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Abstract: The device downscaling of electronic components has given rise to the need to consider
specific failures in onboard airplane electronics. Single Event Effects (SEE) are a kind of failures that
occur due to radiation in the atmosphere. For the purpose of ensuring onboard electronic reliability,
there is a clear need for new tools to predict the SEE rate, at both avionic altitudes and at ground level.
In this work, we develop a new tool: RAMSEES (Radiation Atmospheric Model for SEE Simulation),
which simulates the atmospheric radiative environment induced by cosmic rays. This multiscale and
multi-physics phenomenon is simulated using the Geant4 toolkit, allowing the creation of a database
to characterize the radiation environment in the atmosphere as a function of altitude. We show the
need to simulate very high-energy particles such as 100 TeV space protons, because they are the main
contributor of radiation at avionic altitudes as well as at ground level. Our approach shows a good
agreement with the experimental data, the standards, and other models, and it also points out some
discrepancies, especially below 18 km of altitude. RAMSEES can be the basis of the estimation of the
SEE rate from ground level to the stratosphere, at any given position and time.

Keywords: extensive air shower; EAS; single event effects; SEE; neutron; atmospheric; radiation;
Geant4; Monte-Carlo; radiation hardness assurance; cosmic rays

1. Introduction

The Earth’s magnetic field traps a lot of the particles coming from outer space, creating
the radiation belts, also called Van Allen Belts [1]. However, the highest energetic particles,
the Galactic Cosmic Rays (GCR), can go through the magnetospheric shielding and reach
the Earth’s atmosphere. The GCR interact with the atmosphere constituents, creating the
so-called Extensive Air Shower (EAS) [2-4]. An EAS is a physical phenomenon taking place
when a primary particle coming from space interacts with the Earth’s atmosphere. The
single primary particle generates a zoo of secondary particles: neutron, electron, photon,
muon. These secondary particles will interact with the atmospheric atoms, generating
new secondary particles in a shower of particles, which will lead to the creation of the
atmospheric radiative environment.

Many works have already dealt with radiation in the atmosphere [5-9]. They all
have their targeted applications (e.g., knowledge of the environment, cosmic rays study,
dosimetry for aircrew), their limitations and are generally not easy to be transposed from
one application to another. In this work, our targeted application is radiation-induced
failures in microelectronics. For a long time, the Radiation Hardness Assurance (RHA)
for microelectronics or the safety issue created by the atmospheric radiative environment
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was not addressed because the risk induced was estimated to be too low. The atmospheric
radiative environment induces mostly one kind of RHA risk: the Single Event Effect (SEE).
An SEE appears when a single particle—generally a heavy ion, a neutron, or a proton—
induces a failure in an electronic device. This kind of risk is assessed in satellites because
they are designed to be resistant to space radiation-induced failures; however, airplanes
were initially not so designed. In the early 90’s, after several unexpected electronic failures
in flight, a collaboration between IBM (International Business Machines Corporation,
Armonk, NY, USA) and Boeing lead to the conclusion that these errors were due to radiation-
induced SEE at avionic altitude, changing the status of radiation-induced failures in avionics
from a myth to a proven scientific reality [10,11]. Following those events, a major interest
in that field of study was born in the scientific community. It led to one standard for the
ground electronics based on a neutron flux at New York “JEDEC” [12], a standard for
airplanes at 12 km of altitude “IEC” [13], and two models of the atmospheric radiative
environment: “MAIRE+” (Models for Atmospheric Ionizing Radiation Effects) [14] and
“EXPACS” (Excel-based Program for calculating Atmospheric Cosmic-ray Spectrum) [15].

The JEDEC standard gives atmospheric neutron flux at New York City, USA at sea
level as a reference and a formula to adapt it to any location. It is based on Ziegler’s work
on cosmic rays [16] and the NASA-Langley neutron flux model. In the case of IEC, the
standard is the neutron flux at 12 km altitude at 45° of latitude and can be adapted to any
location. The IEC model is based on a fit of the AMES data, a NASA experiment of the
70’s, measuring the atmospheric neutrons. The MAIRE+ model, which is a new version
of MAIRE [17] and QARM (QinetiQQ Atmospheric Radiation Model) [18,19], based on a
Monte Carlo simulation of the interactions of cosmic rays with the atmosphere via MCNPX
(Monte Carlo N-Particle eXtended) [20]. Developed by the Surrey Space Center to provide
real-time information to the airline industry about the radiation dose received by crew and
passengers, it is logically focused on the Dose rate. Moreover, EXPACS was developed by
the JAEA (Japan Atomic Energy Agency) [21-24]. It is based on EAS simulation performed
by PHITS (Particle and Heavy Ion Transport Code System) [25] a homemade Monte Carlo
code. It provides the effective dose, ambient dose equivalent and absorbed dose in air
based on the atmospheric cosmic-ray spectra. These tools were created in the early 2000s
following the work of Normand and Taber [10,11]. In the case of EXPACS and MAIRE+,
they have been updated and upgraded until today.

Moreover, with transistor sizes shrinking, we have observed an increase in the sen-
sitivity of electronic components to radiations. One example was revealed during the
CONCORDIASI scientific balloon campaign at Concordia, Antarctica in 2010, when hun-
dreds of anomalies were recorded because a commercial electronic device sensible to Single
Event Latch up (SEL) was on board [26]. In such cases, it becomes important to qualify the
reliability of the electronic devices in the atmospheric radiative environment. The RHA
became a topic discussed in a bigger community and the need of a precise model to make
calculations of failure rate at all the levels of the atmosphere is now higher than ever before.

Here, we present a new model based on a Monte Carlo simulation with state-of-
the-art data as input and state-of-the-art Monte Carlo tools based on Geant4 [27-29], a
toolkit developed by CERN (European Organization for Nuclear Research). Even if some
other tools exist, they are not fully satisfactory, as they do not allow us to implement all
the ingredients required to address our concerns with microelectronic reliability. On the
contrary, the use of a toolkit such as Geant4 is ideal and will, in future work, allow us to
consider more complex simulations that include, for example, the effect of the nature of the
ground, the presence of buildings or the effect of aircraft materials. Our model, based on
technology and scientific knowledge, is designed to allow a better RHA at every altitude
of the atmosphere and a better reliability of the electronic devices, especially for ground,
avionic and balloon applications.

This paper starts with a description of our approach to model the atmospheric radiative
environment. Then, we present the parameters needed to simulate an EAS, which are the
structure of the atmosphere and the primary particle spectrum. Afterwards, we present our
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method to model the EAS phenomenon via a Monte Carlo simulation. Subsequently, we
present a comparison of our results with experimental data and then with the standards and
other models. Finally, we conclude this paper by presenting our tool RAMSEES (Radiation
Atmospheric Model for Single Event Effect Simulation) and its fields of application.

2. Approach and Methodology

Our objective in creating RAMSEES was to give a user-friendly tool, which allows the
evaluation of the spectrum of secondary particles anywhere and anytime on the planet,
allowing users to calculate the SEE number and predict the risks for their flight, their
launch, or ground application.

2.1. Extensive Atmospheric Air Shower

An Extensive Atmospheric Shower (EAS) is the physical phenomenon created by high-
energy particles coming from space when they enter the top of atmosphere [2,3]. During
their propagation in the atmosphere, these primary particles interact with air molecules
and create secondary particles, which themselves continue to interact with the atmosphere,
generating new secondaries and creating showers of particles. This process will continue
until no more interactions are possible. In Figure 1, a schematic of an EAS is presented,
showing the creation of secondary particles from a primary particle.

Space — 100km

It
.

‘e
L Wy Ground — Okm

Figure 1. Schematic of the Extensive Atmospheric Shower phenomenon (proton: red, electron: green,
photon: yellow, neutron: blue, muon: purple).

2.2. Approach in Modelling the EAS Phenomenon

To give the user a tool able to calculate SEE, we divided the work into four steps,
presented in Figure 2. The first one is the collection of the information needed to simulate
the EAS phenomenon, which are the primary particles—in our case, the protons coming
from space—and the atmosphere definition. The second one is the choice of the physics
used to simulate the EAS; in our case, the Monte Carlo simulation by Geant4 using the
QGSP_BERT physics list. The third one is the EAS modelling itself, representing the
geometry and simulating enough time to gather sufficient statistics. We simulated the EAS
phenomenon in the CNES (Centre National d’Etudes Spatiales) Cluster during 100,000 h
equivalent on one CPU using our C++ code with the Geant4 toolkit. The fourth one is the
compilation of the simulation. We combined all the calculations, i.e., 350,000 simulations,
for more than 1.2 TB of data by using Python and the Django framework. Finally, we
developed our tool, which includes a database of the EAS interaction in the atmosphere,
allowing particle spectra to be estimated for any place on Earth.
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1. Collect Data 2. Physics 3. EAS 4. Compiling

Choice Modelling Results
RAMSEES

¢ Primary Particles + Monte Carlo * CNES Cluster * 350,000 simulations
* Protons * Geant4 = 100,000 h/CPU * 1.2 TB of EAS data
* Atmosphere * QGSP_BERT * C++ * Python + Django

Particles spectra

Figure 2. Approach and components needed to simulate an EAS.

2.3. Physics and Methodology

Figure 3 is a schematic of the principle behind our simulation. We simulated showers
of particles in a volume of atmosphere of 30 km x 30 km x 100 km. Primary protons
are incoming at the top of the atmosphere and their energies are chosen according to
Section 3.2.2. For the sake of simplicity, we consider that protons reach the atmosphere
with a normal incidence (i.e., vertically). Doing so implies that the flux of primary protons

is fully described by the quantity % as we integrated over the solid angle. Moreover, the
density of the atmosphere varies, as explained in Section 3.1.2. At different altitudes, noted
z, we simulated a planar detector to track secondary particles involved in an EAS. Such a

: dN;
detector provides 7z

, the differential number of particles i, with energy E;, which can be
z

created by a primary proton at an altitude z. Then, we can calculate the differential flux of
that kind of particle at the altitude of the detector:

d inc
Z'%ideinc (1)

30km

a;;‘Z'___/I
I

100 km

Figure 3. Schematic of the atmosphere and its projection in our Monte Carlo simulation.

The methodology to compute particle spectra is the following:

1.  We create a planar detector in the atmosphere at the altitude z. From this detector, we
can extract every particle crossing it and then extract all the secondaries generated by
the primary particle.

2. By compiling all the particles generated by type (neutron, proton, muons ... ) we
create a spectrum for each kind of particle i.
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3.  Then we compile all the spectra of the particles i generated by all simulations of a
primary of the same energy E at the same altitude z to create the average spectra
generated by a primary of energy E at the altitude z.

4. Then we convolute the average spectra to the population of primary particles at the
position x and y at the time ¢ with the energy E at 100 km, generating the convoluted
spectra of the particle i created by the primary particle with the energy E at z altitude.

5. Finally, we compile all the convoluted spectra of the particle i at the altitude z, gen-
erating the spectra of particle i at the position x, y at the altitude z at the time ¢. To
have an acceptable database size, we chose to focus on specific altitudes, which are
z=0km, 3 km, 5 km, 7 km, 12 km, 18 km, and 40 km. This choice makes sense for
ground level, avionic and stratospheric balloon applications.

In Figure 4, we present an example of the methodology to generate the spectra of
neutrons at the position LAT, LON, at the time T and at the altitude Z.

Primary Spectra :
Position LAT, LON
TimeT

Run Spectra AAA

(FILENAME_X, Z, E, neutron) [

Particle AAAAA :
Type, Energy, Position

Allfiles ... Average Spectra AA
L, Particle BBBBB : (Z, E, neutron)
Type, Energy, Position Run Spectra BBB
(FILENAME Y, Z, E, neutron) i

All particle ... Convoluted Spectra AA

(Z, E, neutron, LAT, LON, T)

Particle CCCCC : ]
Type, Energy, Position

i Neutron spectra at

All primary energy +.. LAT, LON, Z, T

Particle DDDDD :
Type, Energy, Position

Convoluted Spectra BB
(Z, E+X, neutron, LAT, LON, T)

Run Spectra CCC
(FILENAME_X, Z, E, proton)

Figure 4. Schematic of the extraction of spectra at an altitude Z from the file of simulated data on the
cluster to the user spectra of neutron based on the primary spectra at LAT, LON at the time T.

3. Parameters Needed for the Simulations

There are two key parts to simulate EAS: the first one is the atmospheric modelling,
and the second is the knowledge of primary particle flux coming from space. The definition
of the atmosphere is primordial because the generation of the secondary particles starts with
the nuclei of the atoms in the atmosphere. Moreover, the definition of the particles coming
from outer space is also crucial, because they lead to the generation of the atmospheric
radiative environment.

3.1. Constitution of the Atmosphere
3.1.1. MSISE2000 Model

The NRLMSISE-00 [30] model is a model of the constitution of the atmosphere created
by the NRL (Naval Research Laboratory). We selected the NRLMSISE-00 model using
the Python version: nrlmsise00 [31] version 0.1.0 in this work. It allows the user to have,
for a given location in the atmosphere at a given time, the constitution of the atmosphere.
The main parameters are the total density of atoms, the density for a given gas and the
temperature. In Figure 5, we show the result of MSISE200 for Paris France on 21 June of
2022. In Figure 5a, we plotted the evolution of the density of the atmosphere with altitude.
Figure 5b shows the composition of the atmosphere as a function of altitude.
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Figure 5. Evolution of the atmospheric composition and density based on MSISE2000 for Paris, France
on 21 June 2022: (a) Evolution of the atmosphere density as a function of altitude; (b) Evolution of
the constitution of the atmosphere as a function of altitude.

From Figure 5a,b, we can observe that the density decreases with the altitude, starting
at1.23 x 1073g.cm 3 at ground level and falling to 4.05 x 10~ %g.cm 3 at 100 km of altitude.
In opposition to the evolution of the composition, the constitution is stable from 0 km to
60 km of altitude. The percentages of O, and N are quite stable except at high altitudes
(above 80 km), where we can observe some slight variations. We chose to model only O,
and N for the atmosphere because the third constituent (Argon) has an abundance lower
than 1% whatever the altitude is.

Some variations occur between 60 km and 100 km of altitude but are compensated for
by a very small global density at these altitudes, leading to few nuclear interactions. We
decided to neglect them for the sake of simplicity.

3.1.2. Segmentations of the Atmosphere

Based on the results of the evolution of the atmosphere at a single location, we chose
to discretize the atmosphere, in a first approximation, into ten blocks composed of 78.85%
of N and 21.15% of O,, each with a height of 10 km. Each block has the density of the
lowest altitude in the block. For example, in the 0 to 10 km block, the density is the one at
0 km.

In Figure 6, we plot the density of the atmosphere according to RAMSEES and to
MSISE2000.

103 —— MSISE2000
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Figure 6. Density of the atmosphere in this work compared to MSISE2000.

3.2. Primary Particles
3.2.1. Compiling Proton Spectrum from Instrument and Model

The Cosmic Ray Data Base (CRDB) [32,33] compiles experimental data about cosmic
rays measured in atmosphere with balloons, around the Earth from satellites and around
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the Solar System from Voyager 1 and 2. In the 4.0 version, the CRDB compiles the results
of 116 experiments. Therefore, we chose it as the reference for our primary spectrum.
Figure 7 presents a compilation of spectrum data from the CRDB. We observe a dispersion
of the fluxes below 10 GeV because the lower energetic particles (<10 GeV) interact more
with the heliosphere, the magnetosphere, the atmosphere and even the vehicle itself.
Therefore, depending on the location (and the presence of an atmosphere or not) and
the solar modulation [34,35], the particle flux obviously varies. Above 10 GeV, data are
very similar whatever the measurement system, since the particles are too energetic to be
affected enough to change the results.

102
oo o faip V¥ Balloon datas
| ‘_.wu.:, :,w’,ﬂ' L] Voyager datas
100 o enn B Py m  Satellite datas
_ . vy vy l‘“
— .v-
3 -
O 1072 v,
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1072 1071 100 10! 102 103 10

Energy [GeV]

Figure 7. Proton spectrum based on data from several instruments on Voyager, satellite or balloon
extracted from the CRDB. Each color is a different experiment.

3.2.2. Discretization of the Primary Spectrum

In our approach, we simulate some monoenergetic protons to be able to reconstruct
any primary spectrum. Because of the lack of accuracy of the data below 10 GeV, we
focused our calculations above 1 GeV. We simulated proton primaries at energies of 1 GeV,
10 GeV, 100 GeV, 1 TeV, 10 TeV and 100 TeV. We simulated the particle of lowest energy of
the bin, and we used it as a reference for the response of all the particles in the energy bin.
This will allow the adding of new energies of a primary, reducing the bin size in the next
version and so increasing the precision of RAMSEES with each version. In Figure 8, we
present our primary spectrum of proton and the energies we choose to simulate. As an
example of our methodology, in the energy bin 1 GeV to 10 GeV we simulated the 1 GeV
proton EAS but integrated the population of the whole energy bin [1 GeV; 10 GeV] of the
primary proton spectra. For the 1 GeV, 10 GeV and 100 GeV we simulated each primary
proton energy for each single altitude 10 000 times, while for the 1 TeV, 10 TeV and 100 TeV
we simulated each primary proton energy for each single altitude 300 times.

In Figure 9, we show the average calculation time for an extensive air shower in our
simulation as a function of the incident energy. We observe that in a first approach, a power
law can estimate the calculation time for one primary particle of a given energy: if we
multiply the proton primary energy by 10, then we multiply the calculation time by 10.
Based on this information, we chose to stop the primary spectrum at 100 TeV because of
two parameters:

1.  The calculation time: one proton of 100 TeV took, on average, 7 h to simulate on the
CNES cluster, as shown in Figure 9. In total, we simulated for more than 300 million
seconds equivalent 1 CPU (~10 years) in the CNES cluster.

2. The number of particles per time unit and surface, for a geometry of 30 km by 30 km
at the top of the atmosphere: there is only one proton per second having an energy
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of 100 TeV or higher. This must be compared to the value of 13 x 10! of protons
between 1 GeV and 10 GeV, which arrive on the same surface per second.

10-3 —— Proton flux at 100km
+  Proton flux used in our model

10-°
10-7
107°

10-11

Flux [cm~2.s l.sr-1.MeVv~1]

1013

1015

100 102 104 106 108
Energy [MeV]

Figure 8. Discretization of the proton spectrum at 100 km of altitude based on the Swordy plot by
William Hanlon [36] and the CRDB.
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Figure 9. Average time of calculation of one primary particle Extensive Air Shower according to its
energy and the number of primary particles simulated.

We did not make simulation below 1 GeV because our preliminary simulations showed
that these particles could not create EAS big enough to reach below 30 km of altitude.

4. Monte Carlo Modelling and Extraction of the Model
4.1. Monte Carlo Simulation

To model the interaction of protons in the atmosphere, we chose the Geant4 toolkit
version 10.6.0 [37,38]. Geant4 has many advantages. First, Geant4 is a well-known, robust,
and used toolkit based on state-of-the-art physics developed by CERN and a coalition
of scientists around the world. Secondly, Geant4 is a toolkit; therefore, it allows the user
to be very flexible and to adapt the physics and the geometry to the problem. Thirdly,
it is possible to use a pre-determined physics list in which all the recommended mod-
els are put together. In the Geant4 Physics list user manual [39], it is recommended to
use QGSP_BERT [40] developed by Peter Speckmayer for High Energy Particles and sec-
ondary neutron production. It justifies the choice of QGSP_BERT as the physics list for
our simulation.
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4.2. Extracting Secondary Particle Spectrum from EAS Simulation
Compiling Simulation from the Same Energy

To be able to create a database of EAS transfer in the Earth atmosphere, we started by
compiling all the results of our simulations by altitude and by particle, for a given energy of
a primary proton. Then, we created an average response for each energy based on a Monte

ilgf , with Nj being the quantity of particles in the energy bin E;, the
tlz

Carlo simulation, the

kind of secondary particle i at the given altitude z. As an example, we plotted in Figure 10
the spectrum for neutrons at 18 km of altitude. We can observe that the energy response is
similar for each energy but that a more energetic primary creates more secondary neutrons.
Moreover, higher energetic primaries create more secondaries, allowing better statistics to
be obtained.

10°
1GeV
107 10GeV
100GeV
105 1TeV
10TeV
103 100TeV
i: 10t
S
—_— 10—1
B
1073
10-3
1077
1079 ‘ 41
10—° 1077 10°5 1073 107t 10! 103 10° 107 10°

Neutron Energy [MeV]

Figure 10. Spectrum of secondary neutrons for one incident proton at 18 km of altitude.

Applying Equation (1) to the primary spectrum of a given location and a given date,
we computed the spectra of secondaries. In Figure 11a, we present the contribution of each
part of the primary proton spectrum in the production of secondary neutrons at 18 km
based on the primary particle population given in Figure 8. According to Figure 10, the
number of secondary particles per primary proton increases with incident energy. However,
because the flux of primary ions decreases with energy, we observe in Figure 11 that the
primary proton energy that contributes the most to the secondary spectrum at 18 km is
10 GeV. In addition, the 100 TeV energy also contributes a lot to the neutron spectrum, not
because of their abundance but because of their high energy, which allows triggering much
more secondary particle generation. This is a crucial point, since it shows that we cannot
neglect the contribution of very high-energy primary particles, which represent at least of
30% of the total spectrum. Moreover, the lower the altitude is, the higher the impact of the
energy. In Figure 11b, we plotted the spectrum of secondary neutrons as a function of the
energy of the incident proton at 7 km. In this case, we now observe a higher impact of the
100 TeV compared to 10 GeV, because the denser atmosphere has a greater impact on the
lower-energy particles generated by the 10 GeV primary proton. The secondary particles
generated by a 10 GeV have a lower energy than the ones from 100 TeV, and then are easily
stopped by the atmosphere. The denser the atmosphere, the more energy the secondaries
lose and the faster they stop. Finally, there is a very small contribution, less than 1%, of
secondaries generated by the 1 GeV primary protons at 7 km.
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Figure 11. Spectrum of secondary neutrons according to the energy of the incident proton generated
by each part of the primary particles spectrum given in Figure 8 at two altitudes: (a) at 18 km and (b)
at 7 km.

Finally, by compiling all the energy responses, we get the spectrum plotted in Figure 12
for the secondary neutrons at 18 km and at 7 km based on the primary spectrum from
Figure 8 (see Equation (1)).

10!
10
107!

102

103 \'\.\_\

10~

[cm~2.571, MeV~1]

d¢

8

105 = [

107 RS

1077
100 10! 102 103 104

Neutron Energy [MeV]
Figure 12. Spectrum of secondary neutrons at 7 and 18 km given by RAMSEES (Radiation Atmo-
spheric Model for Single Event Effect Simulation).

In conclusion, by simulating monoenergetic proton entry at the top of the atmosphere,
we developed a database of secondary particle spectra generated by EAS, designing RAM-
SEES to be adaptable to any primary particle spectra and making it compatible with every
condition of space weather or cosmic ray model.

In parallel, we simulated energies higher by two orders of magnitude than any other
model, because we observed that for ground applications it is necessary to simulate the
highest energies (>1 TeV) of primary protons to correctly evaluate the spectrum of secondary
particles involved in SEE.

5. Model Results and Analysis

In this part, we present RAMSEES results compared to experimental data and to the
results given by the existing tools EXPACS and MAIRE. In Figure 13, we present RAMSEES
results for neutrons at five altitudes: 0, 7, 12, 18 and 40 km. As expected, the neutron
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spectrum decreases rapidly with energy, in opposition to its evolution with the altitude
where it increases from 40 km to 18 km and then decreases from 18 km to 0 km. There are
two counterbalanced phenomena at play to explain this: (1) when the altitude decreases,
the atmosphere density increases and the interaction is then more likely (and so the number
of secondaries increases), and (2) because there are more and more interactions, the number
of remaining primary particles decreases with decreasing altitude (and so the number
of secondaries decreases). This combination of two counterbalanced effects leads to a
maximum neutron flux at around 18 km. In first approximation, there are two orders of
magnitude between ground level and avionic altitude (12 km).

10t

1008

1071

10-7
100 10! 102 103 10

Neutron Energy [MeV]
Figure 13. Flux of neutrons given by RAMSEES at different altitudes.

5.1. Comparison with Experimental Data

To validate our results, we compared it to experimental data measured by several
teams around the world.

In Figure 14, we compare RAMSEES results with the experimental data from two
different instruments. The first set of data was collected at Pic du Midi, France (2.9 km of
altitude) from May 2011 to 2018 with a Bonner Sphere System (BSS) neutron spectrometer
and the second one at Plateau de Rosa, Italy (3.5 km of altitude) in January 1998 with a
Bubble Detector Spectrometer, a passive system, by Hubert et al. [41]. The Pic du Midi
experiment collected data for 8 years. When comparing our predictions at 3 km and the
in-situ data at Pic du Midi, we need to consider that there is a difference of 100 m of altitude
between them. Despite the 100 m of altitude difference, RAMSEES shows a good agreement
with the data from Pic du Midi with less than a factor 1.55 of difference. In the case of
Plateau Rosa, we observe a factor 2.38 of difference between RAMSEES model and the
experimental data below 1 GeV. However, there are two main factors to consider here.
First, the data were acquired during one month at a solar minimum, implying a maximum
of atmospheric radiation, and secondly, the 500 m of altitude of difference influences the
spectrum, making it higher in the case of Plateau the Rosa than at 3 km. At higher energies
than 1 GeV, we observe a divergence between our prediction and the in-situ measurements.
We think the divergence is caused by the solar minimum allowing more cosmic rays to
enter the Solar System and the Earth’s atmosphere. All together, we can say that the
RAMSEES model fits with the experimental data at 2.9 km but shows discrepancies at
3.5 km. The comparison of a worst-case scenario (solar minimum) to the 3.5 km data should
be interesting to do to extend the validation of RAMSEES.
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Figure 14. Comparison between RAMSEES results at 3 km and experimental data at 2.9 and 3.5 km
from Hubert et al. [40].

5.2. Comparison to Existing Models

In the following, we compare the RAMSEES model to the standards, which are the
JEDEC and the IEC, and also to existing tools, namely EXPACS and MAIRE. The JEDEC
standard gives a neutron flux at New York, United States of America at Sea Level and
the IEC standard gives an analytical formula to extract the neutron spectrum at 12 km
of altitude.

In Figure 15a, we compare the JEDEC to EXPACS, MAIRE and RAMSEES at ground
level. We observe that between 1 MeV and 10 GeV there is a maximum of a factor of
10 between RAMSEES, EXPACS, MAIRE and the JEDEC. RAMSEES has a very good
agreement with the JEDEC up to 40 MeV and, like MAIRE, RAMSEES overestimates the
number of neutrons from 40 MeV to 400 MeV. In the same way, we compare, in Figure 15b,
the IEC to EXPACS, MAIRE and RAMSEES at 12 km. We observe a very good agreement
between RAMSEES and the IEC from 3 MeV to 3000 MeV with less than a factor of 2.
RAMSEES agrees with MAIRE above 10 MeV but not below 10 MeV, where RAMSEES
gives a flux 2 times higher than MAIRE. However, RAMSEES disagrees with EXPACS on
the whole spectrum by a factor of 6, which will be discussed later.

——— JEDEC Okm -—— |EC 12km

—— MAIRE Okm } —— MAIRE 12km

—— EXPACS 0km EXPACS 12km
¢ RAMSEES Okm ¢ RAMSEES 12km

[cm2.s71. Mev1]

dp
dE

10° 10t 102 10° 104

102 10° 10t
Neutron Energy [MeV]

Neutron Energy [MeV]

(a) (b)

Figure 15. RAMSEES spectrum of secondary neutrons at several altitudes compared to standard
and to the models MAIRE & EXPACS: (a) ground level compared to JEDEC; (b) 12 km of altitude

compared to IEC.
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In Figure 16a,b, we compare the results of RAMSEES with EXPACS and MAIRE at
7 and 18 km, respectively. We observe that, at 7 km and 18 km, the spectra generated by
RAMSEES and by EXPACS are, again, separated by a factor of 6. This is in opposition
to the observation between results from MAIRE and RAMSEES, for which the difference
is less than a factor of 2, except below 10 MeV, where RAMSEES tends to predict higher
fluxes than MAIRE. At 18 km, we observe that RAMSEES and MAIRE give the same results
from 400 keV to 5 GeV, except for two differences: the first one at 500 MeV, which is a
difference of a factor of 2; and the second one at 1.1 GeV, by a factor of 5. We think these
two differences can be explained by statistical issues on our side, because the values before
and after these energies are equivalent to MAIRE values in the two cases.

—— MAIRE 7km —— MAIRE 18km
—— EXPACS 7km 10° —— EXPACS 18km
RAMSEES 7km = «  RAMSEES 18km
10 1E
T
< 1072
=
W 1073
i)
£
S 1074
gk
105
106
10! 102 103 104 10° 10! 102 103 104
Neutron Energy [MeV] Neutron Energy [MeV]
(a) (b)

Figure 16. Spectrum of secondary neutrons compared to EXPACS and MAIRE at several altitudes:
(a) at 7 km and (b) at 18 km.

6. Conclusions and Discussions

In this paper, we presented our model RAMSEES (Radiation Atmospheric Model
for SEE Simulation), which is a database, built by Monte-Carlo simulation, composed of
the response of the atmosphere to cosmic rays. We modeled the atmosphere with the
results given by the NRLMSISE-00 model and used the CRDB and the Swordy plot as
reference for the primary protons coming from space. Then, we simulated the Extensive
Air Shower (EAS) phenomenon by making Monte Carlo simulations of the interactions of
monoenergetic proton via the Geant4 toolkit with the QGSP_BERT physics list. We stopped
our simulation at 100 TeV per proton because there is only one proton per geometry per
second and because of the very high computational time required at high energy. Finally, we
compiled the results of the monoenergetic primary simulation with the spectrum of protons
coming from space, creating for each altitude a spectrum of neutrons and of protons.

In opposition to MAIRE and EXPACS, which were built to calculate dose rates for flight
crews, RAMSEES was built to allow the SEE rate calculations from ground level to space.
By using a physics list dedicated to high-energy particles and to neutron generation, we
created a model designed to estimate electronic failures induced by neutrons and protons
from ground level to 100 km. Moreover, we showed in this work that the higher energetic
part of the primary spectrum is primordial for calculating the secondary spectrum below
18 km. That is why we simulated two more orders of magnitude in the energy of primary
particles than in any other models, to make RAMSEES reliable down to ground level.

RAMSEES could be used for the airplane industry, scientific balloons and even the
automotive industry, to estimate the SEE rates in their electronic devices. Moreover,
RAMSSES allows the user to know the flux of neutron and proton at any given location,
and any time, making it compatible with any cosmic ray model.

Our model provides very encouraging results when compared with existing experi-
mental results, other models, and standards:
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At high altitude (18 km), our results are in very good agreement with MAIRE.
At avionic altitude (12 km), our results are in good agreement with both MAIRE and
IEC standard. RAMSEES seems to overestimate neutron flux below 10 MeV, which is
not an issue since electronic devices are not sensitive to fast neutrons below a few MeV.

e At7km of altitude, we have the same trend as MAIRE but with a slight enhancement
of neutron flux. We cannot claim which one is closer to the real flux, and more
experimental data are required. Regarding concerns over electronic reliability, it is
probably better to overestimate the risk.

o At 3 km of altitude, RAMSEES shows a good agreement with experimental data at
3 km, if we compare them to 8 years of experimental data at Pic du Midi at 2.9 km.

e  Atground level, our results have a shape similar to those of MAIRE and JEDEC spectra.
However, here again, we seem to overestimate the risk, compared to the other models.

As far as EXPACS is concerned, we observed a factor of 6 between this work and the
flux given by EXPACS at any altitude. We suppose that it may be due to a missing factor
of 2t in EXPACS that should account for all particle directions; however, we cannot be
sure of this, as we do not have details of the calculations. Finally, to be able to compare the
three models with more precision and to understand the differences, it would be necessary
to have access to the precise methodology and equations used by the other two models.
However, this information is currently not available, for proprietary reasons.

This work is an attempt to model the radiation environment in the atmosphere. It is
encouraging even if not perfect, and some points could be improved in the future. Among
these are:

e  The physics list of Geant4 is not the best when dealing with such high energies.
Alternately, it could be possible to link Geant4 with CRMC [42,43].

e  The discretization of the atmosphere into layers could be improved by increasing the
number of layers.
The number of primary proton energies used for the simulation could be increased.
Some more comparisons are also possible with other existing tools such as MCeq [44].

To conclude, the results of this work fill the need for CNES scientific balloon applica-
tions as well as for avionic industry applications, which experience reliability issues due
to natural radiation. RAMSEES will allow evaluating the flux of neutrons and protons
needed to calculate failure rates at ground level, avionic altitude, or stratospheric altitude,
making them able to design their electronic devices to better resist the atmospheric radiative
environment. To do so, we will need to link RAMSEES to a prediction tool able to transport
neutrons in electronic devices, to simulate nuclear reactions induced by neutrons in the
silicon of the chip, and to determine whether a single event effect occurs or not.
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