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INTRODUCTION & TIM3 ACTIONS:

Actionees:

NASA: John Norbury
INR RAS: Nikolai Sobolevsky

Actions:

Obtain permission to transfer OLTARIS to ROSCOSMOS

Calculate SHIELD low energy target fragmentation yields

Verify HZETRN2010 TIM2 calculations with HZETRN2015

Calculate pion cross sections

Improve pion production in HZETRN

Devise other tests to compare SHIELD & HZETRN
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INTRODUCTION & TIM3 ACTIONS:

Obtain permission to transfer OLTARIS to ROSCOSMOS
Previous TIM3 received permission for HZETRN
Now: Permission obtained for OLTARIS!
(note: permission not to transfer, but to use web site - equally useful)

Calculate SHIELD low energy target fragmentation yields
Insufficient time to complete - other tasks higher priority & took longer than expected

Verify HZETRN2010 TIM2 calculations with HZETRN2015
Verified extensively
Sample results will be shown today
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INTRODUCTION & TIM3 ACTIONS:

Calculate pion cross sections
Comparisons done with NASA models compared to SHIELD

Improve pion production in HZETRN
Insufficient time to complete - other tasks higher priority & took longer than expected

Devise other tests to compare SHIELD & HZETRN
Extensive light ion comparisons
Previous meetings only a few results
Extensive results today
MSLRAD workshop
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ACTION: VERIFY HZETRN2010 TIM2 CALCULATIONS WITH HZETRN2015
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Neutron production shows improved agreement with Monte Carlo codes
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ACTION: VERIFY HZETRN2010 TIM2 CALCULATIONS WITH HZETRN2015

●
●●●●

●●●●
●●●●●●

●●●●●●●●
●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●

●●
●●●
●●
●

●
●●

●●
●●●

●●●●
●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●

●●
●●●
●●
●●●
●●
●

●
●●

●●
●●
●●●

●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●●●
●●
●●

-
- - - -

- --

-

---
--------

-----------
------------------------------------------------

-
-

- - -
- --

----
-------

-------
-----------

------------------------------------------

■
■

■ ■ ■

■ ■ ■

■
■ ■■■■

■■■■■■
■■■■■■■■

■■■■■■■■■■
■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■

■

-

-
- -

- -
--

--
-----

-----
-----------------------------------------------------------

-
-

- -
- -

--
---

----
-----

-----------------------------------------------------------

■

■
■ ■

■ ■
■
■ ■ ■ ■■■

■■■■
■■■■

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■
■

- -
-

- -

-
-
-
-----

-----
-----

---------------------------------------------------

-
-

- - - - --
---

-----
----

------------------------------------------------------

■ ■
■

■
■

■ ■
■ ■ ■ ■■■

■■■■
■■■

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■

HZETRN, SHIELD, GEANT

1 g/cm2

10 g/cm2

100 g/cm2

0.01 0.10 1 10 100 1000 104
10

100

1000

104

105

106

Kinetic Energy [MeV/n]

F
lu
x
[p
ar
tic
le
s/
(c
m
2
M
eV

/n
ye
ar
)]

1H + Al -> 1H (scaled)

HZETRN2010 = HZETRN2015
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ACTION: VERIFY HZETRN2010 TIM2 CALCULATIONS WITH HZETRN2015
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16O + Al -> 12C

HZETRN2010 = HZETRN2015
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ACTION: VERIFY HZETRN2010 TIM2 CALCULATIONS WITH HZETRN2015
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HZETRN2010 = HZETRN2015
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ACTION: VERIFY HZETRN2010 TIM2 CALCULATIONS WITH HZETRN2015

SUMMARY

Largest differences between HZETRN2010 & HZETRN2015 seen
with neutrons
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ACTION: CALCULATE PION CROSS SECTIONS

Near threshold - special models needed SHIELD added to Fig.1 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.3 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.4 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.5 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.6 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.7 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.8 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.9 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD & Thermal models reasonable agreement with data SHIELD added to Fig.10 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD best at low energy (left) SHIELD added to Fig.11 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SHIELD best SHIELD added to Fig.12 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

All models reasonable agreement with data SHIELD added to Fig.13 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

Badhwar model best SHIELD added to Fig.14 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

Badhwar model best SHIELD added to Fig.15 of Werneth, Norbury, Blattnig, NIMB 298, 86, 2013
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ACTION: CALCULATE PION CROSS SECTIONS

SUMMARY

SHIELD and Thermal model show overall comparable agreement
with data

Overall, much better than Badhwar model

Badhwar model best when KEprojectile > 5 GeV/n

Note: NASA pion model in HZETRN =
KEprojectile < 1 GeV/n: Thermal model
KEprojectile > 5 GeV/n: Badhwar model
1 GeV/n < KEprojectile < 5 GeV/n: blend both models

Therefore, NASA model ≈ SHIELD model
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ACTION: DEVISE OTHER TESTS TO COMPARE SHIELD & HZETRN

FIRST PUBLISHED PAPER FROM THESE
TECHNICAL INTERCHANGE MEETINGS!

Contents lists available at ScienceDirect

Life Sciences in Space Research

journal homepage: www.elsevier.com/locate/lssr

Comparing HZETRN, SHIELD, FLUKA and GEANT transport codes

John W. Norbury⁎,a, Tony C. Slabaa, Nikolai Sobolevskyb, Brandon Reddellc

a NASA Langley Research Center, Hampton, Virginia 23681, USA
b Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia
c NASA Johnson Space Center, Houston, Texas 77058, USA

A R T I C L E I N F O

Keywords:
Space radiation
Radiation transport
HZETRN
SHIELD

A B S T R A C T

For the first time, the American (NASA) and Russian (ROSCOSMOS) space radiation transport codes, HZETRN
and SHIELD respectively, are directly compared to each other. Calculations are presented for Galactic Cosmic
Ray (GCR) minimum Hydrogen, Oxygen and Iron projectiles incident on a uniform Aluminum cylinder of
varying thickness. Comparisons are made for the flux spectra of neutrons, light ions (Z≤ 2), heavy ions (Z> 2)
and pions emitted from the back of the Aluminum cylinder. In order to provide more benchmark comparisons,
some calculations with the GEANT and FLUKA transport codes are also shown.

1. Introduction

International cooperation in the exploration of space is expected to
continue with human missions to Mars. Protection of astronauts from
the harmful effects of space radiation is a major factor that needs to be
taken into consideration in mission planning. Accurate prediction of
expected radiation dose levels that will be encountered by astronauts is
of utmost importance. Such predictions are made with space radiation
transport codes, and various space agencies typically rely on a
particular code that has been developed within their own national
space agencies. For example, the HZETRN code (Wilson et al., 2015a;
2015b; 2016; Slaba et al., 2016) is typically used by NASA, the SHIELD
code (Dementyev and Sobolevsky, 1999; Hansen et al., 2012) is
typically used by the Russian Space Agency, the GEANT code
(Agostinelli, 2003) is used by the European Space Agency, and the
PHITS code (Sato et al., 2006; 2013) is used by the Japanese Space
Agency. Other codes that receive significant use are FLUKA (Battistoni,
2015) MCNP (McKinney et al., 2006) and HETC-HEDS (Charara et al.,
2008; Townsend et al., 2005).

When international partners are planning joint space missions and
predicting radiation effects, it is obviously important that the transport
codes being used are in reasonable agreement with one another, as well
as with measured data. The current special issue of this journal is
devoted to comparisons between different codes and data, specifically
oriented to a Mars mission. There have been many studies of the
comparisons of transport codes with each other in the literature
(Matthia et al., 2016; Slaba et al., 2017; Wilson et al., 2014; 2015a;
2015b; 2016; Lin et al., 2012; Heinbockel et al., 2011a; 2011b) and also
in the present special issue. However, a significant gap in the literature

is a direct comparison of the American and Russian codes HZETRN and
SHIELD respectively, with each other. The present paper represents the
first such direct comparison of these two important space radiation
transport codes.

While the main focus of this paper is to compare the NASA
deterministic HZETRN code and the ROSCOSMOS Monte Carlo
SHIELD code, some comparisons to the Monte Carlo GEANT and
FLUKA codes are also provided to give insight into possible differences
between HZETRN and SHIELD. Brief descriptions of the various
transport codes are provided below.

HZETRN2015 calculations were done by J. Norbury, subsequent to
previous calculations using HZETRN2010 done by T. Slaba and J.
Norbury. SHIELD calculations were done by N. Sobolevsky. GEANT
calculations were done by T. Slaba. FLUKA calculations were done by B.
Reddell.

2. Description of transport codes

2.1. HZETRN

The HZETRN (High charge (Z) and Energy TRaNsport) code (Wilson
et al., 2015a; 2015b; 2016; Slaba et al., 2016) is a deterministic
transport code specifically developed by NASA for space radiation
transport. It employs numerical solutions to the time-independent,
linear Boltzmann equation. It utilizes the continuous slowing down
approximation in which discrete atomic interactions are represented by
stopping power. The HZETRN code has undergone regular updates with
releases in 2010 and 2015 denoted as HZETRN2010 and HZETRN2015.
HZETRN2010 was a one-dimensional (1D) code that employed the
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(Multi-Stage Dynamical Model) generator (Botvina et al., 1997), which
includes current versions of well-known Russian models of nuclear
reactions. The fast, cascade stage of nuclear reactions at energies below
1 GeV/n, is modeled using the Dubna intra-nuclear cascade model
(Toneev and Gudima, 1983). Above 10 GeV/n, the Quark-Gluon String
Model (QGSM) (Amelin et al., 1990a) is used, while in the intermediate
range 1 - 10 GeV/n, some extensions of QGSM (Amelin et al., 1990b)
are used. Thus, a consistent description of the fast stage of nuclear
reactions in the whole energy range of primary hadrons and nuclei up
to 1 TeV/n is provided.

Evolution of the excited residual nucleus towards an equilibrium
state is described in terms of the pre-equilibrium model based on the
Monte Carlo solution of the corresponding Master equation (Gudima
et al., 1983). Further equilibrium de-excitation of the residual nucleus
includes several mechanisms. For light nuclei (A < 16), the modified
model of Fermi break-up (Botvina et al., 1987) is applied. Medium and
heavy nuclei at moderate excitations (E* < 2 MeV/n) de-excite
themselves by particle evaporation (Botvina et al., 1987). For heavy
nuclei, a competition of evaporation and fission is implemented (Adeev
et al., 1993). Highly excited nuclei (E* > 2 MeV/n) may decay into
several excited fragments according to the Statistical Multi-fragmenta-
tion Model (SMM) (Bondorf et al., 1995) followed by the emission of
particles from fragments. Thus, the MSDM generator provides descrip-
tion of all the stages of a nuclear reaction in the exclusive approach.

Besides the general version of the SHIELD code, there is a special
medical version SHIELD - HIT (Heavy Ion Therapy) which is designed
for applications to the field of hadron therapy in oncology (Gudowska
et al., 2004; Hansen et al., 2012). The medical version uses the same
generator of nuclear reactions MSDM, but includes more detailed
energy grids, more precise data for the stopping power dE/dx, and
improved models of the electromagnetic fluctuations, with the goal of
calculating dose fields with the necessary accuracy, where the energy
range for charged particles is narrowed to the interval 25 keV/n - 2
GeV/n.

2.3. GEANT

Some calculations using the GEANT (GEometry ANd Tracking)
Monte Carlo transport code are also shown in this paper. The
GEANT4 version 10.01 (Agostinelli, 2003) was used. The software
has been developed as a C++ toolkit and users must write an
application that utilizes modules from the toolkit. A variety of physics
packages are available, with the QGSP-BERT-HP and QMD packages
being used in the present work: the Quark Gluon String (QGS) model is
used for high energy nucleons, pions and nuclei; the Precompound (P)
model handles post-interaction nuclear de-excitation; the Bertini cas-
cade (BERT) is used for interactions below 10 GeV/n. The Quantum
Molecular Dynamics (QMD) is used for heavy ion collisions and the

Fig. 3. Neutrons (n) exiting Al cylinders exposed to GCR solar minimum for a) 1H, b) 16O, and c) 56Fe projectiles. The numbers 1, 10, 100 refer to Al depth in units of g/cm2.
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High Precision (HP) neutron database is used for low energy interac-
tions.

2.4. FLUKA

The FLUKA (FLUctuating KAscade) Monte Carlo transport code was
also used to make specific comparisons in this study (release version
FLUKA2011 Version 2c dated October 2014) (Ferrari et al., 2005;
Bohlen et al., 2014). The precision defaults were used, which include
three heavy ion event generators, Dual Parton Model and Jets III
(DPMJET-III), Relativistic Quantum Molecular Dynamics (RQMD), and
the Boltzmann Master Equation (BME) models (Roesler et al., 2001;
Sorge et al., 1989a; 1989b; Cerutti et al., 2006). The energy transition
used between the DPMJET3/RQMD was set at 10 GeV/n (note: FLUKA
default transition is at 5 GeV/n), where DPMJET3 was used above 10
GeV/n and RQMD was used between 10 GeV/n and 0.1 GeV/n, with
the BME model used for energies lower than 0.1 GeV/n. All models are
processed by a generalized intra-nuclear cascade followed by a pre-
equilibrium stage and then an evaporation-fragmentation-fission stage.

3. Outline of calculations

A benchmark problem was defined for comparing the transport

codes, which consisted of a broad energy spectrum, galactic cosmic ray
(GCR) pencil beam boundary condition incident on an aluminum
cylinder, as shown in Fig. 1. The cylinder radius is set to 5 times the
length, to reduce lateral leakage, and mimics a semi-infinite slab
geometry. A GCR solar minimum environment was studied. The charge
Z = 1, 8, 26 (H, O, Fe respectively) components of the GCR spectrum
were considered separately. The GCR minimum input spectra comes
from the work of Denisov et al. (2011), and is shown in Fig. 2.

A variety of cylinder lengths were studied, namely 1, 10, and 100
g/cm2. Particles exiting the back surface of the cylinder were tracked
and their fluxes were determined. The tracked primary and secondary
particles exiting the back slab were neutrons, 1H, 2H, 4He and pions
(π±). For GCR 16O projectiles, the ions 8

16O, 7
14N, 6

12 C were also tracked.
For GCR 56Fe projectiles, the ions 26

56Fe, 25
54Mn, 24

52Cr were tracked. (Note
that results for the thin 1 g/cm2 shielding provide an almost direct
comparison of nuclear models, whereas results for thicker shielding
reflect differences in both nuclear models and transport mechanisms.)

4. Results

4.1. Neutron production

HZETRN2015, SHIELD and GEANT4 results for neutron production

Fig. 4. 1H exiting Al cylinders exposed to GCR solar minimum for a) 1H, b) 16O, and c) 56Fe projectiles. The numbers 1, 10, 100 refer to Al depth in units of g/cm2. Calculations for 1H
projectiles have been scaled by 0.1 and 0.01 for 10 g/cm2 and 100 g/cm2, respectively.
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are shown in Fig. 3 for H, O and Fe projectiles. (H is an elementary
projectile, which does not fragment. The heavier projectiles O and Fe
are complex, consisting of many nucleons, and undergo fragmentation
reactions.) Neutron production is seen to increase significantly as the
shield thickness is increased. HZETRN2015 was run in the 3D (arbitrary
N) mode. An approximate representation of neutron production from
the target following a heavy ion nuclear collision was utilized in this
work (Wilson et al., 1991). The rather simple approximation scales the
1H-induced differential cross section by A0.4, where A is the mass of the
projectile.

The codes generally agree with each other, except in the 100 MeV
region for O and Fe projectiles, where HZETRN is lower than SHIELD
and GEANT. The differences near 100 MeV are due to nuclear model
differences and transport approximation error in HZETRN2015. The 3D
transport included in HZETRN2015 relied on the forward/isotropic
formalism that does not account for the full angular detail of the
neutron production cross section. Such errors are more apparent in the
mid-energy region where produced particles are neither fully forward
nor fully isotropic.

4.2. Light ion production

Results for light ion (isotopes of Hydrogen and Helium) production
are shown in Figs. 4–7 for GCR minimum H, O and Fe projectiles
impinging on an Al target of varying thickness.

4.2.1. 1H production
1H production 1H projectiles is shown in Fig. 4a, while Fig. 4b,c

shows 1H production from O and Fe projectiles. When the projectile is
1H, the high energy 1H flux is somewhat attenuated as the depth
increases. At low energy the 1H flux increases with depth. For O and Fe
projectiles, the 1H flux increases at all energies as shield thickness is
increased.

For 1H production from 1H projectiles , one sees agreement between
all codes due to the fact that the transport is dominated by stopping
power and total cross sections, which are both relatively well-known.
For 1H production from O and Fe projectiles, there are some differences
between codes, due to differences in nuclear models (especially
apparent for 1 g/cm2) and transport methods. HZETRN is missing
light target evaporation fragments produced from heavy ions, which
accounts for almost all of the observed differences at 1 g/cm2 and 10
g/cm2.

4.2.2. 2H and 4He production
2H and 4He production results are shown in Fig. 5 for H projectiles

and in Figs. 6 and 7 for O and Fe projectiles. SHIELD and GEANT4 show
differences around 100 MeV/n and also near the high energy projectile
fragmentation peak. Graphs a) and b) in each figure show HZETRN
results using a simplified model of direct light ion knockout from the
target (Cucinotta et al., 1996). Graphs c) and d) in each figure show this
model switched off. Differences appear smaller at high energies than

Fig. 5. 2H and 4He exiting Al cylinders exposed to GCR solar minimum 1H projectiles. A direct knockout model is used for a) and b) and is turned off for c) and d) (KOoff). The numbers 1,
10, 100 refer to Al depth in units of g/cm2.
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they do at low energies, but are still quite substantial due to
uncertainties and measurement gaps associated with light ion produc-
tion from heavy ions. For the lower energy region, where target
fragments contribute, there are significant differences between the
codes. All three codes include low energy target evaporation, although
HZETRN does not include light target evaporation fragments produced
from heavy ions. HZETRN also includes the direct-knockout spectrum
which extends up to higher energies. It would be worthwhile to see
SHIELD results extended to lower energy in future work. Also the large
discrepancy between HZETRN and GEANT for 1H projectiles needs to
be resolved in future work.

4.3. Heavy ion production

Heavy ion final state behavior as a function of depth, is shown for
Fe, Mn, and Cr final states with Fe projectiles (Figs. 8a, 9a, 10a,
respectively) and O, N, C final states with O projectiles (Figs. 8b, 9b,
10b, respectively) are shown. Fig. 8 shows the Fe and O flux decreasing
with depth due to slowing down of the projectiles and attenuation (loss)
associated with nuclear interactions. Note that Fe cannot be produced
from Al target fragmentation, whereas O can be produced from target
fragmentation.

Figs. 9 and 10 show calculations for fragment production with one-
and two-nucleon removals, respectively. Mn and Cr can be produced
from Fe projectile fragmentation, but not Al target fragmentation. C and

N can be produced both from O projectile fragmentation and Al target
fragmentation. Flux behavior as a function of depth has been kept true
with the scaling functions. 54Mn and 52Cr flux increases from 1 g/cm2

to 10 g/cm2, with the 100 g/cm2
flux dropping back below the flux for

1 g/cm2. 14N and 12C flux increases from 1 g/cm2 to 10 g/cm2, with
the 100 g/cm2

flux dropping back below the flux for 10 g/cm2. The
decline after ∼ 10 g/cm2 is due to attenuation associated with nuclear
collisions and the diminishing flux of larger mass projectiles serving as
the source term for these fragments. (This behavior is not seen in Fig. 8,
because the projectile fragments are produced elastically, meaning that
they do not result in break-up of either the projectile or target, but are
rather only due to the projectile scattering off the target without
modification.)

4.4. Pion production

It has recently been shown that pions can make a significant
contribution to dose, especially for larger shield thicknesses (Aghara
et al., 2009; Norman et al., 2012), and therefore, HZETRN was recently
been extended to include pion contributions and the associated
electromagnetic cascade process (Norman et al., 2013; Slaba et al.,
2013). Because of this recent advance with HZETRN, there is special
interest in comparing pion production models with other transport
codes. Results for pion production are shown in Fig. 11. As expected,
pion production increases with depth for all projectiles. The largest

Fig. 6. 2H and 4He exiting Al cylinders exposed to GCR solar minimum 16O projectiles. A direct knockout model is used for a) and b) and is turned off for c) and d) (KOoff). The numbers 1,
10, 100 refer to Al depth in units of g/cm2. Calculations have been scaled by 5 and 100 for 10 g/cm2 and 100 g/cm2, respectively.
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Fig. 7. 2H and 4He exiting Al cylinders exposed to GCR solar minimum 56Fe projectiles. A direct knockout model is used for a) and b) and is turned off for c) and d) (KOoff). The numbers
1, 10, 100 refer to Al depth in units of g/cm2. 2H calculations have been scaled by 5 and 100 for 10 g/cm2 and 100 g/cm2, respectively. 4He calculations have been scaled by 10 and 1000
for 10 g/cm2 and 100 g/cm2, respectively.

Fig. 8. Calculations of a) 56Fe and b) 16O 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.
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Fig. 7. 2H and 4He exiting Al cylinders exposed to GCR solar minimum 56Fe projectiles. A direct knockout model is used for a) and b) and is turned off for c) and d) (KOoff). The numbers
1, 10, 100 refer to Al depth in units of g/cm2. 2H calculations have been scaled by 5 and 100 for 10 g/cm2 and 100 g/cm2, respectively. 4He calculations have been scaled by 10 and 1000
for 10 g/cm2 and 100 g/cm2, respectively.

Fig. 8. Calculations of a) 56Fe and b) 16O 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.
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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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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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Matthia et al., 2016), as well as contributions to dose and dose
equivalent from individual ions (see Fig. 11 of Matthia et al., 2016).
For example, it was shown that most codes predict that protons
contribute a dose equivalent rate of about 120 μSv/d, compared to
4He, which contributes about 40 μSv/d, as predicted by GEANT and
PHITS and about 70 μSv/d, as predicted by HZETRN. The larger value
from HZETRN is reflected in the larger fluxes shown in Figs. 5b, 6 b, 7 b
of the present work. Neutron contributions were calculated as 160 μSv/
d by HZETRN, 170 μSv/d by GEANT and 240 μSv/d by PHITS (Matthia
et al., 2016). The good agreement for neutrons between HZETRN and
GEANT is also reflected in Fig. 3 of the present work. HZETRN
calculations of pion contributions (which includes pions themselves,
plus the associated electromagnetic cascade) were predicted smaller
than other codes (Matthia et al., 2016), reflecting the lower values of
pion flux found in the present work.
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SUMMARY

HZETRN needs improved light ion (H, He isotopes) nuclear
physics production models that lead to agreement of HZETRN
with Monte Carlo codes and experimental data

HZETRN needs improved pion production models

Significant differences between Monte-Carlo codes remain
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SUMMARY

Obtain permission to transfer OLTARIS to ROSCOSMOS
Done - Russian colleagues can now access HZETRN & OLTARIS

Verify HZETRN2010 TIM2 calculations with HZETRN2015
Done - Neutrons changed the most
Better agreement with Monte Carlo codes

Calculate pion cross sections
Done - NASA model ≈ SHIELD

Devise other tests to compare SHIELD & HZETRN
Done - Light ion tests
Norbury, Slaba, Sobolevsky, Reddell, Life Sci. Space Res. xx, xx, 2017
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THE END
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