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During the flight, an aircraft is submitted to a radiation envi-
ronment composed of cosmic-ray-induced particles (CRIP) of which
neutrons are responsible for approximately 40% of the crew effective
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dose and are the main cause of single event effects (SEE) in avionics
systems at flight altitudes. A model of Learjet aircraft was developed
on Monte Carlo simulation using the MCNPX code in order to detail
the CRIP field inside the aircraft. The radiation source modeling was
previously developed by a computational platform that simulates the
energy and angular distributions of the CRIP along the atmosphere.
In this article, we determined the variation of the neutron radiation
field in several positions inside the aircraft at 11- and 18-km altitudes
and for both equatorial and polar regions. The results suggest that
the maximum variation of neutron fluence rate between different
positions inside the aircraft shows a tendency of higher differences
for a lower energy threshold (thermal and E > 1 MeV) in comparison
with those differences for a higher energy threshold (E > 10 MeV).
Moreover, the angular distribution results show relevant differences
between positions inside aircraft, mainly for thermal neutrons close
to the fuel. The general tendency is to enhance these discrepancies for
devices with new technologies, due to their lower energy threshold for
SEE occurrences.

I. INTRODUCTION

The radiation environment at flight altitude is composed
of several types of particles, i.e., neutrons, protons, photons,
electrons, muons and pions, which are produced by interac-
tions of primary cosmic radiation of solar and galactic origin
with the constituents of the earth’s atmosphere [1]. Among
these various particles, the neutron is of fundamental impor-
tance in the aviation field, since it is the particle responsible
for over 90% of the effects observed in embedded electronic
systems and it is also responsible for most of the effective
dose on aircraft crews. The radiation effect on electronic
devices, called single event effect (SEE), is the main effect
of neutrons in embedded electronics and it consists of the
impact of a single particle, i.e., neutrons, protons, which
deposit enough charge within a sensitive portion of a device
to result in its malfunction [2].

During the last decade, the effects of ionizing radiation
in avionics systems onboard aircraft became more important
due to the advent of new technologies, the increase of air
traffic, and the increase of flight altitudes. The increasing
use of devices with even smaller feature size in avionics
systems has led to an increased susceptibility of SEE [3].
Some studies suggest evaluating SEE failures in avionics,
which should include, in addition to the susceptibility test-
ing method with radiation sources, the investigation of the
energy deposition in integrated circuits using Monte Carlo
simulation, in order to evaluate the effects of radiation
into its basic components [4] and the evaluation of the
susceptibility to fast and thermal neutrons separately, since
the latter can cause SEEs due to the interaction with boron,
which is present in microelectronics [5].

Although the miniaturization of devices represents some
technological progress, the radiation energy deposition
thresholds are being reduced, leading to radiation with lower
energy which can also cause SEEs.

In order to evaluate the SEE susceptibility of the cosmic-
ray-induced neutron particle and the risk for air safety, it
is important to quantify the radiation field inside aircraft,
identifying its fluence spectra and angular distribution re-
alistically. For this purpose, it is necessary to develop a
computer model of aircraft and perform simulations of the
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radiation transport through the aircraft submitted to the
radiation environment at flight altitudes using Monte Carlo
simulation.

Ferrari et al. [6], [7] developed a model of Airbus-340
and demonstrated that the shielding and thermalizing effects
of aircraft structures and materials significantly influence
the radiation levels on board, i.e., the dose can be differ-
ent inside the aircraft depending on its location and the
quantity of surrounding material. The results showed that
the isotropic source is not a good approach and revealed
that the effective dose due to upward-directed particles
was reduced inside aircraft whereas the contribution of the
downward-directed particle was slightly increased. Monte
Carlo simulations made by Battistoni et al. [8] evaluated
the radiation field behavior in a free atmosphere discussing
the angular distribution and concluded that considering an
isotropic radiation field, it could be a very poor approxima-
tion, as usual. Subsequently, Battistoni et al. [9] also found
that the angular distribution depends on the particle energy
and this fact has to be considered for the crew’s dosimetry.
Kubančák et al. [10] measured the ambient dose equivalent
[H∗(10)] on board of three large aircraft and showed that
H∗(10) inside the cabin is lower than the dose measured
in the front and in the back of the passenger’s cabin. They
also demonstrated that the fuel influences the H∗(10), which
is higher when the aircraft has a higher volumetric fuel
capacity.

Experimental measurements of the neutron radiation
field aboard aircraft were made by some authors on commer-
cial aircraft, including Hubert et al. [11], Nakamura et al.
[12], and Hewit [13] et al. However, only a few authors
have experimentally evaluated variations in field behavior at
various positions within the aircraft, due to the experimental
difficulties involved. Significant computer simulation works
on this topic were done by Dyer and Lei [3] and Ferrari et al.
[6], [7].

This article aims to evaluate the cosmic-ray-induced
neutron field inside a small aircraft with unprecedented
detail of its energy and angular distribution using Monte
Carlo simulations. This article evaluates the influence of
structures and aircraft materials on the radiation field,
studying the factors that provide greater internal radiation
levels and consequently, greater susceptibility to failure of
avionic devices, to use this data to predict radiation effects
in avionics systems.

II. MATERIALS AND METHODS

This section describes the main aspects of the methodol-
ogy developed for the evaluation of neutron fluence inside
the aircraft, including the computational modeling of air-
craft geometry and the radiation source at the atmosphere
using the Monte Carlo code.

A. Model of the Aircraft

In order to investigate the influence of aircraft materials
and structures on the ionizing radiation field from cosmic-

Fig. 1. Three-dimensional view of Learjet aircraft.

ray-induced particles inside an aircraft, a computational
model of a Learjet-type aircraft was built based on Monte
Carlo simulation using the MCNPX code [14].

The model reproduces a Learjet-35A with the real size
and total mass of the real aircraft. According to Dalazen
[15], the empty weight of the aircraft is 4152 kg and the
maximum takeoff weight is 8165 kg. The simulated aircraft
weighs 8159 kg.

The aircraft model was made in a simple way and
consists of 58 cells and 12 different materials to describe
its structure, material, and occupants. The geometry of the
aircraft is detailed in a previous work [16] which demon-
strates the validity of the simulations by comparing the
ambient dose equivalent rate given by the aircraft Monte
Carlo simulation results with experimental data taken in
flight. From the results of the abovementioned work, we
found that the experimental and simulated results are in
good agreement within 3%, evidencing that, although the
aircraft model was built simply, the set represented by
the aircraft model and the methodology of the atmosphere
radiation source is a good way to represent reality.

In the MCNPX input code, the materials were con-
structed from the isotopes of their constituent elements ac-
cording to their atomic weight and isotopic composition as
provided in NIST [17], using same proportions of material
composition and density according to Ferrari et al. [7] and
the nuclear data were taken from the Evaluated Nuclear
Data Library (ENDF) [18].

Fig. 1 shows the 3-D view of the simulated Learjet
aircraft model.

B. Flight Environment

Besides the construction of the aircraft geometry for the
MCNPX code, it is also necessary to describe the radiation
source, which represents the cosmic rays in the atmosphere.
This simulation was made with a neutron source distributed
uniformly over two flat surfaces delimited by a cylinder
wall with reflective properties, which simulates one 3-D
infinite atmospheric radiation environment using a finite
geometry model, with the aircraft placed inside this volume.
More details about the flight radiation environment and
this methodology can be found in previous work [16].
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Fig. 2. Three-dimensional view of the complete geometry modeling
of simulation.

The primary spectra and angular distributions at flight
altitudes were obtained by the Geant4-based gPartAt
platform [19], [20] using QGSP_BERT-HP physics list of
Geant4.

This work evaluates two flight situations where a small
aircraft is subjected to high and low doses of radiation, and
thus, it is possible to relate it to the effect of the aircraft
structure, fuel and passengers in the scattering of neutron
radiation in different internal positions.

The first flight situation maximizes the neutron fluence
in the atmosphere, i.e., it represents flights in the polar
region (cutoff rigidity of 0 GV), at the solar minimum
period (solar deceleration potential of 465 MV), both at
11- and 18-km of altitude. The second situation represents
flights in the equatorial region (cutoff rigidity of 17 GV),
in the solar maximum period (solar deceleration potential
of 1700 MV), and in the same two preceding altitudes of
flight; this situation minimizes the neutron fluence in the
atmosphere. The 18-km altitude is well above the usual
flight level for conventional aircraft, but it can be of interest
to evaluate the operational ceiling for high-performance
military aircraft and, also, may be an interesting preview
for future hypersonic aircraft [21].

The radiation environment in these flight situations (pri-
mary particles come from the upper and lower surfaces
of the containing volume) was obtained with the gPartAt
application in which input data were specified for the same
region and solar period.

The fluence rate (θ̇ ), quantity studied in this work, is
given by (1), where θ is the neutron fluence per neutron-
source per area (n/n-s.cm²), AS is the source area (cm²) and
FNF is the normalizing factor that represents the integral
planar fluence rate of neutron (n-s/cm².s)

θ̇ = θ × 2 × As × FFN . (1)

The FNF factor is calculated by gPartAt data and it is
responsible for transforming the fluence, which is given
by particle-source to fluence rate. Each source built on
MCNPX has a different FNF factor and depends on the num-
ber of neutrons obtained by gPartAt, which was originated
from the primary protons and alphas from cosmic radiation
incidents at the top of the atmosphere. The explanations of
this equation and the FNF factor are given in previous work
[16].

Fig. 2 shows the complete geometry model used in
Monte Carlo simulations, indicating the two planar sources

TABLE I
Input Data for gPartAt Platform

and the reflective cylindric wall in which the aircraft is lo-
cated in the center. This figure also shows the configuration
within the aircraft, detailing the positions of the detectors
and the cylinders, which represent the people onboard.

III. RESULTS AND DISCUSSION

A. Source Fluence

Equation (2) shows the source total fluence rate (θT F )
calculated from gPartAt data

θT F =
180◦∑
i=0◦

⎛
⎝

Emax∑
j=0

[( p
2 × ϕpi, j

) + (
a
2 × ϕai, j

)]
∣∣cos

(
αaverage

)∣∣

⎞
⎠ (2)

where p and a are the integral fluence rate of the protons
and alphas sources, obtained from gPartAt, respectively.
ϕp and ϕa are the number of neutrons on a plane surface
originated by the primary protons and alphas, respectively,
given in neutron-source per proton-source (n-s/p-s) and
neutron-source per alpha-source (n-s/a-s). αaverage is the
average angle of the angular range of the particles embedded
in the source, j is the index of the binning in energy which
ranges from 0 to Emax, and i is the index of the binning in
angle, which ranges from 0° to 180°, in intervals of 5°.

This equation converts the gPartAt results, given in the
planar fluence [20], [22] into total fluence. The gPartAt
platform generates the angular distribution of the cosmic-
ray-induced particles at any altitude in the atmosphere and
this information was considered to perform the simulations
in the aircraft.

The input parameters that originated on gPartAt and
used on MCNPX code are shown in Table I.

The altitude of 11-km was chosen because it is a typical
flight altitude whereas the 18-km altitude is near the maxi-
mum of Pfotzer. Table II shows the results of the total fluence
obtained by gPartAt from (2), for each flight situation.

B. Fluence Rate Results as a Function of Position Inside
Aircraft

The neutron fluence rate was calculated in different
positions inside the Learjet aircraft, as shown in Fig. 3,
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TABLE II
Neutron Total Fluence Rate of gPartAt Platform

Fig. 3. Representation of the positions of the detectors inside
the aircraft.

Fig. 4. Total fluence rate for 11-km of altitude.

distributed in Cabine positions (C) and Electronic bays
positions (E).

1) Fluence Rate Results as a Function of Position Inside
Aircraft: The total fluence rate is the integration of the
fluence rate across the energy range and in all angular
intervals, and it is shown in Fig. 4 at 11-km altitude and
in Fig. 5 at 18-km altitude.

These figures compare the neutron fluence rate in the
free atmosphere (atm.) with that one obtained at the posi-
tions inside the aircraft, as shown in Fig. 3 on each different
flight conditions (11- and 18-km, respectively). The highest

Fig. 5. Total fluence rate for 18-km of altitude.

total neutron fluence rate was at polar flights during solar
minimum, for both altitudes evaluated.

The total fluence rate is higher inside the aircraft than in
the free atmosphere for some evaluated positions. Some of
the avionic devices are located in the E1 position inside the
Learjet aircraft and in this position it is possible to observe
the same behavior.

For the evaluation of the neutron SEE in electronics,
it is important to evaluate the differential neutron fluence
rate in energy. The SEE error rate is evaluated separately
for thermal and high energy neutrons. Thermal neutrons,
for example, should be carefully considered for radiation
effects in avionics and high energy neutrons are also ana-
lyzed differently according to the geometric feature size of
devices. Neutrons with energy greater than 10 MeV will be
the dominant cause of SEE in devices which feature size
is above 150 nm, while for devices with feature sizes at
and below 150 nm, it is necessary to consider neutrons with
energy greater than 1 MeV [2].

Figs. 6 and 7 show the thermal neutron fluence rate for
different flight conditions and two altitudes, 11- and 18-km,
respectively. The thermal neutrons fluence rate inside the
aircraft structure presents is higher than at free atmosphere
for almost all positions and both altitudes, with a maximum
of about 2.9 times the fluence on the free atmosphere
occurring at position C6, close to the fuel at 18-km altitude.
The increase of thermal neutron fluence occurs for positions
C1–C6, in which C1–C4 are near the people while C5 and
C6 are near the fuel and at bottom of the aircraft, and in the
position E9, due to the interaction of the neutrons with the
aircraft fuel.

Figs. 8 and 9 show the neutron fluence rate with energy
superior to 1 MeV, at 11- and 18-km altitude, respectively.

The neutron fluence rate for neutron energies above
1 MeV depends on their position and it is higher inside
the aircraft than at free atmosphere for many positions eval-
uated. This behavior is found in electronic bays positions
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Fig. 6. Fluence rate of thermal neutron for 11-km of altitude.

Fig. 7. Fluence rate of thermal neutron for 18-km of altitude.

Fig. 8. Fluence rate of neutrons with energies above 1 MeV at 11-km
of altitude.

Fig. 9. Fluence rate of neutrons with energies above 1 MeV at 18-km
of altitude.

Fig. 10. Fluence rate of neutrons with energies above 10 MeV at 11-km
of altitude.

E1–E8 for both equatorial and polar region altitudes. The
highest fluence rates occur in positions at the bottom of the
aircraft, except for the position E9.

For polar routes, flights at 18-km altitude present a
fluence rate of neutrons with energy above 1 MeV 1.85 times
higher than flights at 11-km altitude, whereas for equatorial
flights at 18-km altitude this difference is reduced to a 1.13
factor. This implies that the neutron fluence rate with energy
higher than 1 MeV increase more with the altitude at polar
routes than at the equatorial routes.

Figs. 10 and 11 show the fluence rate for neutrons with
energy above 10 MeV, for 11- and 18-km, respectively.

For both, 11- and 18-km altitude, the neutrons fluence
rate with energy above 10 MeV is smaller inside the aircraft
than at free atmosphere. This occurs due to the aircraft’s

3466 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 56, NO. 5 OCTOBER 2020



Fig. 11. Fluence rate of neutrons with energies above 10 MeV at
18-km of altitude.

TABLE III
Maximum Variation of Neutron Fluence Rate Between Different

Positions Inside the Aircraft

shielding effect and it is associated with the energy reduc-
tion of its particles for this radiation field.

For energies greater than 1 MeV, the results showed an
increase or decrease in the neutron fluence, depending on
the position inside the aircraft. Table III summarizes the
maximum variation between different positions inside the
aircraft, for both situations (pole and equator) and for both
energy thresholds (E > 1 MeV and E > 10 MeV).

Table III shows a tendency of higher differences on the
neutron fluence rate between the positions inside the aircraft
for lower energy threshold (E > 1 MeV) in comparison with
those differences for higher energy threshold (E > 10 MeV).
One can also observe that the difference is even higher in
the equator region, compared to the polar region.

Thus, it indicates that devices with new technologies
below 150 nm are more susceptible to radiation effects such
as SEE than devices with older technologies due to the
latitude effects resulting from their lower SEE threshold
(around 1 MeV, or less). This analysis allows inferring that
the adoption of new technologies may amplify discrepan-
cies between the SEE rate in equatorial regions and in polar
regions and also in the positioning of the device in the
aircraft, with consequent impact for aircraft safety.

2) Energy Spectrum Evaluation: An evaluation of the
energy spectrum was made in different positions inside the
aircraft for each of the two routes previously presented. This
section shows the analysis of three positions: avionics, near
the fuel and at the bottom of the aircraft positions. Figs. 12

Fig. 12. Fluence rate of neutron as function of energy for polar route
flights at E1 position.

Fig. 13. Fluence rate of neutron as function of energy for equatorial
route flights in E1 position.

and 13 show the fluence rate of neutrons in the position
E1 as a function of the energy for the polar route during a
solar minimum and for the equatorial route during a solar
maximum, respectively. The discontinuity presented results
from the change of the energy bins size.

One can observe no significant differences between
the neutron spectrum inside the aircraft and in the free
atmosphere, probably due to the position close to the nose
of aircraft.

Figs. 14 and 15 show the fluence rate as a function of
the energy for the polar route during a solar minimum and
equatorial route during a solar maximum, respectively, in
position C6. In position, which is close to the fuel, there is
a sizable production of thermal neutrons. One can observe
that the thermal neutron fluence rate inside the aircraft is
approximately two orders of magnitude greater than the
fluence rate at free atmosphere for all conditions of flight
and altitudes evaluated.

PRADO ET AL.: SIMULATION OF COSMIC RADIATION TRANSPORT INSIDE AIRCRAFT FOR SAFETY APPLICATIONS 3467



Fig. 14. Fluence rate of neutron as function of energy for polar route
flights at C6 position.

Fig. 15. Fluence rate of neutron as function of energy for equatorial
route flights in C6 position.

Neutrons with energies above 1 MeV in C6 position do
not show significant differences in fluence rate, being the
number of neutrons inside the aircraft, in general, slightly
lower than at the free atmosphere for both conditions and
altitudes of the flight studied.

Figs. 16 and 17 show the fluence rate as a function of
energy for polar route during minimum solar and equato-
rial route during maximum solar, respectively, at the E6
position.

The detector in the position E6 is located at the bottom of
the aircraft near many different materials which can scatter
the radiation around it. Due to the thermal neutron produc-
tion inside the aircraft for all routes and altitudes of flight,
the thermal neutron fluence rate inside the aircraft is four
times higher than the fluence rate at the free atmosphere.

The behavior shown in Figs. 14 and 15 represent the
other positions near hydrogenated materials, such as the
human body; therefore, the results at this position (C6) are
also representative of positions C1–C6.

Fig. 16. Fluence rate of neutron as function of energy for polar route
flights at E6 position.

Fig. 17. Fluence rate of neutron as function of energy for equatorial
route flights in E6 position.

In the same way, the behavior shown in Figs. 16
and 17 represent other positions located at the bottom of
the aircraft, near structural and cargo materials (positions
E2–E9).

Table IV shows the ratio between the thermal and neu-
trons with energy greater than 10 MeV neutron fluence
results in comparison to our simulations and some experi-
mental data from the literature for some different conditions
[2].

3) Analysis of the Angular Distribution of Neutrons
Within the Aircraft: The analysis of the angular distribu-
tion is important to identify how the aircraft’s materials
affect the direction of incident neutrons that hit the avionics
devices.

This information is relevant not only to consider the
position to install the avionics within the aircraft, to reduce
its failure probability but also to assess the most favorable
orientation for the devices, considering the probability of
multiple cell upsets (MCUs) occurrence and multiple bit
upsets (MBUs) in the component. The MCUs and MBUs
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TABLE IV
Comparisons of the Ratio of Thermal and High Energy Neutron

(E > 10 MeV) Fluence Rate

1Experimental data from [2].2Results from simulations developed in this work.

are kinds of SEE and they are similar to the SEU but the
upset occurs in many bits in the same word (MBU) or in
different words that are close to each other (MCU).

The analysis was made using the reference system in
which the angle of 0° corresponds to the particles moving in
the upward direction, so, for all analysis, the neutrons with
an angular range of 180° to 120° is considered downward
direction, from 120° to 60° is considered lateral direction
and from 60° to 0° is considered upward direction.

Figs. 18 and 19 show the fluence rate of neutrons as a
function of its incidence angle for the polar route during
the solar minimum and for the equatorial route during solar
maximum, respectively, in the position E1.

The E1 position shows an increase in the number of
neutrons with angles from 80° to 120° inside the aircraft
for flights at 18-km altitude on the equatorial route and this
increase for polar routes happens for angles from 90°. At
11-km altitude, the increase inside the aircraft occurs for
neutrons with angles from 100° for both routes estimates.

As presented in Fig. 19, one can observe that equatorial
flights at 11-km altitude have a slightly larger quantity of
neutrons inside the aircraft, becoming greater than the ones
at 18-km altitude, for particles that reach the device in the
downward direction, at angles between 135° and 180°.

Figs. 20 and 21 present the neutrons fluence rate as a
function of its incidence angle for the polar route during
solar minimum and equatorial route during solar maximum,
respectively, in the C6 position.

Fig. 18. Fluence rate of neutron as function of its incidence angle for
polar route flights in E1 position.

Fig. 19. Fluence rate of neutron as function of its incidence angle for
equatorial route flights at E1 position.

In the position C6, which is near hydrogenated mate-
rials, on the polar route at both altitudes, the quantity of
neutrons with directions from 20° to 40° and above 120°
is similar inside and outside the aircraft; however, this
difference is very small.

As it is shown in Fig. 21, at this position the equato-
rial route at 18-km altitude has a higher concentration of
neutrons with directions from 90° to 130°, whereas flights
at 11-km altitude, the neutron fluence rate becomes greater
than the one at 18-km altitude for angles larger than 135°.
Also, in this position, the total amount of neutrons at the
free atmosphere is higher than inside the aircraft.

Figs. 22 and 23 show the fluence rate of the neutron as
a function of its incidence angle for the polar route during
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Fig. 20. Fluence rate of neutron as function of its incidence angle for
polar route flights in C6 position.

Fig. 21. Fluence rate of neutron as function of its incidence angle for
equatorial route flights at C6 position.

a solar minimum and for the equatorial route during a solar
maximum, respectively, in the position E6.

At this position, the neutron fluence inside the aircraft
is greater than at free atmosphere for particle incident with
angles above 100° for both routes at 18-km altitude.

For flights on polar routes and 11-km altitude, the dif-
ference between the neutron fluence rates inside and outside
the aircraft are small, except in the angular range from 95°
to 130°. For this range, the amount of neutrons inside the
aircraft is noticeably higher than in the free atmosphere.

On flights at the same altitude but on equatorial routes,
the amount of neutrons is larger inside the aircraft for angles
from 100° to 145°.

From Figs. 22 and 23, it is possible to conclude that for
all flight conditions the direction of neutron incidence is

Fig. 22. Fluence rate of neutron as function of its incidence angle for
polar route flights at E6 position.

Fig. 23. Fluence rate of neutron as function of its incidence angle for
equatorial route flights at E6 position.

predominantly downward compared to upward and lateral
directions.

From the results presented in this section, we observed
how the angular distribution of particles inside the aircraft
depends on the position and the material around it. It is
known that the neutron fluence rate is different in each
angular range and this information should be considered
when designing the position and orientation of an avionics
device in the aircraft, since depending on them, it will be
subject to a given fluence of neutrons, which in turn will
determine the rate of MBUS and MCUs, thus affecting its
expected failure rate.
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TABLE V
Neutron Counting Ratio (Vertical/Horizontal Detector) for Three Ranges

of Neutron Energy (11-km)

TABLE VI
Neutron Counting Ratio (Vertical/Horizontal Detector) for Three Ranges

of Neutron Energy (18-km)

C. Orientation of the Device Inside the Aircraft

The results previously shown refer to a detector surface
in a horizontal position. Other simulations were performed
using a detector surface in a vertical position to investigate if
the avionic device orientation can affect the neutron amount
that hits the device due to anisotropies on the angular
distribution of neutron fluence inside the aircraft.

The results presented in this section is for the equatorial
region (17 GV), in a solar maximum period (1700 MV) at
11- and 18-km altitude. Only fluences in two positions were
evaluated for analyzes in this section, one concerning the
avionics compartment (E1) and the other near the fuel (C6).

Tables V and VI show the ratio of neutron counts on
the detector surface inside the aircraft from the vertical
detector in relation to the horizontal detector at 11- and
18-km altitude, respectively, for three energy regions for
positions E1 and C6.

In Table V, for thermal energy neutrons, the vertical
detector counts 18% more neutrons than the horizontal for
both positions evaluated. For neutron with energies above
1 MeV and neutrons with high energy above 10 MeV, the
horizontal detector counts more neutrons than the verti-
cal, for both positions, and consequently, for these energy
ranges, this position is related to a bigger amount of neutrons
impinging the detector.

The difference between neutron counts on the horizontal
and vertical detector for positions near the fuel or hydro-
genated materials, such as position C6, can be up to 1.2 times
higher on a vertical detector than in a horizontal detector
inside the aircraft. The opposite behavior is observed for
higher energy neutrons.

In Table VI, we show the analyses at 18-km altitude.
The vertical detector counts more neutrons than the hori-
zontal detector for all energy ranges evaluated. The neutron
counting ratio (vertical/horizontal detector) is a function of
neutron energy, but as well a function of altitude as we can
observe in Tables V and VI.

As observed in Tables V and VI, the neutron radiation
field anisotropy inside the aircraft may imply significant
differences in the neutron incident amount on devices po-
sitioned in different orientations. These differences in the
neutron amount and incidence angle may result in variations
of the SEE rate, as well as may affect MBU and MCU rates
differently, due to the impact of device orientation on the
MCU radiation response in nanoscale integrated circuits
[23].

IV. CONCLUSION

The aircraft model built on MCNPX allows evaluat-
ing the behavior of the radiation field inside the aircraft
considering a realistic neutron fluence rate found at the
atmosphere using data from gParAt platform. We performed
simulations considering the equatorial and polar regions and
the altitudes of 11- and 18-km.

From our simulations, we reach the following conclu-
sions about the neutron fluence rate inside aircraft.

1) At 11- and 18-km altitude, there is a maximum
increasing about 190% in the thermal neutron flu-
ence rate at different positions inside the aircraft
compared to the thermal neutron fluence rate in the
free atmosphere.

2) For neutrons with energies greater than 1 MeV and
both altitudes, the neutron fluence rate depends on
their position and it is higher inside the aircraft than
at a free atmosphere for many positions evaluated.
These differences vary from a decrease of 12% to an
increase of 9%.

3) For neutrons with energies above 10 MeV, the flu-
ence rate inside aircraft decrease for all positions
compared to the free atmosphere, and the maximum
variation is 15% found in the E9 position (close to the
fuel). This behavior was observed for both equatorial
and polar regions.

4) The maximum variation of neutron fluence rate be-
tween different positions inside the aircraft shows
a tendency of higher differences for lower energy
threshold (E > 1 MeV) in comparison with those dif-
ferences for higher energy threshold (E > 10 MeV).
This difference is even higher in the equator region
compared to the polar region.

Summarizing the above conclusions, one can see a
tendency for new technologies to be more susceptible to
positioning inside the aircraft due to higher variations for
neutron fluence rate above 1 MeV. For newer technologies,
which are susceptible to energies above 0.5 MeV, this situ-
ation could be even more relevant. Moreover, this analysis
allows inferring that the adoption of new technologies may
amplify discrepancies between the SEE rate in equatorial
regions and polar regions with consequent impact for air-
craft safety.

We reach the following conclusions about the neutron
angular neutron distribution inside aircraft.
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1) The incidence angle of neutrons depends on the po-
sition inside the aircraft, and the proximity of highly
hydrogenated materials, such as fuel and passengers,
is the main factor that changes the angular distri-
bution (see Fig. 21). This is rarely addressed in the
literature, although its importance is clear, especially
in the rate of MCU and MBU that could depend on
the particle incidence direction.

2) The differences in the fluence angular distribution
per solid angle between the free atmosphere and
inside the aircraft range from 78% up to 117% de-
pending on neutron energy and position inside the
aircraft (see Fig. 21).

3) The neutron radiation field anisotropy inside the
aircraft may imply differences in the neutron in-
cident amount on devices positioned in different
orientations varies from a decrease of 14% to an
increase of 18% at 11-km altitude (see Table IV)
and from increases of 2% to 18% at 18-km altitude
(see Table V).

From these analyses, we demonstrated that there are
differences in the angular distribution inside the aircraft,
depending on position and neutron energy distribution. Such
differences, which could induce variations in the failure
probability of avionics devices, are not considered in the
usual safety evaluation methodology for aircrafts.

The neutron fluence rate and angular distribution are
partially affected by positions inside the aircraft and flight
regions. The sum of these contributions could result in a
significant minimization of the expected failure probability
of avionics devices, but this approach is rarely addressed in
the literature.

This type of computational previous evaluation can
be favorably used for safety if this type of assessment is
introduced in the step of positioning the devices during the
aircraft design, introducing a low-cost stage with potentially
significant results for the reduction of radiation-induced
failure in onboard electronic systems, especially for newer
technologies.
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