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ZWL, Adams Jr., Barghouty, 
Randeniya, Tripathi, Watts & Yepes, 
Adv Space Res 49 (2012)

• 4 transport codes:
1-d deterministic: HZETRN (1995), UPROP, 
3-d Monte Carlo: FLUKA, Geant4.

• 3 space radiation environments:
Oct. 1989 SPE,  Jan. 20 2005 SPE, 
1977 solar minimum GCR.

• 2 shielding materials:
aluminum (Al), polyethylene (CH2). 

• 2 geometries:
slab, spherical shell (10g/cm2, r=1.5m)

We have compared dose, dose equiv. & spectra of

Other comparison studies include 
• HZETRN vs HETC & FLUKA, in 

Heinbockel et al., Adv Space Res 47 (2011)
• OLTARIS vs MCNPX & PHITS, in 

Aghara et al., Life Sci Space Res 4 (2015)
• HZETRN vs Geant4, in Gronoff, Norman & 

Mertens, Adv Space Res 55 (2015)
• HZETRN vs SHIELD, FLUKA & Geant4, in 

Norbury et al., Life Sci Space Res 14 (2017)
• Geant4 vs 3DHZETRN, Slaba et al., Life Sci 

Space Res 27 (2020),
• …

Compare Space Radiation Transport Codes
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Comparing transport codes: slab geometry 

• Dose values from HZETRN, 
FLUKA and Geant4 
are ~ consistent,

• Dose from UPROP is lower 
behind thick shielding.

• Dose equivalent from Geant4 
are often higher than HZETRN.

• Dose equivalent from UPROP 
behind shielding are much lower
(UPROP has no neutrons).

Author's personal copy

that the dose and dose equivalent comparisons from these
four transport codes for the Jan. 2005 SPE environment
show essentially same qualitative features as those for the
Oct. 1989 SPE environment.

The dose and dose equivalent results behind an alumi-
num slab in the 1977 solar minimum GCR environment
are shown in Fig. 4. Because the average energy of primary
GCR particles is much higher than that of SPE particles,
the dose and dose equivalent decrease much slower with
the shielding thickness. We see that dose results from
HZETRN and Geant4 are consistent. For the dose equiv-
alent, results from HZETRN and Geant4 are close, with
the Geant4 results being sometimes higher. By comparing
the dose and dose equivalent values from the same trans-
port code, we see that at 100 g/cm2 the average quality fac-
tors from HZETRN and Geant4 are about 2.4 and 2.6,
respectively.

Fig. 5 shows the dose and dose equivalent results behind
a polyethylene (CH2) slab for the 1977 solar minimum
GCR environment. We observe qualitatively the same fea-
tures as in Fig. 4. Since polyethylene consists of lighter ele-

ments (in particular, hydrogen), it is more effective in
causing nuclear fragmentations than aluminum at the same
areal density. Therefore in Fig. 5 the dose and the dose
equivalent curves from each transport model show a faster
decrease with the thickness of the slab than in Fig. 4. At
100 g/cm2, the average quality factors from HZETRN
and Geant4 are about 1.6 and 1.9 respectively. These aver-
age quality factors behind the polyethylene slab for each
transport model are lower than the corresponding values
behind the aluminum slab at the same areal density, and
this also reflects the higher effectiveness of polyethylene
in fragmenting heavy ions.

3.2. Spectra results for the slab geometry

Since dose and dose equivalent integrate the spectra of
radiation particles over the full range of their energies, they
are not as fundamental as the energy spectra of radiation
particles. Therefore we now compare the energy spectra
from different transport codes.
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Fig. 3. Same as Fig. 2 but for a polyethylene slab.

0 40 80 120 160
Thickness of Al slab (g/cm2)

0

50

100

150

Do
se

 (c
Gy

/y
r) 

an
d 

do
se

 eq
ui

va
len

t (
cS

v/
yr

)

HZETRN dose equivalent
Geant4 dose equivalent
HZETRN dose
Geant4 dose

Fig. 4. Dose and dose equivalent values behind an aluminum slab in the
1977 solar minimum GCR environment as functions of the slab thickness.
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Fig. 5. Same as Fig. 4 but for a polyethylene slab.
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Fig. 6. Neutron and proton spectra behind an aluminum slab of thickness
80 g/cm2 in the Oct. 1989 SPE environment from the four transport
models.
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Behind 10g/cm2Al slab:

HZETRN and Geant4 are consistent.

Comparing transport codes: ion spectra
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At r=150 cm:

1977 solar minimum GCR

At inner wall of a spherical 10g/cm2Al shell 
(average thickness 27.3g/cm2):
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Comparing transport codes: shell geometry 

Author's personal copy

hand, a Monte Carlo transport is intrinsically three-dimen-
sional. We are interested in how the transport codes com-
pare for more complex geometries. To investigate this
point, a spherical shell with an inner radius of 1.50 m
and a thickness of 10.0 g/cm2 is used. For a spherical shell
under isotropic external irradiation, the dose only depends
on one variable, r, the distance from the center of the
spherical shell. In our calculations using the deterministic
radiation transport codes, the one-dimensional dose-depth
calculations are used with ray tracing to obtain the three-
dimensional dose distribution inside the shell. In the ray
tracing algorithm, one integrates the dose-depth curve with
the path-length distribution through the shell geometry
from a point within. On the other hand, for simulations
using a Monte Carlo code such as Geant4, the spherical
shell needs to be described and then the path-lengths are
automatically sampled by the primary radiation particles
and secondary particles. Getting enough statistics from
Monte Carlo simulations can be time-consuming when cal-
culating the dose near the center of the spherical shell,
because very few of the particles that begin from outside
the shell will reach the small tally volume at the center.
To overcome this, the Geant4 results for the spherical shell
geometry start from a minimum distance r = 5 cm from the
center instead of r = 0 cm. For the Geant4 results the same
energy bin structures as those for the slab results are used.
Scoring is performed in a spherical water shell of thickness
0.001 g/cm2.

Fig. 9 shows the dose (open symbols) and dose equiva-
lent (filled symbols) values inside a spherical aluminum
shell as functions of r, the distance from the center, in
the Oct. 1989 SPE environment. We see that the dose val-
ues from HZETRN, UPROP and Geant4 are in good
agreement. Note that the average path-length through the
spherical aluminum shell ranges from 10.0 g/cm2 at
r = 0 cm to 27.3 g/cm2 at r = 150 cm, and over this thick-
ness range the difference between the dose values from

the different transport codes is rather small as shown in
Fig. 2.

We also see that the dose equivalent values from
HZETRN and Geant4 are consistent. However, UPROP
gives much lower dose equivalent values, and they are close
to the UPROP dose values, consistent with the finding
from Fig. 2 from the slab geometry that UPROP gives
average quality factors near 1 for the Oct. 1989 SPE
environment.

For one-dimensional radiation transport that takes the
straight-ahead approximation and uses the ray tracing
algorithm, the radiation at the center of a spherical shell
of a given thickness under isotropic irradiation is the same
as the radiation behind a slab of the same thickness under
unidirectional irradiation (Shinn et al., 1990; Lin et al.,
2009). For example, in Fig. 9 the dose and the dose equiv-
alent values from HZETRN at the center of the spherical
shell are 101 cGy and 152 cSv, respectively; and they are
the same as the corresponding HZETRN value behind a
10.0 g/cm2 aluminum slab as shown in Fig. 2, and this is
because the path-length is always 10.0 g/cm2 for external
radiation particles to reach the center of the spherical shell
(r = 0 cm) along a straight-ahead trajectory. On the other
hand, the Geant4 results do not depend on ray tracing
and are expected to be more accurate in treating the
three-dimensional geometry. For this reason, the results
at the center of the spherical shell can be different from
those behind a slab of the same thickness. The dose and
dose equivalent values from Geant4 at the center of the
spherical shell (evaluated at r = 5 cm) are 105 cGy and
145 cSv, respectively, as shown in Fig. 9. In comparison,
the Geant4 dose behind a 10.0 g/cm2 aluminum slab as
shown in Fig. 2 is 100 cGy, close to the dose value at the
center of the spherical shell; while the Geant4 dose equiva-
lent behind a 10.0 g/cm2 aluminum slab is 180 cSv, higher
than the value at the center of the spherical shell.

Fig. 10 shows the dose and dose equivalent values inside
a spherical polyethylene shell as functions of r in the Oct.
1989 SPE environment. Note that the average path-length
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Fig. 9. Dose and dose equivalent values inside a spherical aluminum shell
in the Oct. 1989 SPE environment as functions of the distance from the
center of the shell.
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Fig. 10. Same as Fig. 9 but for a spherical polyethylene shell.
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• Dose values from HZETRN and Geant4 agree.
• Dose equivalent from HZETRN & Geant4 are close for aluminum, 

but Geant4 are higher than HZETRN for CH2.

CH2
Oct. 1989 SPE
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through the spherical polyethylene shell ranges from
10.0 g/cm2 at r = 0 cm to 22.7 g/cm2 at r = 150 cm. Here
we again find that the dose values from HZETRN and
Geant4 are consistent with each other; and this is consis-
tent with Fig. 3, which shows that the dose values from dif-
ferent transport models are consistent with each other over
that thickness range. Unlike the aluminum shell case, the
dose equivalent values from Geant4 for the polyethylene
shell are higher than those from HZETRN; but this seems
consistent with Fig. 3, where the dose equivalent values
from Geant4 behind a polyethylene slab are significantly
higher than those from HZETRN over that thickness
range. In addition, we see that the dose and the dose equiv-
alent values from HZETRN in Fig. 10 at the center of the
spherical polyethylene shell are again the same as the cor-
responding HZETRN value behind a 10.0 g/cm2 polyethyl-
ene slab. These values are lower than the HZETRN values
at the center of the spherical aluminum shell due to the
higher shielding effectiveness of polyethylene.

Results for the spherical aluminum shell in the 1977
GCR environment are shown in Fig. 11. We can see that
both the dose and the dose equivalent curves from
HZETRN and Geant4 are consistent with each other. This
is to be expected from Fig. 4, which shows these same fea-
tures for an aluminum slab. For example, the dose from
HZETRN at the center of the shell is 20.9 cGy, the same
as the HZETRN dose behind a 10.0 g/cm2 aluminum slab
as shown in Fig. 4.

Figs. 9–11 all show that the radiation dose equivalent
and dose inside the spherical shell are the highest at the
center and the lowest on the inner surface. The reduction
from the shell center to the inner surface is large, between
a factor of 2 and 3 for this particular geometry, for both the
soft Oct. 1989 SPE and the hard Jan. 2005 SPE environ-
ments. For the solar minimum GCR environment, the
reduction in the dose equivalent is much smaller, on the
order of 30% for this particular geometry. These features
are essential the same as the earlier findings on the spatial

variation of the dose equivalent to blood-forming organs
inside a spherical or a hemispherical shell (Lin et al.,
2009) that were based on deterministic radiation transport
results.

3.4. Spectra results for the spherical shell geometry

Fig. 12 shows the proton (open symbols) and neutron
(filled symbols) spectra at the center of the spherical alumi-
num shell in the Oct. 1989 SPE environment, while Fig. 13
shows the spectra at the inner surface of the spherical shell.
We see that the proton spectra from the HZETRN and
Geant4 are quite close to each other in both figures. How-
ever, the neutron spectra from Geant4 are different from
those from the HZETRN deterministic code, and the fea-
tures in the differences are qualitatively the same as for
the slab case (Fig. 6). By comparing Fig. 12 with Fig. 13,
we see that the proton spectrum at the inner surface of
the spherical shell is much lower than that at the center
of the shell, and this reflects the very different average path-
lengths for external radiation particles to reach the two
locations. Note that the Geant4 results for the center of
the spherical shell are actually those evaluated at
r = 5 cm and they have large fluctuations.

For the 1977 GCR environment, Fig. 14 shows the pro-
ton and neutron spectra at the inner surface of the spheri-
cal aluminum shell, while Fig. 15 shows the oxygen (filled
symbols) and iron (open symbols) spectra at the same loca-
tion. For the proton and neutron spectra, we see basically
the same qualitative features as in the slab case (Fig. 7): the
proton spectra from HZETRN and Geant4 are close to
each other, and the neutron spectra from HZETRN and
Geant4 are not far from each other but the difference
becomes bigger at energies below several MeV.

3.5. Recent versions of HZETRN

Recent versions of the HZETRN code (Slaba et al.,
2010; Heinbockel et al., 2011a, b; Singleterry et al., 2011)
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Fig. 11. Dose and dose equivalent values inside a spherical aluminum
shell in the 1977 solar minimum GCR environment as functions of the
distance from the center.
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Fig. 12. Neutron and proton spectra at the center of a spherical aluminum
shell in the Oct. 1989 SPE environment.
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Aluminum
1977 solar minimum GCR

A key goal of comparison studies is to identify the physics models/components,
which cause the differences in the transport model results, for future improvements.
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Model Sensitivities to Nuclear Data
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→ Sensitivity matrix Sjk (for dose equiv. H):

Partial cross section to light fragments (e.g. nucleons & ⍺) 
are by far the most important.

Several projectiles are important (e.g. O, Mg, Si, Fe).

ZWL, Phys Rev C 75 (2007) 

→1-d 
projections

1d propagation equation (Λ𝑘𝑗=1/nσ𝑘𝑗):
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Model Sensitivities to Nuclear Data

ZWL & Adams Jr., Radiat Res 167 (2007) 
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Cross sections in a wide energy range ~(0.1, 10) GeV/u are all important, 
with the radiation risk being most sensitive to cross sections at (lab-frame) energy of 

~ (0.3, 0.85) GeV/u in solar minimum GCR environments,
~ (0.85, 1.2) GeV/u in solar maximum GCR environments.

Sensitivity function in energy S(E)
(for dose equiv. H):
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Further Studies Helpful for Space Radiation Transport

Nuclear cross section data:
Results from sensitivity studies need to be combined
with available cross section data to identify:

what important cross sections
are missing or need to be better measured. 

Space radiation transport codes:
• Transport codes in general need to use theoretical nuclear physics models for fragmentation 

as well as secondary particle productions (pions, kaons, anti-nucleons, …)
that are tuned to double-differential experimental data.

• → Synergy with relativistic heavy ion collisions:
especially because of the recent/future focus of relativistic heavy ion physics 
on high net-baryon density physics (at energies that overlap with space radiation physics)
& renewed interests in light nuclei productions (2H, 3H, 3He, 4He, …).

• It could also be useful to develop “fast Monte Carlo” codes
(faster than normal Monte Carlo & more accurate than deterministic),
this can benefit from such works in radiation therapy research.

Norbury et al., NASA/TP (2011),
Norbury & Miller, Health Phys 103 (2012),
Slaba & Blattnig, Space Weather 12 (2014),
Norbury et al. Front Phys 30 (2020), …

Muraro et al. Front Phys 25 (2020), …


