MeV) as
well as gamma-rays, electrons, positrons and neutrinos (as products of
meson decays) are formed. All these particles are stored in special
arrays with all their individual parameters. After the hadron cascade is
completed, the transfer of neutrons with energies below 14.5 MeV from
the source array is simulated using the original neutron transport code
LOENT (LOw Energy Neutron Transport) (Latysheva and Sobolevsky,
2008) on the basis of a 28-group system of the ABBN (Abagyan,
Bazazyants, Bondarenko, Nikolaev) neutron constants (Abagyan et al.,
1981; http://www.ippe.ru/podr/abbn/english/index.php). The LOENT
code can be used both independently and together with the SHIELD
code, with which it has a common geometrical module and a number of
common subroutines.

Complete storing of the generated tree of hadron cascades is
implemented in the SHIELD code (Sobolevsky, 2015), without any loss
of physical information and taking into account all possible correla-
tions. Storing of the tree is carried out in special arrays. The tree is
stored in relation to the geometrical configuration of the target. Such
organization of computations allows complete separation of the model-
ing and scoring parts of the code. If necessary, the user can collect trees
on an external drive and carry out tree visualization. At the end of
modeling of a regular hadron cascade, the tree arrays are cleaned.

The quality of a transport code essentially depends on the generator
of inelastic nuclear interactions. The SHIELD code uses the MSDM

Fig. 1. Benchmark problem: GCR minimum particles are incident on an Aluminum cylinder target of varying thickness. Particles exiting the back surface of the target are tracked and flux
spectra are calculated.

Fig. 2. GCR minimum spectra.

J.W. Norbury et al. Life Sciences in Space Research 14 (2017) 64–73
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straight-ahead approximation, in which particles are transported along
a single ray (N=1) representing the incident beam direction.
HZETRN2010 also allowed for forward-backward (N=2) propagation
in which backward moving particles were also propagated along a
second ray at 180o relative to the incident beam direction. In contrast,
HZETRN2015 allows for three-dimensional (3D) transport in which
neutrons and light ions (Z≤ 2) can be propagated in three-dimensions,
with the number of rays N being arbitrary. If one chooses the N=1
option in HZETRN2015, this corresponds to the straight-ahead approx-
imation, while the N=2 option is the forward-backward approximation
and N>2 corresponds to 3D transport. HZETRN2015 was utilized in
all calculations in the present paper.

The nuclear physics models employed in HZETRN are now briefly
described. Further details can be found in the references (Wilson et al.,
1991). NUCFRG3 (Adamczyk et al., 2012) is a nuclear fragmentation
model, which is used for heavy ion collisions and accounts for both
strong and electromagnetic (Adamczyk et al., 2012) interactions. The
parametric model of Bertini and Ranft (Wilson et al., 1991) is used for
nucleon production from strong interactions, while an electromagnetic
dissociation model (Adamczyk et al., 2012) is used for nucleon
production from electromagnetic interactions. A semi-empirical model
is used for light ion fragmentation and production from targets. Heavy
target fragments are not transported, but are accounted for in dose and
dose equivalent calculations. Light target fragments from heavy pro-
jectiles are not included in the cross section model. Neutron production
from heavy projectiles are approximately accounted for in the cross
section model by scaling the proton projectile values.

2.2. SHIELD

The transport codes SHIELD (Sobolevsky, 1970; Barashenkov et al.,
1972) and also NMTC/HETC (Nucleon-Meson Transport Code / Heavy
ion Transport Code) (Coleman and Armstrong, 1971; Armstrong and
Chandler, 1972) were the first transport codes in the modern sense of
the word. The SHIELD code (http://www.inr.ru/shield) (Dementyev
and Sobolevsky, 1999) allows for the transport of nucleons, pions,
kaons, anti-nucleons and muons, as well as nuclei with arbitrary values
of proton and mass number at energies up to 1 TeV/n. The lower limit is
1 MeV/n for charged particles and the thermal energy for neutrons. The
geometric configuration of a target may be an arbitrary combination of
bodies bounded by second order surfaces (which are the surfaces that
are described by second order algebraic equations or lower: for example
plane, cylinder, sphere, ellipsoid, truncated cone etc.) The chemical and
isotopic composition of materials in each geometric zone of a target is
arbitrary. The ionization energy loss of charged particles and ions,
fluctuations of ionization loss, the multiple Coulomb scattering and
main decay modes of pions and kaons are taken into account. (English
references to the SHIELD code can be found in (Dementyev and
Sobolevsky, 1999; Amelin et al., 1990a; Gudowska et al., 2004;
Hansen et al., 2012). Also see the web site at http://www.inr.ru/
shield.)

At the simulation of the hadron cascade in a target, all generations
of the secondary particles are taken into account. The sources of
secondary particles, such as low energy neutrons (En< 14.5 MeV) as
well as gamma-rays, electrons, positrons and neutrinos (as products of
meson decays) are formed. All these particles are stored in special
arrays with all their individual parameters. After the hadron cascade is
completed, the transfer of neutrons with energies below 14.5 MeV from
the source array is simulated using the original neutron transport code
LOENT (LOw Energy Neutron Transport) (Latysheva and Sobolevsky,
2008) on the basis of a 28-group system of the ABBN (Abagyan,
Bazazyants, Bondarenko, Nikolaev) neutron constants (Abagyan et al.,
1981; http://www.ippe.ru/podr/abbn/english/index.php). The LOENT
code can be used both independently and together with the SHIELD
code, with which it has a common geometrical module and a number of
common subroutines.

Complete storing of the generated tree of hadron cascades is
implemented in the SHIELD code (Sobolevsky, 2015), without any loss
of physical information and taking into account all possible correla-
tions. Storing of the tree is carried out in special arrays. The tree is
stored in relation to the geometrical configuration of the target. Such
organization of computations allows complete separation of the model-
ing and scoring parts of the code. If necessary, the user can collect trees
on an external drive and carry out tree visualization. At the end of
modeling of a regular hadron cascade, the tree arrays are cleaned.

The quality of a transport code essentially depends on the generator
of inelastic nuclear interactions. The SHIELD code uses the MSDM

Fig. 1. Benchmark problem: GCR minimum particles are incident on an Aluminum cylinder target of varying thickness. Particles exiting the back surface of the target are tracked and flux
spectra are calculated.

Fig. 2. GCR minimum spectra.

J.W. Norbury et al. Life Sciences in Space Research 14 (2017) 64–73

65

Norbury, Slaba, Sobolovsky, Reddell, Life Sci. Space Res. 14, 64, 2017
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LIGHT IONS & NEUTRONS - TRANSPORT CODE COMPARISONS

Flux spectra for varying shield depth 1, 10, 100 g/cm2

disagreements are for the thin shield 1 g/cm2, reflecting differences in
nuclear models, as noted previously.

5. Summary and conclusions

This paper represents the first direct comparisons of the American
(NASA) and Russian (ROSCOSMOS) space radiation transport codes,
HZETRN and SHIELD. Calculations of the flux spectra of neutrons, light
ions, heavy ions and pions were presented for GCR minimum Hydrogen,
Oxygen and Iron projectiles incident on a uniform Aluminum cylinder
of varying thickness. Some comparison calculations with the GEANT4
and FLUKA transport codes were also shown.

Overall, the biggest differences between transport codes occur
below the several hundred MeV region, which may be due to the
differences in nuclear models employed in the different codes. Nuclear
reaction processes are known to be relatively simple in the very low and
very high energy regimes, where Coulomb elastic scattering dominates
at very low energy and scaling approximations due to hard scattering
processes take over at very high energy (Wong, 1994; Collins and
Martin, 1984; Kalinovskii et al., 1989). In the intermediate energy

region, where several hundred MeV particles are produced, the nuclear
reaction processes are much more complex (Lock and Measday, 1970;
Wong, 1994; Kalinovskii et al., 1989) and it is more difficult to obtain
consistency between different nuclear models used in transport codes.
Differences in nuclear models will be more pronounced for thin
shielding, where transport processes are much less relevant. The
nuclear model differences are less apparent at large shielding depths
for some particles because the radiation field is dominated by nucleon-
induced reactions for which model uncertainties are less substantial.
This is seen in many of the figures, where the largest differences
between transport codes occur at 1 g/cm2, with much smaller
differences seen at 100 g/cm2.

The question naturally arises as to how the differences in the
transport codes elucidated in this paper will translate to differences
in dose and dose equivalent for a realistic mission. This issue has been
discussed in a recent paper (Matthia et al., 2016), which studies the
Mars surface radiation environment as predicted from a variety of
transport codes, including HZETRN, PHITS and GEANT. The calculated
results were also compared to data measured on the Martian surface.
Overall dose and dose equivalent rates were calculated (see Table 2 of

Fig. 9. Calculations of a) 54Mn and b) 14N exiting Al cylinders exposed to GCR solar minimum a) 56Fe and b) 16O projectiles. The numbers 1, 10, 100 refer to Al depth in units of g/cm2.
Calculations for 56Fe projectiles have been scaled by 10 and 0.1 for 10 g/cm2 and 100 g/cm2, respectively. Calculations for 16O projectiles have been scaled by 0.1 and 10 for 1 g/cm2

and 10 g/cm2, respectively.

Fig. 10. Calculations of a) 52Cr and b) 12C exiting Al cylinders exposed to GCR solar minimum a) 56Fe and b) 16O projectiles. The numbers 1, 10, 100 refer to Al depth in units of g/cm2.
Calculations for 56Fe projectiles have been scaled by 10 and 0.1 for 10 g/cm2 and 100 g/cm2, respectively. Calculations for 16O projectiles have been scaled by 0.1 and 10 for 1 g/cm2

and 10 g/cm2, respectively.
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2H, np production discrepancies

disagreements are for the thin shield 1 g/cm2, reflecting differences in
nuclear models, as noted previously.

5. Summary and conclusions

This paper represents the first direct comparisons of the American
(NASA) and Russian (ROSCOSMOS) space radiation transport codes,
HZETRN and SHIELD. Calculations of the flux spectra of neutrons, light
ions, heavy ions and pions were presented for GCR minimum Hydrogen,
Oxygen and Iron projectiles incident on a uniform Aluminum cylinder
of varying thickness. Some comparison calculations with the GEANT4
and FLUKA transport codes were also shown.

Overall, the biggest differences between transport codes occur
below the several hundred MeV region, which may be due to the
differences in nuclear models employed in the different codes. Nuclear
reaction processes are known to be relatively simple in the very low and
very high energy regimes, where Coulomb elastic scattering dominates
at very low energy and scaling approximations due to hard scattering
processes take over at very high energy (Wong, 1994; Collins and
Martin, 1984; Kalinovskii et al., 1989). In the intermediate energy

region, where several hundred MeV particles are produced, the nuclear
reaction processes are much more complex (Lock and Measday, 1970;
Wong, 1994; Kalinovskii et al., 1989) and it is more difficult to obtain
consistency between different nuclear models used in transport codes.
Differences in nuclear models will be more pronounced for thin
shielding, where transport processes are much less relevant. The
nuclear model differences are less apparent at large shielding depths
for some particles because the radiation field is dominated by nucleon-
induced reactions for which model uncertainties are less substantial.
This is seen in many of the figures, where the largest differences
between transport codes occur at 1 g/cm2, with much smaller
differences seen at 100 g/cm2.

The question naturally arises as to how the differences in the
transport codes elucidated in this paper will translate to differences
in dose and dose equivalent for a realistic mission. This issue has been
discussed in a recent paper (Matthia et al., 2016), which studies the
Mars surface radiation environment as predicted from a variety of
transport codes, including HZETRN, PHITS and GEANT. The calculated
results were also compared to data measured on the Martian surface.
Overall dose and dose equivalent rates were calculated (see Table 2 of

Fig. 9. Calculations of a) 54Mn and b) 14N exiting Al cylinders exposed to GCR solar minimum a) 56Fe and b) 16O projectiles. The numbers 1, 10, 100 refer to Al depth in units of g/cm2.
Calculations for 56Fe projectiles have been scaled by 10 and 0.1 for 10 g/cm2 and 100 g/cm2, respectively. Calculations for 16O projectiles have been scaled by 0.1 and 10 for 1 g/cm2

and 10 g/cm2, respectively.

Fig. 10. Calculations of a) 52Cr and b) 12C exiting Al cylinders exposed to GCR solar minimum a) 56Fe and b) 16O projectiles. The numbers 1, 10, 100 refer to Al depth in units of g/cm2.
Calculations for 56Fe projectiles have been scaled by 10 and 0.1 for 10 g/cm2 and 100 g/cm2, respectively. Calculations for 16O projectiles have been scaled by 0.1 and 10 for 1 g/cm2

and 10 g/cm2, respectively.
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4He, 2n2p production discrepancies
Norbury, Slaba, Sobolovsky, Reddell, Life Sci. Space Res. 14, 64, 2017
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LIGHT IONS & NEUTRONS - TRANSPORT CODE COMPARISONS

3H and 3He flux behind 60 g/cm2 Al shield for GCR minimum spectrum - Thick targets

11 
 

A somewhat surprising result in Figure 9 is that although dose equivalent values increase substantially 
when neutrons and light ions are included, the relative variation in model results (as quantified by the percentage 
values in the plot) past ~20 g/cm2 of shielding is much smaller than what is shown in Figures 4 and 7, where only 
heavy ion contributions are considered. This is especially surprising given the large uncertainties associated with 
light ion nuclear production models [Matthia et al. 2016] as evidenced by Figure 11. However, as discussed and 
shown in Figure 10, protons make up by far the largest component of the total dose equivalent, where differences in 
nuclear models for nucleon collisions are less substantial. 

Nucleon fluxes for the 60 g/cm2 aluminum shield configuration are shown in Figure 12. The MC simulation 
results for nucleons are in good agreement across the energy domain. Results for 3DHZETRN (N = 34) are in good 
agreement with the MC simulations for neutrons except at the lowest energies (<0.1 MeV) that make negligible 
contributions to exposure quantities. The over-estimate below 0.1 MeV is a consequence of 3D transport formalisms 
that do not fully represent leakage factors as previously studied by Wilson et al. [2015b]. It is also seen that 
3DHZETRN (N = 34) slightly under-estimates both neutrons and protons in the mid-energy region between ~10 
MeV to 1 GeV. This may be an artifact of both inadequate nuclear production databases, as well as simplified 
treatment of angular production factors in the forward/isotropic transport formalism of 3DHZETRN [Wilson et al. 
2014, 2015a].  
 

 
Figure 11. Flux of 3H (left) and 3He (right) ions in the 60 g/cm2 aluminum shield configuration for the full GCR 

boundary condition.  
 
 

 
Figure 12. Flux of neutrons (left) and protons (right) ions in the 60 g/cm2 aluminum shield configuration for the full 

GCR boundary condition.  

Slaba et al., Life Sci. Space Res. 12, 1, 2017
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LIGHT IONS & NEUTRONS - MSLRAD

Protons 4He
Fig. 4. Proton spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results. (a)
and (b) show the same data with different energy range to highlight
the RAD data in (b).

Fig. 5. Helium spectra for particles with zenith angles below 30° at
the Martian surface measured by RAD and compared to model results.
(a) and (b) show the same data with different energy range to high-
light the RAD data in (b).

D. Matthiä et al. Life Sciences in Space Research 14 (2017) 18–28

23

Fig. 4. Proton spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results. (a)
and (b) show the same data with different energy range to highlight
the RAD data in (b).

Fig. 5. Helium spectra for particles with zenith angles below 30° at
the Martian surface measured by RAD and compared to model results.
(a) and (b) show the same data with different energy range to high-
light the RAD data in (b).

D. Matthiä et al. Life Sciences in Space Research 14 (2017) 18–28

23

Fig. 4. Proton spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results. (a)
and (b) show the same data with different energy range to highlight
the RAD data in (b).

Fig. 5. Helium spectra for particles with zenith angles below 30° at
the Martian surface measured by RAD and compared to model results.
(a) and (b) show the same data with different energy range to high-
light the RAD data in (b).

D. Matthiä et al. Life Sciences in Space Research 14 (2017) 18–28

23

Fig. 4. Proton spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results. (a)
and (b) show the same data with different energy range to highlight
the RAD data in (b).

Fig. 5. Helium spectra for particles with zenith angles below 30° at
the Martian surface measured by RAD and compared to model results.
(a) and (b) show the same data with different energy range to high-
light the RAD data in (b).
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Low energy discrepancies
Matthia et al., Life Sci. Space Res. 14, 18, 2017
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LIGHT IONS & NEUTRONS - MSLRAD
3He 3H

Fig. 6. Deuteron spectra for particles with zenith angles below 30° at
the Martian surface measured by RAD and compared to model results.

Fig. 7. Triton spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results.

Fig. 8. 3He spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results.

Fig. 9. Combined Li, Be and B spectra for particles with zenith angles
below 30° at the Martian surface measured by RAD and compared to
model results.
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Fig. 8. 3He spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results.

Fig. 9. Combined Li, Be and B spectra for particles with zenith angles
below 30° at the Martian surface measured by RAD and compared to
model results.
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2H Neutrons
Fig. 6. Deuteron spectra for particles with zenith angles below 30° at
the Martian surface measured by RAD and compared to model results.

Fig. 7. Triton spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results.

Fig. 8. 3He spectra for particles with zenith angles below 30° at the
Martian surface measured by RAD and compared to model results.

Fig. 9. Combined Li, Be and B spectra for particles with zenith angles
below 30° at the Martian surface measured by RAD and compared to
model results.
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decreasing particle importance (for variance reduction) from the sur-
face layer to the deepest regolith layer. The overall areal density for the
Martian atmosphere was 23 g/cm2, but to translate this to a reasonable
spatial geometry within MCNP6 this total areal density was divided into
14 altitude layers of varying height and density. The appropriate den-
sities were determined by a Martian atmospheric model developed by
NASA (Noll and McElroy, 1974). The simulated RAD detector was de-
signed using its actual dimensions and material composition
(Hassler et al., 2012) but was allowed to hover at 80 cm above the
surface of the regolith to simulate the height of the detector onboard
the Mars Science Laboratory Curiosity Rover.

The simulated Martian atmosphere consisted of ∼96% CO2 and
trace amounts of other gasses as outlined by past measurements taken
from the Martian surface (Mahaffy et al., 2013). The simulated Martian
regolith was compositionally identical to JSC Mars-1 (Allen et al., 1992)
and set to a mean density of 1.52 g/cm3 as measured by the Mars
Pathfinder rover (Hviid et al., 1997).

The source was a flat, downward oriented, 2π, isotropic disc located
at the extreme top of the atmospheric column. This allowed particles to
be born equally at all angles between a cosine of 0 and 1. The energy
spectra for each individual source ion were determined using the
Matthiä-DLR model (Matthiä et al., 2013) for an average time period
between November 15th, 2015 and January 15th 2016. Each simula-
tion had a source particle of only a single ion type (Z=1–28) to
maximize statistics for higher-Z ions which occur at much lower
probabilities than hydrogen and helium. This process required that 28
individual simulations (one for each source ion) be ran for any geo-
metric configuration of interest. All individual ion results were ulti-
mately combined during post processing and weighted to each in-
dividual source ion's total GCR abundance according to the
distributions outlined by Simpson (1983).

The 30° surface flux, 4π cell flux, and absorbed dose calculations
were performed using MCNP6’s F2, F4, and F6 tallies respectively. Dose
equivalent values were determined using conversion factors according
to values derived from ICRP-60 (Veinot and Hertel, 2005). To replicate
the dynamic range of the RAD detector for dose measurements, a lower
energy threshold for tallied neutrons was set to 1MeV while the lower
energy threshold for charged ions was set to 8MeV. The 4π tallies al-
lowed all particles from all angles to be accepted while the 30° geo-
metry utilized cosine binning discrimination of particles striking the
detector within a 30° off-zenith cone (normal to the top face of the
detector volume).

3.5. PHITS

The Particle and Heavy Ion Transport code System (PHITS) (Niita
et al., 2006; Sato et al., 2013) is a Monte Carlo-based radiation trans-
port code developed by the Japan Atomic Energy Institute (JAERI). The
PHITS radiation transport software has been previously validated in

several space radiation studies (Sato and Niita, 2006; Sihver et al.,
2010). Details about the modules that constitute the version 2.82 of the
PHITS radiation transport software utilized in this model can be found
at http://phits.jaea.go.jp/image/OvMapOfModels.png.

The model geometry consists of a spherical volume made up of 36
concentric shells with 34 equal thicknesses representing 23 g/cm2 of
Martian atmosphere, a shell for low density top surface regolith of
1.296 g/cm2 and a high density interior shell of 3.49 g/cm2. The at-
mospheric gradient is provided by the Mars Climate Database v5.2.

Source particles are sampled isotopically with the built-in cosine
biasing option of the PHITS source deck. GCR spectra were generated
using the model developed by the German Aerospace Center, DLR
(Matthiä et al., 2013).

Particles are tallied according to kinetic energy as they cross the
threshold between the lower surface atmosphere layer and the regolith
layer using an angle dependence surface current tally as well as volu-
metric track length tally at the Martian surface for additional re-
dundancy.

4. Results

4.1. Neutral particle spectra

Photons and neutrons are measured in the RAD instrument in the D
and E scintillators using anticoincidence with the surrounding F de-
tector. The detector is thus sensitive to these particles arriving from all
directions and measures the particle spectrum averaged over all in-
coming directions (4 π geometry). Accordingly, particle spectra aver-
aged over all incoming directions calculated with the different models
are compared to the experimental results in Fig. 2 for neutrons and
Fig. 3 for photons, where the neutron spectra are multiplied by energy
(flux per lethargy) to improve the readability. Cosmic ray produced
neutrons in the atmosphere have two peaks in the spectra, the eva-
poration peak near 1MeV and a second broad peak at around 100MeV
(Goldhagen et al., 2004). These are differently pronounced in the
modeled spectra in Fig. 2 but not visible in the RAD measured neutron
spectra. The 100MeV peak is created by fragments of primary nuclei
and neutrons created in the spallation process of nuclei from the at-
mosphere. These neutrons are primarily downward directed, see also
(Matthiä and Berger, 2017) for details on the calculated downward and
upward directed particle spectra. The second peak in the neutron
spectrum at around 1MeV is created by neutrons evaporating from
excited nuclei. This process is isotropic but the large number of excited
nuclei created in the Martian regolith leads to an excess of upward
directed neutrons at these energies. Neutrons at energies below 10MeV,
however, are not measured by RAD although these energies contribute
significantly to the radiation exposure.

The comparison of the models amongst each other and with RAD
data reveals discrepancies of about one order of magnitude at energies

Fig. 2. Neutron spectra at the Martian surface measured by RAD and
compared to model results.

D. Matthiä et al. Life Sciences in Space Research 14 (2017) 18–28
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Significant discrepancies
Matthia et al., Life Sci. Space Res. 14, 18, 2017
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LIGHT IONS & NEUTRONS - DISCREPANCIES

Light ions & neutrons dominate dose equivalent for realistic shield
thicknesses (≥ 20 g/cm2) Norbury & Slaba, Life Sci. Space Res. 3, 90, 2014

Light ions & neutrons are scattered at large angles
Require 3-dimensional transport & nuclear physics
3DHZETRN & double differential cross sections

Transport codes show largest differences for light ions
GEANT, FLUKA, MCNP, PHITS, HZETRN, SHIELD
Due to uncertain light ion nuclear physics models (coalescence & heavy ion
breakup) and lack of experimental data

Thick target measurements show significant discrepancies
compared to transport codes (MCNP, PHITS) for light ions

MSLRAD light ion flux measurements highlight need for improved
nuclear interaction models

Light ion model results show significant discrepancies over MSLRAD energy range
Model errors due to inaccurate light ion nuclear physics models
Discrepancies don’t contribute significantly to dose equivalent,
but improvements would yield better agreement with MSLRAD
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LIGHT IONS & NEUTRONS

Light ion cross sections
Largest physics uncertainty in space radiation

Light ion cross section measurements
Largest gap in cross section database
Norbury et al., Rad. Meas. 47, 315, 2012

Light ion cross section measurements needed
To improve inaccurate light ion nuclear physics models
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CROSS SECTION MEASUREMENT DATABASE

GALACTIC COSMIC RAYS (GCR)
- Protons → Fe nuclei ∼ 100 MeV/n − 50 GeV/n
- Peaks: H, He, C, O, Si, Fe Z = 1, 2, 6, 8, 14, 26

NUCDAT (50,000 entries):

Norbury et al.,

Radiation Measurements 47, 315, 2012

Health Physics 103, 640, 2013

Journal of Physics (conf. ser.) 381, 012117, 2013

Frontiers in Physics 8:565954, 2020

GSI Nuclear database:

Luoni et al., New Journal Physics 23, 101201, 2021

https://bioapp.gsi.de/cross-section-db/

1. Galactic Cosmic Rays  
1.2 GCR Composition, Spectrum, Origin!
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CROSS SECTION MEASUREMENT DATABASE

NUCDAT database: ∼ 50,000 entries
ZP, AP, TP, ZT, AT, ZF, AF
Cross section type
- total, differential, charge changing, elemental, isotopic, ...
Double differential most useful
Bibliography
Other
No actual data - only that data exists

Energy regions:
Below pion threshold: T < 280 MeV/n
Low: 280 MeV/n ≤ T < 3 GeV/n
Medium: 3 GeV/n ≤ T < 15 GeV/n
High: T ≥ 15 GeV/n

Fragments:
Light (H, He) - TODAY ONLY
Medium-Light (ZF = 3 − 9) (Li − F)
Medium (ZF = 10 − 19) (Ne − K)
Heavy (ZF = 20 − 30) (Ca − Zn)
Very Heavy (ZF > 30)
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CROSS SECTION MEASUREMENT DATABASE

Additional double-differential measurements:

M. Beach, L. Heilbronn et al. (unpublished)
NASA Space Radiation Lab at Brookhaven National Lab
16O (300 MeV/n), 56Fe (600 MeV/n) + Al, C, CH4 → 1,2,3H, 3,4He
- data tables

Toppi et al. (FIRST-GSI), Phys. Rev. C vol. 93, p. 064601, 2016
12C (400 MeV/n) + Au → 1,2,3H, 3,4He, 6,7Li, 7,9,10Be, 10,11B
- data tables published

Mattei et al., IEEE Transactions on Radiation and Plasma Medical
Sciences, 4, 269, 2020
12C (115 - 353 MeV/n) + H, C, O → 1,2,3H
- data tables published
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CROSS SECTION MEASUREMENT DATABASE - RECOMMENDATIONS

FINAL RECOMMENDED REACTIONS

Fe,Si,O,He + H,C,Al,Cu → 1,2,3H, 3,4He (isotopic dd & total reaction σ)

3 GeV/n, 1.5 GeV/n, 800 MeV/n, 400 MeV/n dd = double differential

Projectile priorities: 1) Fe 2) Si 3) O 4) He

Targets: H, C, Al (all equal priority), Fe (lesser priority)
– CH2 target easier than H target - get H σ from CH2 target by subtracting C σ

Energy priorities: Span range of energies available above 300 MeV/n, with more emphasis
on higher energies
3 GeV/n, 1.5 GeV/n, 800 MeV/n, 400 MeV/n
– based on contribution to effective dose & lack of high energy data
– need all energies to properly test models
– Fe gap greater at higher energy.
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NEUTRONS

Major neutron reference:

Nakamura & Heilbronn, Handbook on secondary particle
production and transport by high-energy heavy ions
(World Scientific, Singapore, 2006)

BEVALAC (337 MeV/n)

HIMAC (230 - 600 MeV/n)

RIKEN (95, 135 MeV/n)
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NEUTRONS - LOW ENERGY NEUTRON PEAK
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[Wikimedia commons]
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NEUTRONS - BEVALAC VS. HIMAC DATA DISAGREEMENT
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NEUTRONS - MSLRAD COMPARISONS

decreasing particle importance (for variance reduction) from the sur-
face layer to the deepest regolith layer. The overall areal density for the
Martian atmosphere was 23 g/cm2, but to translate this to a reasonable
spatial geometry within MCNP6 this total areal density was divided into
14 altitude layers of varying height and density. The appropriate den-
sities were determined by a Martian atmospheric model developed by
NASA (Noll and McElroy, 1974). The simulated RAD detector was de-
signed using its actual dimensions and material composition
(Hassler et al., 2012) but was allowed to hover at 80 cm above the
surface of the regolith to simulate the height of the detector onboard
the Mars Science Laboratory Curiosity Rover.

The simulated Martian atmosphere consisted of ∼96% CO2 and
trace amounts of other gasses as outlined by past measurements taken
from the Martian surface (Mahaffy et al., 2013). The simulated Martian
regolith was compositionally identical to JSC Mars-1 (Allen et al., 1992)
and set to a mean density of 1.52 g/cm3 as measured by the Mars
Pathfinder rover (Hviid et al., 1997).

The source was a flat, downward oriented, 2π, isotropic disc located
at the extreme top of the atmospheric column. This allowed particles to
be born equally at all angles between a cosine of 0 and 1. The energy
spectra for each individual source ion were determined using the
Matthiä-DLR model (Matthiä et al., 2013) for an average time period
between November 15th, 2015 and January 15th 2016. Each simula-
tion had a source particle of only a single ion type (Z=1–28) to
maximize statistics for higher-Z ions which occur at much lower
probabilities than hydrogen and helium. This process required that 28
individual simulations (one for each source ion) be ran for any geo-
metric configuration of interest. All individual ion results were ulti-
mately combined during post processing and weighted to each in-
dividual source ion's total GCR abundance according to the
distributions outlined by Simpson (1983).

The 30° surface flux, 4π cell flux, and absorbed dose calculations
were performed using MCNP6’s F2, F4, and F6 tallies respectively. Dose
equivalent values were determined using conversion factors according
to values derived from ICRP-60 (Veinot and Hertel, 2005). To replicate
the dynamic range of the RAD detector for dose measurements, a lower
energy threshold for tallied neutrons was set to 1MeV while the lower
energy threshold for charged ions was set to 8MeV. The 4π tallies al-
lowed all particles from all angles to be accepted while the 30° geo-
metry utilized cosine binning discrimination of particles striking the
detector within a 30° off-zenith cone (normal to the top face of the
detector volume).

3.5. PHITS

The Particle and Heavy Ion Transport code System (PHITS) (Niita
et al., 2006; Sato et al., 2013) is a Monte Carlo-based radiation trans-
port code developed by the Japan Atomic Energy Institute (JAERI). The
PHITS radiation transport software has been previously validated in

several space radiation studies (Sato and Niita, 2006; Sihver et al.,
2010). Details about the modules that constitute the version 2.82 of the
PHITS radiation transport software utilized in this model can be found
at http://phits.jaea.go.jp/image/OvMapOfModels.png.

The model geometry consists of a spherical volume made up of 36
concentric shells with 34 equal thicknesses representing 23 g/cm2 of
Martian atmosphere, a shell for low density top surface regolith of
1.296 g/cm2 and a high density interior shell of 3.49 g/cm2. The at-
mospheric gradient is provided by the Mars Climate Database v5.2.

Source particles are sampled isotopically with the built-in cosine
biasing option of the PHITS source deck. GCR spectra were generated
using the model developed by the German Aerospace Center, DLR
(Matthiä et al., 2013).

Particles are tallied according to kinetic energy as they cross the
threshold between the lower surface atmosphere layer and the regolith
layer using an angle dependence surface current tally as well as volu-
metric track length tally at the Martian surface for additional re-
dundancy.

4. Results

4.1. Neutral particle spectra

Photons and neutrons are measured in the RAD instrument in the D
and E scintillators using anticoincidence with the surrounding F de-
tector. The detector is thus sensitive to these particles arriving from all
directions and measures the particle spectrum averaged over all in-
coming directions (4 π geometry). Accordingly, particle spectra aver-
aged over all incoming directions calculated with the different models
are compared to the experimental results in Fig. 2 for neutrons and
Fig. 3 for photons, where the neutron spectra are multiplied by energy
(flux per lethargy) to improve the readability. Cosmic ray produced
neutrons in the atmosphere have two peaks in the spectra, the eva-
poration peak near 1MeV and a second broad peak at around 100MeV
(Goldhagen et al., 2004). These are differently pronounced in the
modeled spectra in Fig. 2 but not visible in the RAD measured neutron
spectra. The 100MeV peak is created by fragments of primary nuclei
and neutrons created in the spallation process of nuclei from the at-
mosphere. These neutrons are primarily downward directed, see also
(Matthiä and Berger, 2017) for details on the calculated downward and
upward directed particle spectra. The second peak in the neutron
spectrum at around 1MeV is created by neutrons evaporating from
excited nuclei. This process is isotropic but the large number of excited
nuclei created in the Martian regolith leads to an excess of upward
directed neutrons at these energies. Neutrons at energies below 10MeV,
however, are not measured by RAD although these energies contribute
significantly to the radiation exposure.

The comparison of the models amongst each other and with RAD
data reveals discrepancies of about one order of magnitude at energies

Fig. 2. Neutron spectra at the Martian surface measured by RAD and
compared to model results.

D. Matthiä et al. Life Sciences in Space Research 14 (2017) 18–28

21

Matthia et al., Life Sci. Space Res. 14, 18, 2017

Significant discrepancies
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NEUTRONS - SUMMARY

BEVALAC and HIMAC data disagree

Neutron spectra display prominent low energy peak not seen in
proton spectra

- but only a few experiments down to 1 MeV

No data above 1 GeV/n projectile kinetic energy
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SUMMARY & CONCLUSIONS

Light ions & neutrons make large contributions to dose equivalent

Light ion cross sections
Largest physics uncertainty in space radiation
Large gap in measurement database

Final recommended reactions
Fe,Si,O,He + H,C,Al,Cu → 1,2,3H, 3,4He
Isotopic dd & total reaction σ

3 GeV/n, 1.5 GeV/n, 800 MeV/n, 400 MeV/n

Neutrons
BEVALAC/HIMAC data disagreement needs resolution
Nothing above 1 GeV/n

Data disagreement: Should other data be confirmed? Yes.

Future Suggestions
Databases & tables in papers
Nuclear models collaboration
Transport codes collaboration
Uncertainty Quantification (UQ)
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BACKUP: NSRL
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BACKUP: LET VS. RANGE, ENERGY
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CROSS SECTION MEASUREMENT DATABASE - DETAILS

Details of light ion production double differential cross sections:
 

Proj. KE MeV/n Target Fragment Author Note Comments  
1H 100 - 200 Ni,Mo,Au 1H Richter 1982 0o - 140o  
1H 500 4He,Ni,Ta 1H Roy 1981 > 65o  
1H 600 C, Al, Au,  1,2,3H, 3,4He Alard 1975 > 30o  
1H 660 B,Ni,Sn,Sm 3,4He Bogatin 1976 90o  
1H 800 1,2H,C,Ca,Pb 1H McGill 1984 > 5o  
1H 800 KCl 1H Nagamiya 1981 > 10o  
1H 1050, 2100 Au 1H Geaga 1980 2.5o, 180o  
2H 1050 C 1H Anderson 1983 0 o Fig.7 
2H 2100 U 4He Gossett 1977 90o Fig.6*            (* only lines) 
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CROSS SECTION MEASUREMENT DATABASE - DETAILS
 

Proj. KE MeV/n Target Fragment Author Note Comments  
3He 33      (exception) Ho 1,2,3H Motobayashi 1984   
3He 67      (exception) Ag 1H Zhu 1991 > 33o  
4He 27      (exception) Ho 1H Shibata 1985 15o - 150o  
4He 180 Al, Ag, Ta 1,2,3H, 3,4He Doering 1978 > 60o  
4He 383 C 1,2,3H, 3He Anderson LBL-6769 0 o Fig.24 
4He 250 U 1,2,3H, 3,4He Gossett 1977 > 20o Fig.10*  
4He 400 U 1H Westfall 1976 > 30o Fig.3 
4He 400 U 1,2,3H, 3,4He Gossett 1977 > 20o Fig.10*  
4He 400 U 1H, Li, 7,9,10Be, B Gossett 1977 > 30o Fig.18*,26 
4He 400 C 1H Anderson 1983 0 o Fig.23  xF 
4He 1010 H 3He Bizard 1977 1 - 10o  
4He 1050 2H, 3,4He 4He Banaigs 1987 < 15o Elastic & inelastic 
4He 1050 C 1H Anderson 1983 0 o Fig.7 
4He 1050 C 4He Anderson 1983 pT Fig.10 
4He 1050 C 1,2,3H, 3He Anderson 1983 0 o Fig.3 
4He 1050, 2100 C 1H Anderson 1983 0 o Fig.23  xF 
4He 1050, 2100 C 1,2,3H, 3He Anderson LBL-6769 0 o Fig.25,26 
4He 1050, 2100 C 1H Anderson 1983 0 o Fig.21 
4He 2100 C 1H Anderson 1983 pT Fig.8 
4He 2100 H, C, Cu, Pb 4He Anderson 1983 pT Fig.10 
4He 2100 C 1H Anderson LBL-6769 pT Fig.28 
4He 2100 U 4He Gossett 1977 90o Fig.6* 
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CROSS SECTION MEASUREMENT DATABASE - DETAILS
 

Proj. KE MeV/n Target Fragment Author Note Comments  
12C 35      (exception) Au 1,2,3H, 3,4,6He Westfall 1984 > 40o  
12C 800 C, KCl 1,2,3H, 3,4He Nagamiya 1981 > 10o Lemaire supplement 
12C 1050 C 1,2,3H, 3,4,6,8He Anderson 1983 < 10o Fig.4,7,10 
12C 1050, 2100 Au 1H Geaga 1980 2.5o, 180o  
12C 2100 U 4He Gossett 1977 90o Fig.6* 
16O 52, 100, 147 Ni, Sn 1,2,3H, 3,4He Auble 1983 > 6o  
16O 300 Al 1,2,3H, 3,4He Beach 2016 0o  - 90o Analysis in progress 
16O 2100 U 4He Gossett 1977 90o Fig.6* 
20Ne 100, 156  1,2H, 4He Westfall 1982 > 50o  
20Ne 250, 400 U 1,2,3H, 3,4He Gutbrod 1976 30o - 150o Same as Gosset ??? 
20Ne 250, 400, 2100 U 1H Westfall 1976 > 30o Fig.3 
20Ne 250, 400, 2100 U 1,2,3H3,4HeLi7,9,10BeBCNO Gossett 1977 > 20o  
20Ne 250, 400, 2100 Al 1,2,3H, 3,4He Gossett 1977 > 20o Fig.7*,8*,9*,11*,26,29 
20Ne 400, 2100 U 1,2,3H, 3,4He Gossett 1978 > 30o Fig.1,2,3,4,5 
20Ne 800 NaF, Pb 1H Gossett 1978  Fig.9,11 Rapidity 
20Ne 2100 U 4He Gossett 1977 90o Fig.6* 
20Ne 2100 U 3,4,6He, 6,7,8Li, 7,9,10Be Gossett 1977 90o Fig.5 
40Ar 1050, 2100 Au 1H Geaga 1980 2.5o, 180o  
40Ar 800 C, KCl 1,2,3H, 3,4He Nagamiya 1981 > 10o Lemaire supplement 
40Ar 1800 Be, Cu 1,2,3H Gossett 1978 5o, 15o Fig.6,7,8 
40Ar 1800 Be, Cu 1,2,3H Gazzaly 1978 5 o - 15o  
56Fe 400 CH2, C, Al 1,2,3H, 3,4He Beach 2017 0o  - 90o Analysis in progress 
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