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a b s t r a c t

Background: Cosmic ray-induced particles can lead to failure of semiconductors packaged for export
during air transport. This work performed MCNP 6.2 simulations to optimize shielding against neutrons
and protons induced by cosmic radiation
Methods and materials: The energy spectra of protons and neutrons by incident angle at the flight alti-
tude were determined using atmospheric cuboid model. Various candidates for the shielding materials
and the geometry of the Unit Load Device Container were evaluated to determine the conditions that
allow optimal shielding at all sides of the container.
Results: It was found that neutrons and protons, at the flight altitude, generally travel with a downward
trajectory especially for the particles with high energy. This indicated that the largest number of particles
struck the top of the container. Furthermore, the simulation results showed that, among the materials
tested, borated polyethylene and stainless steel were the most optimal shielding materials. The optimal
shielding structure was also determined with the weight limit of the container in consideration.
Conclusions: Under the determined optimal shielding conditions, a significantly reduced number of
neutrons and protons reach the contents inside the container, which ultimately reduces the possibility of
semiconductor failure during air transport.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cosmic radiation refers to highly energetic particles that prop-
agate into the Earth from outer space. These energetic particles
interact with the atmosphere and cause a cascade of secondary
cosmic ray-induced particles such as protons, electrons, pions, and
muons. The energy and specification of the particles depend on the
altitude since the molecular density in the atmosphere varies with
altitude [1e6]. At the flight altitude of 10e15 km, the particles most
responsible for delivering high dose to electronic devices are neu-
trons and protons [7e9]. Previous studies have made measure-
ments and calculations to attain the energy spectra of neutrons and
protons at the flight altitude. These efforts focused on accurately
evaluating not only the dose deposited in humans but also in
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electronic devices onboard. It is generally stated that failure of the
electronic devices from single event upsets can occur when ener-
getic particles strike the devices during operation [9,10]. However,
the advancement in fabrication technology in recent years allows
for smaller feature sizes in integrated circuits, which can lead to
unexpected internal failures even when the devices are in off-state
[11,12]. This failure arises from the fact that energy deposition
characteristics of protons and neutrons with energy corresponding
to that at the flight altitude induce nuclear reactions in silicon
[13e16]. The reactions take place in the immediate vicinity of
vulnerable components such as the gate oxide that ultimately can
lead to the breakdown of semiconductors.

Due to high demand of memory semiconductors coupled with
there being a limited number of vendors of the product, long flight
to transport semiconductors is very common. Nonetheless, with
the current air freight packaging procedure, the memory semi-
conductors face high possibility of malfunctioning due to experi-
encing radiation-induced damages during air transport. The
semiconductors are generally transported in Unit Load Devices
(ULDs) that are regularly made of aluminum alloy [17]. Aluminum
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is primarily used due to its remarkable mechanical properties
relative to its low density; however, the material is not adequate for
effectively shielding against neutrons and protons. Materials with
high atomic numbers, such as iron and lead, are suitable for stop-
ping protons while materials with low atomic numbers, such as
polyethylene, are suitable for stopping neutrons [18,19]. With all
this in consideration, it is important to reinforce the current
aluminum ULDs in a way that balances maximizing radiation
shielding with minimizing weight.

In this study, Monte Carlo simulations were performed to
determine the optimal material and structure of the reinforcement
within a ULD container for minimizing the number of neutrons and
protons reaching the contents inside. The optimization process was
done with the weight of the container in consideration and was
performed for each side surface of the container as energy spectra
of cosmic ray-induced particles vary with direction.
2. Methods and Materials

The relative fluence of neutrons and protons as a function of
energy was determined using MCNP 6.2 radiation transport code
[20]. Since MCNP 6.2 includes protons, alphas, as well as heavy ions
as its primary cosmic radiation particles neutrons, protons, alphas
and heavy ions were all considered in our simulations [21]. The
maximum tracked energy values of greater than 100MeVwere also
utilized to address the energy range of primary and secondary
cosmic particles. ENDF/B-VII (Evaluated Nuclear Data File), a library
of cross section values at room temperature, was used to simulate
radiative transport of neutrons with energies of up to 20 MeV. For
thermal treatment of neutrons, the scattering matrices S(a, b) were
utilized to correctly adjust the cross sections of hydrogens that are
bound to molecules, such as polyethylene used in this study. Also
CEM Intranuclear cascade model, coupled with the LAQGCM (Los
Alamos Quark-gluon String Model) for high energy physics was
employed as recommended by MCNP6 developers [22,23].
2.1. Cosmic ray induced particles at flight altitude

To determine the energy spectra of protons and neutrons by
incident angle at the flight altitude, the atmospheric model,
modeled after those used in previous studies, was utilized
[1,6,22,24,25]. The atmosphere was designed to be a cuboid with a
height of 65 km and a length and a depth of 50 km. The walls of the
system were set to reflect to produce an infinite geometry; any
particle striking a reflecting surface is reflected back into the sys-
tem, preserving the number of particles in the model. The cuboid
was divided into 155 layers to account for the changes in atmo-
spheric density and humidity. The layers from the base to an alti-
tude of 2 km were set to a thickness of 100 m due to the varied
nature of the troposphere; from 2 to 20 km, the thickness was set to
200 m, and lastly, from 20 to 65 km, it was set to 1 km. The cosmic
radiation generated at the top of the atmosphere and directed
downward was composed of protons, alphas, and some heavy ions,
such as nitrogen, silicon, and iron nuclei. The geographical co-
ordinates were set to 23 S, 45 W and the date was set to 01 March
2015. From these parameters, rigidity cut-off of 9.6 GV and solar
modulation of 70 MV were obtained and were used to simulate
cosmic radiation. The neutrons and protons reaching the flight
altitude of 12.5 km were assessed for different solar incidence an-
gles, varied in intervals of 15�, using the F1 type tally. The recorded
energies and angles of the particles at the flight altitude were used
to simulate the neutrons and protons reaching the container.
2.2. The modeling of container inside simplified aircraft

The container geometry used for the calculation was modeled
after the M � 1 type ULD container shipped in the aircraft fuselage
(Fig. 1(a)). The M � 1 container is mainly composed of aluminum
and is 3 cm thick on all sides. It is located at the center of the
complete system cube geometry with a length of 30 m. The model
used for a simplified aircraft was a 5 mm thick aluminum cylinder
that was only 30 m long to improve calculation efficiency. In order
to simulate an infinite environment using the cube geometry, four
lateral surfaces of the cube were set to be reflective. Fig. 1(b) shows
the layout of the cube geometry, the radiation source, the reflective
walls and the container inside the aircraft fuselage. The top and
bottom surfaces of the cube generate neutrons and protons with
energies and angles determined previously for the flight altitude.
The inner sides of the shielding material within container were
designated as F2 tally, and the space encapsulated by the sides was
assigned an importance value of zero so that the particles entering
the space after passing through the tally were immediately
removed. This process makes it possible to correctly determine the
relative fluence of incoming particles without duplication.

3. Results

3.1. Cosmic ray-induced neutrons and protons at the flight altitude

Fig. 2 shows the calculated energy spectra and angular distri-
butions of protons and neutrons at the flight altitude of 12.5 km.
The fluence value indicates the number of particles reaching the
surface tally per generated source particle. Fig. 2(a) and (b) repre-
sent the energy spectra of neutrons and protons, respectively,
entering at various angles. The angles were considered in intervals
of 15� from 0� to 180� relative to the negative vertical axis. Cosmic
ray-induced neutrons are generally divided into subgroups based
on energy: thermal (under 0.55 eV), epithermal (0.55 eV ~ 0.1MeV),
evaporation (0.1e20 MeV), and cascade (above 20 MeV). In this
study, the thermal and epithermal groups weremerged (<0.1MeV),
and neutrons with energy greater than 100MeVwithin the cascade
group were plotted separately to address the capability of shielding
from high energy particles. Fig. 2(a) indicates isotropic distribution
of neutrons that possess energy of less than 20 MeV, while for
neutrons in the cascade group, it suggests the prominence of
downwards pointing particles. These differing tendencies exhibited
by the energy groups are well depicted in Fig. 2(c). Meanwhile,
protons were classified into low (<100 MeV) and high energy
(>100 MeV) groups. Fig. 2(b) and (d) indicate that at the flight
altitude, protons generally point downwards and possess energy of
greater than 100 MeV.

3.2. Neutrons and protons passing through the ULD container

Fig. 3 shows the relative fluence of neutrons and protons passing
through each side of the M � 1 container. The simulation geometry,
including that of the source, was modified, thus the data were
normalized and adjusted to the new geometry. The numbers of par-
ticles that reach the four lateral surfaces are relatively homogenous,
with a number difference of within 2% between surfaces; thus, the
data from these surfaces were averaged for evaluation. The largest
number of particles, both neutrons and protons, pass through the top
of the containerdue to the nature of particle angulardistribution; this
trend is especially accentuated with high energy neutrons and pro-
tons. Furthermore, it should be noted that protons hardly pass
through the bottom surface, therefore, to minimize theweight of the
container while maintaining effective shielding, reinforcement
should be focused primarily on the top and lateral surfaces.



Fig. 1. (a) 2D view and (b) 3D view of simulation geometry.

Fig. 2. The energy spectra of (a) neutrons and (b) protons for various angle ranges and the angular distributions of (c) neutrons and (d) protons at 12.5 km altitude for various
energy ranges.
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3.3. Shielding characteristics of various materials

The shielding characteristics of variousmaterials that are known
be effective at neutron and proton shielding were evaluated in this
study. The evaluated materials included hydrogenous materials,
such as polyethylene (PE) and borated polyethylene (BPE), and
high-Z materials like iron, nickel, lead, and Type 304 stainless steel
(SS). BPE and SS were assumed to have the following mass fractions
(w/o): 90 w/o polyethylene and 10 w/o boron for the former and
70.17 w/o iron, 19 w/o chromium and 9.25 w/o nickel for the latter
[26]. For the other remainingmaterials, the isotope ratios according
to natural abundance were used. The neutrons and protons passing
through the surface of the container were set as the new source for
this portion of testing. The attenuation of flux was evaluated as a
function of thickness at all sides of the container.
Fig. 4 shows that neutron flux constantly decreases as thick-

nesses of PE and BPE increase. The occurrence of this phenomenon
arises from the high presence of hydrogen in PE that causes the
material to have high neutron scattering cross section relative to
other materials. In the case of BPE, neutron capture by boron
further lowers the flux, especially that of low energy neutrons.
HigheZ materials, on the other hand, provide poor flux attenuation
of neutrons in the low energy group in comparison to hydrogenous
materials. Furthermore, the flux of neutrons in the evaporation
group actually increases with increasing thickness of high-Z ma-
terials due to neutrons interacting with other particles, which are
highly prevalent. Therefore, BPE was selected to be the optimal
material for shielding against neutrons in the low energy and



Fig. 3. Energy spectra of (a) neutrons and (b) protons and relative fluence for various energy groups of (c) neutrons and (d) protons passing through a particular side of the
container.

Fig. 4. The attenuation of neutrons in thermal and epithermal groups at (a) top, (b) lateral, and (c) bottom surfaces and the attenuation of neutrons in the evaporation group at (d)
top, (e) lateral, (f) bottom surfaces by various materials.
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evaporation groups.
The interaction between high energy neutrons and high-Z ma-

terials can lead to increase in flux of neutrons with lower energy
due to generation of new neutrons and attenuation of the initial
high energy neutrons [19]. This phenomenon can be observed in
Fig. 5 (a), (b), and (c) and it expresses the need of evaluating the
neutron flux over a smaller energy range (Fig. 5 (d), (e), and (f)) to
better assess the attenuation capabilities of materials. Fig. 5 (d), (e),
and (f) clearly show that the high-Z materials are superior to hy-
drogenous materials in terms of shielding against high energy
neutrons.

The shielding capabilities of hydrogenous materials and high-Z
materials against the protons are shown in Fig. 6. As stated
earlier, the calculations were only performed for protons incident
on the lateral and the top surfaces due to there being only a
miniscule number of the protons incident on the bottom of the
container. High-Z materials can more effectively shield against
protons, regardless of the particle energy, than hydrogenous ma-
terials of the same thickness can. Furthermore, interaction between
protons and the latter appears to produce significant number of
secondary protons leading to an increase in proton flux as thickness
increases.

From these evaluations, high-Z materials are shown to be
appropriate for shielding against high-energy neutrons and pro-
tons. Lead demonstrates highly effective shielding against protons,
however, it produces excessive number of secondary neutrons.
Nickel also proved to possess remarkable shielding properties,
however, nickel is not practical to be used in large quantities due to
its high price. Therefore, SS was adopted as the high-Z material to
be used for shielding as the material shows sufficient shielding
capability, containsmainly nickel and iron, is easily processable and
is relatively cheap.
Fig. 5. The attenuation of neutrons in the cascade group at (a) top, (b) lateral, and (c) botto
lateral, and (f) bottom surfaces by various materials.
3.4. Structural optimization

With the shielding materials properly selected, optimization was
performed tofind thedimensional conditions atwhich thenumberof
neutrons andprotons that reach the inner contents of the container is
minimized. Some assumptions were introduced for the optimization
calculation based on the results shown in the previous section. First,
the thicknesses of BPE at the top and lateral surfaces were set to be
equal due to the presence of low energy neutrons being nearly uni-
form at the top and lateral surfaces. Since the number of neutrons
incident on the bottom is not nearly as large as that observed incident
on the top or lateral surfaces, the BPE layer at the bottom does not
need to be as thick as it is at other sides. Fig. 7 shows the relative
fluence of low energy neutrons that pass through the BPE layer as a
function of ratio between the thickness of the layer at the topand that
at the bottomwhile keeping the total weight of BPE fixed. The results
indicate that the ratio value of between 0.8 and 1.5 provides good
shielding against low energy neutrons. Likewise, a similar procedure
was performed with SS to determine the optimal condition at which
high energy neutrons and protons are most effectively shielded
against. Since only a very few number of high energy neutrons and
protons are incident on the bottom, the side will not be reinforced
with SS. Fig. 8 shows the relative fluence of high energy neutrons and
protons that pass through the SS layer as a function of ratio between
the thicknessof the layerat the topand thatat the sideswhile keeping
the total weight of the steel fixed. The results indicate that the ratio
value of between 1.5 and 2.5 provides good shielding against high
energy neutrons and protons.

With the optimal ratios determined, calculationswere performed
to establish which of the two, BPE or SS, would be better used as the
outer shielding material. Fig. 9 shows the two possible cases of
structural arrangement: having SS placed inside the BPE, and vice
m surfaces and the attenuation of neutrons with energy above 100 MeV at (d) top, (e)



Fig. 6. The attenuation of protons with the energy of 0e100 MeV at (a) top and (b) lateral surfaces and the attenuation of protons with the energy of 100MeVe1 TeV at (a) top and
(b) lateral surface by various materials.

Fig. 7. The geometry of the BPE layer. The relative fluence of neutrons in the (b) thermal, epithermal groups and evaporation group of neutrons after passing BPE.
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versa. Generally, it is considered ideal to have high-Z material on the
outside to initially slow downhigh energy particles, afterwhich have
the inner hydrogenous layer to attenuate the slowed primary or
generated secondary particles through absorption and scattering.
However, due to the relatively high density of SS, having it on the
outside would increase the weight of the complete system as more
material is required for the outer layer than the inner layer. With the
weight limit in place, this would imply that the thickness of the SS
layer would have to be compromised. In comparison, when the SS is
located on the inside, the neutrons attenuated by PE may generate
secondary particles as it passes through the steel layer; however, the
layercanbethicker. Toquantitativelyevaluatebothcases, calculations
were carried out by varying the thickness of PE and SS. The thickness
values used in each trial are tabulated in Table 1. As determined
previously, PE was set to have the same thickness at all lateral sur-
faces, while the thickness of SS at the top surface doubled that at the
lateral surfaces. Taking into account the weight limit of the M � 1
container, the total weight limit for the shielding material was set to
5000 kg. The weight of BPE and SS was varied in 500 kg intervals
during the trials.



Fig. 8. (a) The geometry of the SS layer. The relative fluence of neutrons in the (b) high energy group of neutrons and the (c) protons (<1 TeV) after passing BPE.

Fig. 9. The cross section of (a) upper and (b) lower side for case 1 (SS inside BPE) and (c) upper and (d) lower side for case 2 (BPE inside SS).

Table 1
The weight of BPE and SS and the corresponding thicknesses at each surface for each trial.

Trials Weight Case 1: SS in BPE Case 2: BPE in SS

BPE (kg) SS (kg) BPE (cm) TSS (cm) LSS (cm) BPE (cm) TSS (cm) LSS (cm)

1 500 4500 1.2330 2.8318 1.4159 1.2602 2.7752 1.3888
2 1000 4000 2.4900 2.5646 1.2823 2.5394 2.4659 1.2329
3 1500 3500 3.7724 2.2876 1.1438 3.8386 2.1551 1.0775
4 2000 3000 5.0813 2.004 1.002 5.1588 1.8450 0.9225
5 2500 2500 6.4182 1.7010 0.8505 6.5009 1.5357 0.7678
6 3000 2000 7.7847 1.3897 0.6948 7.8660 1.2271 0.6135
7 3500 1500 9.1825 1.0652 0.5326 9.2555 0.9192 0.4596
8 4000 1000 10.6134 0.7263 0.3631 10.6705 0.6121 0.3060
9 4500 500 12.0795 0.3717 0.1858 12.1125 0.3057 0.1528

TSS: Top surface of SS; LSS: Lateral surface of SS.

Fig. 10. Percentage of transmitted (a) neutrons and (b) protons of various energy groups.
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Fig. 11. Energy spectra of (a) neutrons and (b) protons after passing through optimized shield.
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Fig. 10 shows how the flux of neutrons and protons attenuates
for different energy groups as the particles pass through the
shielding material. Except against the neutrons in the evaporation
group, superior shielding capability was observed in the case of
having SS located inside BPE than in the case of vice versa. The
above-mentioned exception arises from the fact that secondary
neutrons generated by neutrons or protons interacting with high Z
materials have energy corresponding to that of neutrons in the
evaporation group. However, the difference in shielding capability
against evaporation neutrons between the two cases was not sig-
nificant enough towarrant having SS on the outside. Thus, from the
results, it was concluded that it wasmost optimal to have SS located
inside BPE with the weight of eachmaterial being between 2000 kg
and 3000 kg for BPE and 3000 kg and 2000 kg for SS.

The energy spectra of neutrons and protons after passing
through the optimized shielding walls are shown in Fig. 11; no
shield legend indicates the energy spectrum of neutrons after
passing through only the bare aluminum container. The number of
neutrons with energy below the evaporation range was signifi-
cantly reduced when they passed through the shield. On the con-
trary, high-energy neutrons and protons, which are primarily
attenuated by the high-Zmaterial, were not attenuated as greatly as
seen with low energy neutrons due to the thickness of the high-Z
material being highly limited due to the set weight limit for air
transportation.

4. Discussion

As of currently, there have been only a few studies on the
mechanism of semiconductor failure in the off-state induced by
background radiation, both terrestrial and extraterrestrial. Addi-
tionally, the behaviors of high energy protons and neutrons are
derived from calculations due to the insufficiency of measured data.
Therefore, the mechanism of semiconductor failure in the off-state
caused by cosmic ray-induced neutrons and protons is generally
only inferred. Some researchers have also tried to calculate the
properties of secondary ion particles generated from protons and
neutrons interacting with silicon, the main component of semi-
conductors [13e15]. The linear energy transfer (LET) of high energy
neutrons (>100 MeV) is greater than that of lower energy neutrons
(<100MeV). This phenomenon is especially prominent for inelastic
scattering, which results in generation of energetic heavy ions,
increasing the likelihood of unexpected failure in sensitive regions
of semiconductors. Furthermore, high energy protons possess even
greater LET than neutrons; therefore, shielding against high-energy
particles is crucial in reducing semiconductor failure. In this study,
we confirmed that high-Z materials can indeed be used to shield
the air transport container from high energy neutrons and protons.
SS, which demonstrated acceptable shielding capability, was
adopted as the high-Z shielding material. However, when utilizing
high-Z material, weight limit of container must be considered in
conjunction with shielding performance due to the high density of
thematerial. Thus, with theweight limit set to an appropriate value
and system optimized, it was found that only a low amount of SS
was and could be implemented, and although it was not as effective
at shielding as the hydrogenous material, it serves a crucial role in
lowering the probability of system failure.

5. Conclusions

To reduce the possibility of unexpected failure of semi-
conductors packaged for air transport, the optimal conditions to
shield against cosmic ray-induced particles were determined using
Monte Carlo simulation. BPE and SS, when used together, proved to
be effective at reducing the number of incoming neutrons and
protons at the flight altitude, and thus, were adopted as the
shielding materials. Although, with this setup, the results indicate
that protons and high energy neutrons (>100 MeV) are not atten-
uated to a degree that is observed with lower energy neutrons
(<20 MeV), the probability of semiconductor failure would still be
meaningfully reduced. Therefore, we believe that the combination
of BPE and SS can provide excellent shielding for semiconductors
inside ULD containers during air transport.
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