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GEANT4 dose estimations of solar protons:
Al and PMMA-Bi 2O3 shielding for space exploration
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Adverse effects of long-term exposure to galactic cosmic radiation (GCR) pose a clear obstacle to future space exploration programs. In
addition to GCR we have solar particle radiation. We simulated the latter using a scaled fluence profile of solar protons taken from a study
in the literature that comprises about three solar cycles. The model is a three-layer stack that includes shielding material and muscular
tissue. Our simulation strategy uses protons as precursor radiation of neutrons. Subsequently, the shield is adjusted for thickness, dictated
by an average depth at which neutrons are created through various processes during the simulation. Neutrons are then energy-binned and a
corresponding neutron flux is simulated. Particles generated during the second phase of the simulation,i.e. neutrons, are then counted toward
absorbed dose within the muscular tissue layer. Clearly, the dynamics of the process is not captured by the simulation, nevertheless, both
neutron yield and absorbed dose can be estimated. The objective is to provide some insight about the effect of the new composite shield,
PMMA-Bi2O3, that has an inherent capability for gamma dose reduction, compared to a more traditional aluminum shield.
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1. Introduction

Mars and the Moon are the most immediate targets for space
exploration, regarding budget and distance, and they already
pose a significant challenge. By that token, at the present
time only the United States has completed manned missions
to the Moon. Mars-manned landings will only happen in the
near future. In the meantime only robotic exploration has
been developed, with a sizable impact in the 1960s and a
steady increase from the mid 1970s [1–3]. Interest in space
exploration is not only scientific or societal, but also com-
mercial [4, 5]. For the mining exploration business, Mars
is relevant as a launching point to access Main Belt Aster-
oids (MBAs) [5]. Thus, multiple organizations have a vari-
ety of interests. Added to the efforts of NASA we have also
those of the European Space Agency (ESA), the China Na-
tional Space Agency (CNSA), the Indian Space Research Or-
ganization (ISRO), the United Arab Emirates Space Agency
(UAESA), and other private organizations [3,6]. At any rate,
space exploration is one of humanity’s future endeavors that
is expected to continue evolving and while doing so form-
ing a better perspective of the problem at hand. Scientists
and engineers agree that among other concerns radiation is a

paramount aspect [6, 7]. Especially for missions with long-
time duration.

Galactic cosmic rays (GCR) and solar particle events
(SPE) are the two main radiation sources of concern. Pro-
tons [8,9] constitute the main type of particle in both sources.
It is understood that the most plausible candidates of GCR are
supernova remnants [8], while the sudden release of magnetic
energy during solar eruptions is considered to be responsible
for solar particle production [10].

The present work is concerned with proton irradiation as
a precursor of neutrons. Neutrons scatter elastically, inelas-
tically, can be captured, and cause spallation. Detailed ex-
periments about the radiation environment onboard the In-
ternational Space Station (ISS) [11] indicate that the annual
absorbed dose of space radiation can be greater than 400
times—compared to that on Earth-average, say about 0.3
mSv, in the U.S.A. [12]. More specifically, we looked at a
study at the ISS [13], also with passive detectors—solid state
nuclear track detectors—which registered about 20% neutron
contribution to the absorbed dose. Not unexpectedly, a radia-
tion field will gain complexity after interacting with a human
dwelling or robotic enclosure when unprotected by the Earth.
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Neutrons are neither part of the GCR nor the SPE. They
are however spalled by both. Wilsonet al. [14] have used
neutrons generated by GCR spallation to measure the life-
time of the neutron—about 760 s—, which emphasizes the
lack of neutrons in the GCR or SPE.

In a previous study [15] we have already focused only
on solar protons in the SPE, to evaluate the shielding effec-
tiveness of Bi2O3-PMMA—where PMMA stands for poly-
methyl methacrylate. The material has been proposed as an
efficient gamma shield [16], together with similar Bi2O3-
based materials [17].

2. Simulation Description and Methods

As it has been done before [15], the spectral distribution of
solar protons corresponds to the fluence curve vs. energy
[MeV] presented by Xapsoset al. [9], specifically, experi-
mental points from the 4-August-1972 event. This event has
the largest fluence value, among the five events described in
the study [9]. Thus, selected for the present study. The flu-
ence profile serves as a guide for the Monte Carlo simulation
and a reasonable point of comparison for distinct shielding
materials, for instance Bi2O3-PMMA vs. aluminum (Al).
The latter, the main shielding material of the ISS.

Fluence values were scaled down to 100 events at the neu-
tron energy of 150 MeV, and up to about 77× 103 events at
10 MeV. In Fig. 1, it is observed that experimentally mea-
sured fluence values range from 107 to 1010 cm−2 . Our
strategy aims at being implemented with a regular laptop/PC,
while also achieving swift convergence to reasonable descrip-
tive results. Only the Bertini-style cascade model has been
used to consider hadronic interactions, and the simulation
grid has a step size of 0.1 mm.

Physical models used to probe radiation dose are similar
to the one here described. There are three layers in the model
here used: shield, gap, and muscular tissue. In the simulation
the cross section has dimensions of 100×100 cm2, and the
thicknesses of the stack are: shield 100 mm, gap 10 mm, and
muscular tissue 100 mm. Shielding thickness is thus compa-
rable to the one at the ISS. The proton beam impinges from
the side of the shield, right at its center, and has a punctual
dimension. Kinetic energy of the proton beam will vary ac-
cording to the spectral distribution depicted in Fig. 1.

Typically GEANT4 [18] only requires the density val-
ues of the materials which are considered homogeneous—
while not employed here, there are some efforts to introduce
detailed material structure in the simulations [19]. These
were drawn directly from its database—NIST compounds
HEP materials. In the present case we have 2.7 gcm−3,
1.204×10−3 gcm−3, and 1.050 gcm−3, for aluminum shield,
air gap, and muscular tissue, respectively.

The material compared to aluminum in this study, is a
composite of PMMA, density = 1.180 gcm−3, with 44 wt.%
Bi2O3, density = 8.9 gcm−3.

FIGURE 1. Fluence of solar protons used in the simulations here
described [15] . This curve corresponds to the solar event from Au-
gust 4, 1972. Digitized from Xapsoset al.[9]. The authors [9] used
a function that is equivalent to a Weibull distribution.

The same protocol followed before [15] is followed here:

1. The proton fluence is scaled-down.

2. Neutrons arising as secondary particles are selected
from the histograms produced by GEANT4.

3. A reduced shield thickness, t, is calculated from the in-
formation at step 2: t = T - d, where: t = reduced shield
thickness, T = nominal shield thickness, 100 mm, d =
Σ (n(Ei ) δ(Ei)) / Σ n(Ei), d = weighed depth of neu-
tron generated as a secondary particle, n(Ei) = num-
ber of neutrons—secondary particles—with a kinetic
energy Ei, δ(Ei) = depth of creation of neutron—
secondary particle—with kinetic energy Ei.

4. Estimation of bin size, K, and number of neu-
tron events per bin, N. Bin sizes are estimated
using Doane’s formula [20]. Bin sizes selected
with this formulation are adequate for event distri-
butions that are not normally distributed—our case.
K = 1 + log2(η) + log2(1 + |µ3|/s), where: η
= all secondary particles that are neutron events.
µ3 = third standardized moment of skewness, s =√

[6(η − 2)(η + 1)− 1(η + 3)− 1] K will yield the
N: N = Σ n(Ei), if Ei is within the bin width bound-
aries.

Bin width boundaries are established after identifying
the maximum and minimum energies and after parti-
tioning the whole energy interval.

5. Computation of the energy value assigned to a bin,εk.
This number is obtained from a simple energy aver-
age within those available in the bin,εk. Such a value
represents the kinetic energy of the new set of primary
particles, or neutron fluence, used in the subsequent
Monte Carlo set of simulations.
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6. Identification and recording of all events that deposit
energy within the muscular tissue volume.

7. All particles are classified and their respective energies
are added up.

8. The factor used to scale down the fluence at step 1 is
now used to restore the fluence value.

9. Doses are calculated.

The reduced shield thickness ranged from of 65.704 mm
at 150 MeV protons, to 96.966 mm at 50 MeV.

GEANT4 contains various types of interaction models
but we only use the Bertini cascade model [21] in the present
study, as done before [15] and as already mentioned above.

3. Results and discussion

Recapitulating, our strategy used protons, which are the pri-
mary particles that give rise to a proportional fluence of
secondaries—neutrons. Because secondaries are produced
at various depths, correlated to the energy of the primaries,
a reduced thickness is introduced as part of the simulation.
Clearly, there is a corresponding fluence value of the secon-
daries, that stems out of a fluence of primaries, Fig. 1.

Da Caoet al. [16] explored experimentally various wt%
compositions of Bi2O3 and PMMA. We have only explored
one composition but will present the rest of them in a subse-
quent study.

The process described in Sec. 2 yielded the spectral distri-
bution of neutron kinetic energies displayed in Table I. Those
energies were estimated after binning secondary particles—
neutrons—generated by proton impacts within the radiation
shield. Once again, the approach was inspired by the exper-
imental results mentioned above [13]. Neutron radiation is
thus expected to be originated by protons from SPE and GCR,
although not stated as such in the study of Palvalviet al.[13].
Given their composition we have used only solar protons as
primaries, in the interest of having a simplified and system-
atic approach. Though both SPE and GCR are of concern,
from our vantage point within the solar system, SPE are of
greater relevance.

Aluminum shielding produced the following particles
during the virtual irradiation process: neutron, proton,
gamma, alpha, O(16), C(12), N(15), N(14), e-, e+, deuteron,
alpha, Be(8), Al(27), Al(26), Mg(26), Mg(25), Mg(24),
Ne(22), Ne(21), Na(24), Na(23), and Si(27).

Histograms from GEANT4 yielded information about the
type of particle and the energy that each virtual irradiation
deposited within each of the layers. Spectral distribution of
neutrons is summarized in Table I—values of kinetic energy
and thickness have been rounded up.

The simulation indicates that there is a rich contribution
to the radiation field due to the shield. We can readily clas-
sify the different particles and estimate their respective doses.
Figure 2 shows that electrons contribute a larger dose for

protons impinging at lower kinetic energies. The dose has
a reduction at kinetic energies above 50 MeV. While protons,
viewed as secondaries, deposited a fairly uniform dose start-
ing from protons with kinetic energies of 40 MeV.

A lower dose contribution, Fig. 4, is delivered by other
particles, which is relatively uniform throughout the range of
proton kinetic energies. Alpha, O(16), C(12), neutron, and
Be(8) have the highest dose contributions, after protons and
electrons (< 40 MeV). Gamma photons have the lowest dose
contribution.

TABLE I. The procedure described in Sec. 2 yielded a neutron spec-
tral distribution,i.e. binned secondaries resulting from the proton
fluence. In addition to the energies of the primary particles we dis-
play their associated reduced thickness. Consider that∗ = kinetic
energy of protons,∗∗ = shield’s reduced thickness,‡ = kinetic en-
ergy of neutrons as secondary particles.

Kinetic Thickness(**) Kinetic

Energy(*) [MeV] [mm] Energy( ‡) [MeV]

50 96.966 2.912

60 91.940 0.623

7.290

26.600

70 90.733 2.395

10.800

19.400

20.500

80 82.809 3.976

19.900

90 82.319 1.980

6.910

33.150

42.900

100 73.181 2.342

7.850

23.867

49.400

55.000

120 67.039 2.517

9.363

13.100

28.233

37.000

39.300

150 65.704 4.636

37.750

68.200

88.567

105.000

137.500
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FIGURE 2. Protons and electrons have the largest dose values. Ki-
netic energies of impinging protons are represented along the hori-
zontal axis, given by SPE precursors.

TABLE II. Dose values by protons and neutrons deposited within
the muscular tissue layer were estimated. Values in both columns
correspond to secondary particles.

Dose [J/kg] Dose [J/kg]

Proton Energy [MeV] Proton Neutron

40 3.2655E-06 1.5903E-07

50 7.1484E-06 1.6545E-07

60 2.7990E-06 4.9574E-08

70 7.4213E-06 1.0467E-07

80 4.8578E-06 6.2410E-08

90 6.9735E-06 9.7842E-08

100 7.5174E-06 1.0503E-07

120 3.2426E-06 4.8796E-08

150 2.0757E-06 1.2465E-08

FIGURE 3. Dose deposited in muscular tissue. These values cor-
respond to particles other than protons and neutrons, identified as
secondaries. The kinetic energy corresponds to the one from inci-
dent protons.

FIGURE 4. Functional dependence between proton energy [MeV]
and neutron yield nµC−1, n = neutrons. Experimental values
(squares) and a trend line (dashed line) are displayed.

Table II summarizes the dose deposited by protons and
neutrons, as secondary particles, with the former depicted at
Fig. 2. Dose deposited by other particles are only plotted in
Fig. 3.

Considering that the primaries are protons, we create a
formulation to represent the neutron yield as a function of
proton energy, Fig. 5. Fasil’kovet al. [22] produced an
empirical formula where the neutron yield is represented in
unitsµC−1, when lead is used as shield. In the present study
we also normalized toµC and obtained an expression for the
neutron yield, Eq. (1):

Y (E) = 28602078.9982E2.1830 (1)

whereY (E) is the neutron yield and E is the proton energy,
Fig. 4. This functional representation resembles the one of
Lavelle et al. [23]. In the present work the interest was to
compare the data trend to results from other authors, who ex-
perimentally observed power law trends at various incident-
proton energy ranges [22–24]. A power law has a plausible
physical representation because the yield is reduced to zero
when the proton energy is zero too. A stochastic term could
be added, of course, to account for experimental uncertain-
ties, but we have not done so.

From our simulations, protons (secondaries) have the
largest average dose. We only note—without calculation—
that dose equivalent values can be readily calculated after
considering the respective Q factors. Clearly, ions have larger
Q factors, thus considered biologically more harmful.

In view of Fig. 5, the reduced thickness corresponding to
PMMA-Bi2O3, is smaller, which indicates a greater penetra-
tion of the proton beam into the shield, at lower proton ener-
gies, when compared to aluminum shielding. At the higher
energy end of proton energies the reduced thickness has sim-
ilar values in both shielding types. It is concluded, from the
results here observed, that PMMA-Bi2O3 brings no shield-
ing advantage under exposure to a proton radiation field. But
it could also be argued that it was not really designed as a
proton shield. This is an important aspect to note, because
any
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FIGURE 5. a) Dose data from PMMA-Bi2O3 were plotted as a function of reduced thickness [15]. b) The curve corresponding to aluminum
shielding, shows also the change of reduced thickness respect to proton kinetic energy.

launching into outer space must consider the payload aspect
intertwined with radiation shielding.

4. Summary

The model here used is as simple as physical models em-
ployed onboard the ISS, or other irradiation studies. Also,
we find the methodology suitable for desktop computers. A
scaled fluence overcomes the need of fluence values compa-
rable to those registered by experimental measurements [9].
One problem, of course, is the loss of dynamic information
as the process happens.

Results from prior work [15] indicate that gamma pho-
tons had the smallest dose contribution with PMMA-Bi2O3.
That is also the case with an aluminum-made shield. Alu-
minum, unlike PMMA-Bi2O3, recorded a gamma dose
throughout the whole energy range of SPE. Whether this as-
pect is an artifact of the methodology or an event that would
actually happen experimentally, is something that can not
be answered at this time. However, it can be stressed that
PMMA-Bi2O3 was designed as a gamma shield [16].

The functional relationship, Eq. (1), between proton flu-
ence and neutron yield displays an expected increase with

energy. In the present case, however, the neutron yield does
not display a decrease typically due to target transparency ob-
served at a spallation neutron source. Here the trend is as ob-
served because the energy is not large enough, commensurate
with the target thickness. It is expected that the functional re-
lationship here identified, can serve as an experimental guide
to shielding design in a proton field.

Unfortunately, the work of Palfalviet al.[13] did not clas-
sify ion dose information but only the neutron dose. It is here
proposed, that a methodology like the one used by Jeonget
al. [25] onboard an extraterrestrial probe, exposed to SPE,
could serve as an experimental comparison benchmark for
the results here presented. Such a setup could also be simu-
lated using GEANT4.
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