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Simulation of atmospheric cosmic-rays and their impacts based on pre-calculated databases, physical models and computational methods

The atmospheric cosmic-ray environment is composed of secondary particles produced when primary cosmic rays interact with the nucleus of atmospheric atoms. Modeling of atmospheric radiations is essential for investigating their impacts on human activities such as radiation risks in aviation or scientific fields such as cosmogenic dating. The nuclear transport codes are a common and accurate way to model the cosmic ray interaction in the atmosphere with minimal approximations. However, tracking all produced secondary particles in each event in the whole depth of the atmosphere and sampling many events to obtain the statistically meaningful results would be a computational challenge and disadvantageous from the point of view of time consumption. This paper presents a computational platform names ATMOS CORE based on pre-calculated databases coupled to physical models and computational methods. The fields of application concern the atmospheric cosmic-rays characterization as well as their effects on electronics systems, on the ambient dose for aircrews or the cosmogenic nuclide production for dating activities. Some comparisons between simulations and measurements are also presented and discussed.

Introduction

The Earth is constantly bombarded by primary cosmic rays (CRs) that can be either of extragalactic, galactic (GCR), or solar (SCR) origin. The characterization of the atmospheric radiation and their variations is an essential issue in some fields. Primary CRs are mainly composed of protons and alpha particles that interact with the nucleus of atmospheric atoms, producing secondary particles like neutrons, protons, muons, pions and electrons [1]. Isotopes are also produced within these atmospheric showers, as the 14 C used in radiocarbon dating. Secondary CRs interact in matter, such as inert materials (rock, soil), biological cells, or even technological materials such as semiconductors. For each of these cases, that causes a degradation of the function (biological, electronic) or production of cosmogenic nuclides. The atmospheric radiation knowledge is required to quantify effects on electronics systems and to assess the radiation risks for aircrews [3]. Moreover, it's also necessary in the framework of applications such as muon tomography (archeology [START_REF] Morishima | Discovery of a big void in Khufu's Pyramid by observation of cosmic-ray muons[END_REF], volcanology [START_REF] Tanaka | Development of the cosmic-ray muon detection system for probing internal-structure of a volcano[END_REF] or geophysics [START_REF] Hivert | Muography sensitivity to hydrogeological rock density perturbation: roles of the absorption and scattering on the muon flux measurement reliability -Near Surface[END_REF]) or cosmogenic nuclide dating [START_REF] Mekhaldi | Multiradionuclide evidence for the solar origin of the cosmic-ray events of AD 774/5 and 993/4[END_REF] [START_REF] Dunai | Cosmogenic Nuclides: Principles, Concepts and Applications in the Earth Surface Sciences[END_REF].

The primary CR spectrum extends up to than 10 10 GeV [START_REF] Becker Tjus | Closing in on the origin of Galactic cosmic rays using multimessenger information Author links open overlay panel[END_REF], thus energy ranges of interest for simulation of particle interactions in the Earth's atmosphere differ depending to purposes. At low energy, i.e. less than a few dozen GeV, primary CRs concern mainly impacts on human beings and instruments, which also include contributions induced by solar events. Concerning the high energy CRs (more than 10 GeV) and studies of associated extensive atmospheric shower (EAS), they led to fundamental contributions in the field of CR physics and laid the foundation of high-energy particle physics. Moreover, high energies also allow studying astrophysical sources of CRs, gammarays and neutrinos. It is therefore important to specify that this work focuses on the low-energy events with impact on humans and instrumentation.

Nuclear transport tools were proposed [START_REF] Agostinelli | Geant4: A simulation toolkit[END_REF][11] [START_REF] Heck | CORSIKA: A Monte Carlo Code to Simulate Extensive Air Showers[END_REF][13] to investigate EAS, including contributions of high energy CRs. Dedicated platforms or methods, based on these tools, have also been proposed [START_REF] Desorgher | ATMOCOSMICS: A GEANT4 code for computing the interaction of cosmic rays with the Earth's atmosphere[END_REF] [START_REF] Desorgher | The Planetocosmics Geant4 application[END_REF], among which the most advances take into account the magnetic field, the atmosphere and the soil. As regards the effects, and more particularly the dose exposure, methodologies were developed, such as CARI, EPCARD, FREE, PC-AIRE, SIEVERT or AVIDOS [START_REF] Anderson | Flight attendant radiation dose from solar particle events[END_REF][17] [START_REF] Clairand | The SIEVERT system for aircrew dosimetry[END_REF][19] [START_REF] Mertens | Development of the Nowcast of Atmospheric Ionizing Radiation for Aviation Safety [NAIRAS] model[END_REF]. These approaches use the results of radiation transport calculations by considering contribution of low energy primary CRs. All these methods are dedicated to calculate the effective dose (or ambient dose equivalent) for any geographic location and for the whole cycle of solar activity, and are extensively validated by numerous on-board aircraft measurements. Complementary approaches, like NAIRAS [START_REF] Latocha | AVIDOS--a software package for European accredited aviation dosimetry[END_REF], propose to predict real-time atmospheric exposure from GCR and solar energetic particle events. The solar energetic particles (SEP) spectrum is derived using ion flux measurements taken from the NOAA/GOES and NASA/ACE satellites. Transport of the CR particles through the magnetosphere is estimated using the CISM-Dartmouth particle trajectory geomagnetic cutoff rigidity code, whereas CR transport through the neutral atmosphere is based on analytical solutions of coupled Boltzmann transport equations. A Single Event Effect (SEE) is an electrical disturbance that disrupts the normal operation of a circuit. It is caused by the passage of a single energetic primary or secondary particle and can take on many forms. Single Event Upsets (SEUs) are non-destructive soft errors, and, they normally appear as transient pulses in logic or support circuitry, or as bitflips in memory cells or registers. The risk was quantified by measuring a so-called Soft Error Rate 2 (SER), defining the effect number per time unit. Multi-scale modeling and physics-based Monte-Carlo simulations have also been developed in the last decades [START_REF] Reed | Anthology of the Development of Radiation Transport Tools as Applied to Single Event Effects[END_REF] to predict SER. These approaches are a way to analyze the mechanism at semi-conductor or electrical levels and determine their occurrence trend as a function of technological roadmaps. One of the interests of prediction tools, such as MRED, SEMM, or MUSCA SEP3 [START_REF] Hubert | Operational SER calculations on the SAC-C orbit using the multi scales single event phenomena predictive platform [MUSCA SEP3[END_REF] [START_REF] Hubert | Single-event transient modeling in a 65-nm bulk CMOS technology based on multi-physical approach and electrical simulations[END_REF], is to anticipate the sensitivity trends with the aim of helping designers to harden the layout considering performances and reliability.

Developing a global platform aiming to simulate CRs and their impacts would imply to consider specific scientific tools for each physical field. The particle transport is central because it concerns the simulation of the EAS and the simulation of the energy deposition in matter (semiconductor, soil, biological cells, etc.). The MC nuclear transport codes are a common and accurate method with minimal approximations, but the disadvantage of this level of detail is the CPU time, in particular for simulation of EAS. These tools require a detailed description of scenes, devices, circuits or materials. This paper presents a modeling platform, named ATMOS-CORE (ATMOspheric-level Simulation of COsmic Rays and their Effects), which aims to cover all fields without directly using nuclear transport codes or semiconductor/circuit simulators, but based on pre-calculated databases and physical models. An advantage of this approach is to allow computation using a laptop with an ordinary configuration, i.e. with an Intel® Xeon processor, 3.6 GHz and 8 GB of RAM, was used for all calculations performed and presented in this paper. A first class of pre-calculated databases contains all details of EASs, i.e. the secondary CRs with their energetic and angular properties as well as the cosmogenic nuclide productions (limited to a few isotopes of interest such as 14 C and 10 Be). A second class of databases contains details of the particle interactions (i.e. neutron, protons and heavy ions) in the material used in the semiconductor industry. This pre-calculated database describes the 3D-morphology of the energy deposited in the semiconductor material induced by the crossing of the particle, depending to the energy and to the angular properties. All pre-calculated databases were associated with physical models, firstly for the primary CR spectra and secondly for the physical mechanisms at semiconductor/circuit levels. This paper presents application cases in the fields of the atmospheric CR, of Single Event Effects, of the ambient dose equivalent assessment and of the cosmogenic nuclide production used for dating.

Global approach and computational method

Overview of the methodology

An overview of the methodology is presented in Fig. 1. (a) as well as the description of the primary CR spectrum including the galactic and solar contributions (b) The CRs transport and production in the atmosphere is based on pre-calculated databases developed with the Geant4 nuclear transport tool. In the same way, the production rate of the cosmogenic nuclides only focuses for 14 C, 10 Be and 36 Cl isotopes are also described using a pre-calculated database. Concerning the effect induced by secondary CRs, (c) the ambient dose equivalent can be easily deduced by using specific fluence-to-dose conversion coefficients depending to the particle, its energy and angular properties. (d) The assessment of SEE risks implies to consider some physical processes. The approach consists in transporting the particle within the device and the primary or secondary ion energy loss along the path. Pre-calculated databases are generated thanks to SRIM and Geant4 tools for the ionizing and nuclear processes, respectively. Physical models issued from TCAD simulations are used to calculate the transient currents or charges that are collected at each electrode of the circuit. These transient pulses and/or charges (in ampere and coulomb units, respectively) can finally be injected into a circuit simulation to investigate pulse propagations.

Computational method

The aim of the ATMOS-CORE platform can be declined according to four fields of interest: 1) the computation of atmospheric secondary CR spectra (neutrons, protons, muons and electrons), 2) the assessment of the SEE risk, 3) the assessment of the ambient dose equivalent and 4) the calculation of the cosmogenic isotope production. The calculation of the secondary CR spectra is the keystone of the simulation flow. The flowchart of ATMOS-CORE is presented in Fig. 2. The first step consists in defining the GCR and SCR spectra, and the second to consider the transport in the atmosphere thanks to the Geant4-EAS database containing details of EASs. The altitude is handled with the Geant4-EAS database while the geomagnetic coordinates and the solar modulation of GCR need a post-processing step to be taken into account. Finally, the spectra of secondary CRs can be determined as a function of the altitude h, the geomagnetic latitude RC and the solar modulation potential φ(t).

For the ambient dose equivalent assessment, spectra are directly coupled with the fluence-to-ambient dose equivalent conversion coefficients * ( ) H k f E , which are known for most particles of interest and with the energy ranges related to atmospheric radiations. The ambient dose equivalent can be assessed by coupling these coefficients with the differential spectrum of secondary particles / E δϕ δ . The ambient dose equivalent * ( ) k H t relative to the particle k is described by equation 1:
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Concerning the SEE modeling, two main physics are considered: the interactions of particles in silicon including the radial distribution of deposited charges, and the transport-collection mechanisms, including nanoscale technologies. This part is based on MUSCA SEP3 (referenced in Fig. 2). The device is defined in a universe containing several volumes characterized by a set of pairs (polygon, thickness). Each polygon corresponds to a sensitive zone, i.e. a transistor drain likely to disturb the cell electrical state by charge collections. It is possible to consider a GDS design file (i.e. the topological implantation of transistors) and to extract all the polygons. Passivation/metallization layers composed of SiO2, Al, W or Cu can be considered thanks to a layered and parallelepiped description including 3D topological implantation and material type. A Monte-Carlo approach allows to consider random configurations (i.e. location in the device and angular properties), and to calculate the particle path in the 3D device description. Using the Geant4-SEE and SRIM-SEE databases, the charge depositions near the sensitive zones are calculated. Considering the transport/collection TCAD model, the charge levels or the transient pulses are calculated. By applying a SEE criterion or a circuit model, it is possible to determine the effect related to the configuration.

The SEE cross section σSEE, k(E) is calculated for the particle k and the energy E. Conventional predictive approaches are mainly based on average calculations and, for instance, the SEE cross section is calculated using equation 2: , , ( ) ( )
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where NSEE,k(E) and ϕ ∞ are respectively the event's occurrence number and the particle's fluence. This corresponds exactly to the method used to experimentally measure the cross section. Another approach, therefore, consists in of defining the probability to observe a given number of SEEs during a given integrated time and for a given flux level. If the event occurrence is a perfectly random and uniform process, it will follow a Poisson distribution, defined by: , , ( ) ( , )
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where n is the average number of events, ni the number of events and PSEE,k(ni, E) the probability of observation of ni events considering the particle k and the energy E. This approach can be extended to a spectrum ( )
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∆t is the integrated time, E is the energy and ( , , )
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k(E) representative to the particle type and their energy ranges, allow to assess SEE risks for a high number of paths.

One of the opportunities is to permit a statistical risk analysis. Thus, SEE modeling allows to determine a set of cross sections for one or more particles k and for several energies, they are named σSEE, k(E). From the cross section and the secondary spectral fluence rate, it is possible to calculate the SER relative to the particle k thanks to equation 5. Moreover, the global risk SERflight for an operational flight and by combining all particle contributions can be deduced when a mission profile is described by a temporal succession of positions (latitude l, longitude L and altitude h).

( )

, , , , : , , , , , ( ) ( ) and ( 
)

k C k SEE k spectrum flight k path k n p µ e path lat Long h E h R t SER t E dE E SER SER t d δϕ σ δ = = = ⌠  ⌡ ∑ ∫ (5) 
The database named DDR-flight was used for the mission profile. It contains realistic flight paths issued from the Eurocontrol Demand Data Repository (DDR2) [24] and considers realistic flight plans with and without regulations or updated with radar data from CFMU (Eurocontrol Central Flow Management Unit). These trajectories are available in different states: 1) M1: from Flight Plan, 2) M2: M1 with regulations and 3) M3: Flight Plan updated with CFMU. Each path is characterized by geophysical locations (time, longitude, latitude and altitude), airplane type, city of departure and arrival. The database structure implies that the relative frequency of each route is respected, thus it provides reliable statistics with regard to the aeronautical activities. This primary database contains around 120,000 flight paths and characteristics, representative of the European international air traffic during one typical week.

Physical models and pre-calculated databases

Galactic and solar Cosmic Ray models

In 1965, Parker was the first to provide a detailed physical description of GCR modulation induced by the variation of the solar activity. The transport of charged particles is governed by a complex Fokker-Planck equation. The main hypothesis of this model is that GCRs reach the heliosphere isotropically and once inside, they face the solar wind and the coronal mass injection (CMI). In the spherical coordinates of a heliocentric system assuming isotropy of the distribution in momentum space, Fokker-Planck's Equation [START_REF]Cosmic-ray Modulation Equations[END_REF] is written as follows:
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The Fokker-Planck equation can be simplified by considering some hypotheses described in [26][27]. GCR spectra were formalized with various approximations, mainly the force-field [START_REF] Gleeson | Solar Modulation of Galactic Cosmic Rays[END_REF] and the convection-diffusion ones.

For GCR models based on the convection-diffusion approximation, the spectral flux is specified by means of fully ionized nuclear isotopes ranging from hydrogen to nickel at 1 AU. The Badhwar-O'Neill 2014 model [START_REF] O'neill | Badhwar-O'Neill 2014 Galactic Cosmic Ray Flux Model Description[END_REF] is based on the assumption of a radially symmetric transport equation through the heliosphere. The time dependence of this model is also parameterized through the solar modulation potential, which is further related to the International Sunspot Number [START_REF] O'neill | Badhwar-O'Neill 2014 Galactic Cosmic Ray Flux Model Description[END_REF] as a proxy for the magnetic strength of the Sun. All details are given in [START_REF] Matthiä | A ready-to-use galactic cosmic ray model[END_REF]. The local interstellar spectrum (LIS) of particles outside the heliosphere assumes a three-parameter model for each ion. With the 2014 version of the Badhwar-O'Neill model, the parameters used to define the LIS spectrum for each of the 28 ions from hydrogen to nickel have been optimized so that the model fits experimental measurements of GCR ions within the heliosphere. Then, special emphasis is given to high energies as these particles are more penetrating in shielding [START_REF] Slaba | GCR environmental models I: Sensitivity analysis for GCR environments[END_REF].

Alternatively, in the case of the force-field approximation, a quasi-analytical method was proposed to describe the modulation with a reduced number of parameters. The most recognized models are the International Organization for Standardization (ISO) 15390 or the German Aerospace Center (DLR) models [START_REF] Matthiä | A ready-to-use galactic cosmic ray model[END_REF]. These models are compared to the most recent data available from the Alpha Magnetic Spectrometer (AMS) [START_REF] Aguilar | Precision measurement of the proton flux in primary cosmic rays from rigidity 1 GV to 1.8 TV with the alpha magnetic spectrometer on the international space station[END_REF] which is currently taking measurements from the International Space Station (ISS). The ISO semi-empirical model [START_REF]International Organization for Standardization (ISO), Space Environment (Natural and Artificial), Galactic Cosmic Ray Model, Standard[END_REF] is based on previous works [START_REF] Nymmik | Characteristics of galactic cosmic ray flux lag times in the course of solar modulation[END_REF]. It considers a parametric description of each spectrum at 1 AU of the ion i, in using three parameters (named Ci, γi, and αI by authors) and as a function of the rigidity R [START_REF] Nymmik | Characteristics of galactic cosmic ray flux lag times in the course of solar modulation[END_REF]. In the DLR model [START_REF] Matthiä | A ready-to-use galactic cosmic ray model[END_REF], the energydifferential GCR fluxes at 1 AU for a particle type i with energy E for solar modulation index W, ϕi,1AU(E,W) can be calculated on the basis of force-field formalism. This model is close to the ISO one, but it integrates a rigidityindependent free parameter that is fit to neutron monitor [START_REF] Maurin | Neutron monitors and muon detectors for solar modulation studies: Interstellar flux, yield function, and assessment of critical parameters in count rate calculations[END_REF] [START_REF] Ghelfi | Neutron monitors and muon detectors for solar modulation studies: 2. ϕ time series[END_REF] and/or GCR measurements. All parameters were investigated in [START_REF] Matthiä | A ready-to-use galactic cosmic ray model[END_REF], using the ACE/CRIS data (Advanced Composition Explorer spacecraft by the Cosmic Ray Isotope Spectrometer instrument).

Solar events can induce several effects on the atmospheric radiations. Forbush decrease (FD) is a rapid decrease in the observed GCR intensity following a coronal mass ejection while Ground Level Enhancement (GLE) is induced by a strong solar event for which the flux of high-energy solar particles is sufficient to enhance the radiation level on the ground. During a GLE, solar proton spectra can extend up to 1-10 GeV, inducing additional cascades of particles in the atmosphere. The SCR can be expressed by equation 7:
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The term ( , ) S E t is the differential SCR rigidity spectrum in a solid angle of asymptotic direction while the term ( , , ) R t Ψ Ω reflects the distribution of solar cosmic ray particles at the top of the atmosphere during the solar event.

The differential SCR rigidity spectrum can be expressed by: ( , ) ( , )
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is the proton rest energy. The anisotropy function corresponds to the SCR distribution at the top of the atmosphere during the GLE event, and it can drastically evolve with time and location. From the point of view of solar particles, the anisotropy reflects their arrival in the vicinity of the Earth after propagation in the interplanetary magnetic field. The many measurements performed by NMs since the 1960s have allowed investigating anisotropies [START_REF] Plainaki | Modelling ground level enhancements: Event of 20 January 2005[END_REF] and their dynamics for various GLE events, particularly the GLE 69. The anisotropy function can be described thanks to:

2 2 ( ) sin 2 ( , ) a n t t e Ω   -     Ψ Ω = (9) 
Where ( ) a n t is the anisotropy index characterizing the width of the solar particle beam. When the value of ( ) a n t is high, this corresponds to a straight solar particle beam, conversely, when it tends to the value of 1, there is anisotropy. Considering the anisotropy function and the differential SCR rigidity spectrum, the differential SCR energy spectrum can be expressed by:
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Primary CRs transport in the Earth atmosphere (Geant4-EAS database)

Method and structure

The primary spectrum, composed of GCRs and SCRs, is transported in the atmosphere. The Geant4-EAS simulations aim at determining the spectrum of secondary particles in an energy range from low energy to several GeV. It is necessary to consider various altitudes from 0 km (sea level) to +45 km. Geant4 was used with the QGSP_BIC_HP physics user list, implying the following models: Quark Gluon String with Precompound -Binary Intranuclear Cascade and High Precision cross sections from the ENDF-VI library. Other nuclear transport tools could have been used to simulate the EAS, such as CORSIKA [START_REF] Heck | CORSIKA: A Monte Carlo Code to Simulate Extensive Air Showers[END_REF] or FLUKA [START_REF] Ferrari | FLUKA: A Multi-Particle Transport Code[END_REF]. The physical models are the same in the field of interest of this problematic. The first version of these databases was presented in previous works [START_REF] Hubert | Radiation effects investigations based on atmospheric radiation model (ATMORAD) considering GEANT4 simulations of extensive air showers and solar modulation potential[END_REF], but upgraded databases were recently developed to consider the angular properties of secondary ions. Indeed, taking these properties into account can be essential in the risk assessments, whether it is SEE or ambient dose.

The atmosphere was modelled with 47 concentric spherical shells characterized by their densities and thickness, in accordance with the ISO model [START_REF]ISA: Atmosphere type, International Standard Organization[END_REF]. In each layer, the atmosphere is composed of 78 % dinitrogen, 21 % dioxygen and 1 % argon, and it is characterized by physical properties as pressure, temperature and density. Rather than considering a reference primary spectrum, the simulations are performed individually for a set of discrete energies, angles of incidence and considering protons and alpha. This approach has the advantage of allowing a recomposition of any primary spectra. The objective of each simulation (primary particle, energy and angle) was to consider Ni primary particles and to determine the number of secondary particle k with energy Ei, per area per primary particle and per kinetic energy unit. Nine primary particle incidence angle ranges (between θl and θl+1) were considered with a step of 15°, requiring the introduction of a solid-angle weighting factor.

The fluence of a secondary particle k, in the energy range g, is defined by

1 g g g k k k E E E + ∆ = -
for the altitude h.

The angle range referred by l and considering Ni, primary CRs i with energy Ei, is noted
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Finally, the number of secondary CRs k with energy Ek, per kinetic energy unit per area per primary CR with energy Ei, is deduced thanks to equation 11:
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As mentioned in the introduction, the CR spectrum extends up to > 10 10 GeV. The primary particle fluxes decrease with energy, for example the order of magnitude of the primary proton fluxes are 1 particle m -².s -1 , 1 particle /km²/year and 1 particle /km²/century for the energies of 1 TeV, 10 6 TeV and 10 8 TeV, respectively. It is therefore important to question the validity of a cutoff energy beyond which contributions on secondary CR showers can be neglected. Fig. 3 presents the dose rate function integrating all secondary contributions as function of the energy of primary CRs and for altitudes ranging from sea level to 45 km. Results are issued from Geant4 simulations considering a solar potential of 0 GV and quiet solar conditions. The most effective energy of primary CRs for the dose rate depends on the altitude. The peak corresponding to the most effective energy moves toward higher energies with decreasing altitude, being about 3 GeV/nucleon at 12 km. at the sea level, the differential dose rate function has a flat top in the energy range 5-40 GeV/n. A cutoff energy of 1 TeV/nucleon was considered, which has gained consensus in most of works on EAS simulations applied to impacts on humans and instrumentations. For secondary energies, neutrons were scored in 70 energy ranges g from 1 meV to 100 GeV while protons, muons and electrons were scored in 25 energy ranges from 1 MeV to 100 GeV. Thus, a Geant4-EAS database was developed containing data for altitudes ranging from sea level up to +45 km and considering six groups of zenith angles to handle the primary particle incidence. 

Secondary spectra deduced from the Geant4-EAS database

The secondary spectrum can be determined as a function of the altitude, the longitude, the latitude and the Solar activity. The first step consists in defining the GCR and SCR spectra, and the second in considering the transport in the atmosphere thanks to the Geant4-EAS. Altitude is handled with the Geant4-EAS database while the geomagnetic coordinates and the solar modulation of GCR need a post-processing step to be taken into account. Finally, the spectrum depends on the altitude h, the geomagnetic latitude RC and the solar modulation potential φ(t). The time dependence reflects the dynamics of the solar modulation potential.

The next step manages to reconstruct the secondary differential spectra using the secondary fluences per primary

( ) , , , i l k g k E h
ϕ . Thus, the database containing the term
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η was used taking into account the specific conditions induced by the geomagnetic location and the altitude. Indeed, the vertical cutoff rigidity RC value depends on the geomagnetic coordinates, but also on the period because of the drift of the terrestrial magnetic dipole. The vertical cutoff rigidity value implies to consider a cut-off energy EC,i expressed in GeV/nucleon for each type of primary ( i.e. proton and alpha). These cut-off energies are expressed by: ( )
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In which 0 E is the rest mass (0.938 GeV/nucleon). It is important to mention that the use of vertical cutoff rigidity can induce inaccuracy in calculations [START_REF] Smart | A review of geomagnetic cutoff rigidities for earth-orbiting spacecraft -2005. Solar Wind Magnetosphere-Ionosphere Dynamics and Radiation Models[END_REF].

Once the value of the solar potential φ(t) is extracted to express the GCR spectrum Ji(Ei, φ(t)) and the Geant4-EAS database is fully developed, the differential spectrum for the secondary particles k, for the altitude h and the geomagnetic latitude RC can be deduced using equation 6 including a sum on the angular distribution and the primaries:
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ST is the surface defined by 4π(RT+hmax) 2 , i.e. the upper atmospheric layer which is equal to 5.249×10 14 m². The radius RT of the Earth is equal to 6378.14 km, hmax is the thickness of the atmosphere considered as 85 km in our simulations and Ω(θl , θl+1) characterizes the primary ratio in the incidental angle between θl and θl+1.

Validation and performance

Main nuclear transport codes (such as Geant4, MCNPx, Corsika and FLUKA) were compared in the framework of benchmarks, generally by considering simplified cases (geometry, source etc.). ATMOS CORE combines a number of steps based on physical models and pre-calculated databases, whose relevance must be evaluated. This particularly true regarding the nuclear transport physics reduced to pre-calculated databases whose uses concern the EAS simulation and the morphology of charge generation in semiconductors. Fig. 5 presents the neutron fluence rate in lethargic representation at the altitude of 20km, obtained with the EAS database in comparison with the corresponding data calculated using full Geant4 simulation. In both cases, the primary spectrum was preliminary calculated considering a location close to the magnetic pole (i.e. cutoff rigidity = 0 GV) and a solar potential of 400 MV. The neutron fluence rate peak in the evaporation and in the cascade peaks are around 1 MeV and 100 MeV, respectively. 10 4 primary particles were considered for the full-Geant4 simulation with a total computational time on the order of one week. The ATMOS CORE approach needs a preliminary step of building the EAS database, very costly in term of computation time. Indeed, a very large number of simulations are required to take into account the particle species, the angular properties and the physical model (for information: 2 primary types × 18 energy values × 9 angular domains × 2 physical models = 648 calculations). For each calculation, the number of primary particles drawn should generate a statistically sufficient number of secondary particles, the computational time increasing with the incident particles energy. Therefore, a decreasing number of drawn particles is established with the kinetic energy ranging from 10 6 at 100 MeV up to 10 4 at 1 TeV. The benefit of the pre-calculated database is a very short computation time for a given configuration (altitude, cutoff rigidity, solar conditions). It then becomes to consider a large number of configurations, while respecting the nuclear transport physics.

Fig. 5. Neutron fluence rate (in lethargic representation) obtained with the EAS database integrated in ATMOS CORE in comparison with the corresponding data calculated suing Geant4 simulation. In both cases, the primary spectrum was preliminary calculated considering an altitude of 20 km, a location close to the magnetic pole (i.e. cutoff rigidity = 0 GV) and a solar potential of 400 MV.

Concerning the CPU execution time, defined as the event time of the simulation per primary CR, it varies with the primary energy. It takes much longer CPU time for tracking particles obtained for high energy. Table I presents the average CPU execution time as a function of the primary proton energy from 100 MeV to 1 TeV. The average value was obtained by dividing the total simulation time by the total number of particles. All the calculations were performed using a standard laptop with an Intel® Xeon processor, 3.6 GHz and 8 GB of RAM. 

Single Event Effect modeling using Geant4-SEE and SRIM-SEE databases

Method and structure

The SEE risk is quantified using the SEE cross section σSEE or the SER, expressed in effects per cm 2 and effects per time unit, respectively (see equations 2 and 5). In ATMOS-CORE, the SEE modeling is based on the MUSCA SEP3 methodology which was presented in previous works [START_REF] Hubert | Operational SER calculations on the SAC-C orbit using the Multi SCAles Single Event Phenomena Predictive Platform (MUSCA SEP3)[END_REF] [START_REF] Hubert | Single-Event Transient Modelling in a 65-nm Bulk CMOS Technology based-on Multi-Physical Approach and Electrical Simulations[END_REF]. It is based on a Monte-Carlo method, which consists in sequentially modeling all physical mechanisms involved in the SEE occurrence, from the system scale down to the semiconductor target. This approach allows considering the device, as well as its local and global environment (including shielding, package, etc.). The device description includes the active zones (topology, layout and dimensions), passivation and metallization layers.

The MC approach consists in transporting the particle within the device. The primary or secondary ion energy loss along the path is simulated using the stopping powers pre-calculated with the SRIM code [42]. The simulation of nuclear reactions induced by primary protons or neutrons is performed by inputting pre-calculated (using Geant4 [42]) nuclear reactions for various incident energies and material. Both databases (SRIM-SEE and Geant4-SEE, respectively) have various incident energies and materials, and it is possible to include additional ones. An important point concerns nanoscales for which it is necessary to describe the 3D morphology of the energy deposition. All details of 3D-morphology [START_REF] Raine | Implementing Realistic Heavy Ion Tracks in a SEE Prediction Tool: Comparison Between Different Approaches[END_REF] [START_REF] Hubert | Impact of the Radial Ionization Profile of proton on SEU Sensitivity of nanoscale SRAMs[END_REF] are contained in the Geant4-SEE database. Finally, primary and secondary ions are responsible for the production of electron-hole pairs in the device. The simulation toolkit Geant4 is a suitable tool to model the microscopic pattern of energy deposition related to an ionizing particle track structure. It allows conducting a detailed modeling of the trajectory of all secondary particles. The extraction of the track information includes details of each primary and secondary particles including the name, the parent's ID, the ID, the kinetic energy, the particle's coordinates before and after the step and the deposited energy. These data allow describing the 3D morphology of the deposited energy along the proton path in silicon. Each combination defines a specific database which contains 10 3 to 10 4 events for which the realistic track structures are detailed. The next step is to simulate the transport and the collection mechanisms inducing collected charge or transient pulses in sensitive nodes. Physical models are developed using TCAD simulation [45] (i.e. a functional simulation of the device considering Poisson and continuity equations). By associating charges/transients with occurrence criteria or circuit simulation [START_REF] Touré | Simulation of Single and Multi-Node Collection: Impact on SEU Occurrence in Nanometric SRAM Cells[END_REF], the impact of the particle can be deduced.

The SER calculation involves associating the radiation field spectrum, its associated SEE cross section, the angular properties, and the material environment. Fig. 6 presents the file structures devoted to describing the nuclear reaction details (secondary particle type, energy and angular properties), and the 3D-track reflecting the energy deposition induced by the secondary electrons. 

Validation and performance

To validate the consistence of the Geant4-SEE database, a simplified configuration is proposed to compare the charge deposition in a silicon volume, in comparison with full Geant4 simulations. The method considers a silicon cube characterized by its thickness hsi and its surface Ssi. The analysis proposes to consider protons entering at a random location of the surface of the silicon volume (Fig. 7), allowing to investigate the spectrum of the deposited charge as a function of the silicon volume. the collected volume. The main peaks are due to a significant part of the track center being located in the sensitive volume. Results show the high variability of the deposited charge in the sensitive volume, and a good relevance between both the approaches. Concerning the CPU execution time, defined as the event time of the simulation per ion track, it varies with the ion species and energy. The number of drawn particles decreases with the atomic number, ranging from 10 5 for Z < 14 up to 10 3 for Z > 36. The Geant4-SEE database can be enriched with new ion (atomic and mass numbers) and for complementary energies. The process is costly in terms of computation time in the preliminary step of building the Geant4-SEE database, unlike the full Geant4 simulation which is costly in terms of computation time, the use of the database is very fast.

Fig. 7. : Distribution of deposited charge induced by 1 MeV protons entering in a silicon volume characterized by a constant thickness equal to 100 nm and for two surfaces (25 x 25 and 100 x 100 nm², respectively). Comparisons of results obtained using the Geant4-SEE database (line) and the full-Geant4 simulations (points).

Equivalent ambient dose assessments and cosmogenic nuclide dating

From the differential spectra ( )

, , , / k C E h R t E
δϕ δ , it is possible to calculate the ambient dose equivalent * [START_REF] Agostinelli | Geant4: A simulation toolkit[END_REF] i H thanks to specific fluence-to-dose conversion coefficients , ( ) [START_REF] Sato | Fluence-to-dose conversion coefficients for neutrons and protons calculated using the PHITS code and ICRP/ICRU adult reference for computational phantoms[END_REF]. These coefficients depend on the particle type and the energy. The total dose rate can be determined by the sum of each particle contribution and the total dose, by the integration along of the exposure duration. It is not possible to consider the angular properties in ATMORAD calculations, although this impacts the results. This hypothesis introduces inaccuracy in results.

H i k f E [47]
The ambient dose equivalent can be assessed by coupling these coefficients with the spectral fluence rate of secondary particles, and by considering a given flight route defined by its characteristics (latitudes, longitudes and altitudes).

The production rate of the cosmogenic nuclide j in the Earth's atmosphere at altitude h is calculated using particle spectra and cross section

( ) ijk E σ
defining the production of nuclide j from the target element i by particles of type k

with energy E. The cross sections

( ) ijk E σ
were those evaluated from many measurements and used in earlier calculations. The main target elements in the atmosphere are nitrogen, oxygen, and argon. Moreover, the interest focused on the production rate of 14 C, 10 Be and 36 Cl isotopes. Thus, a database named Geant4-Cosmogenic was developed to gather cross section values as a function of elements and energy.

The radioactive cosmogenic isotopes are widely used to date the exposure ages of rocks and soils. Geant4 simulations of rock allow to deduce the cross section ( , , )

j k E r d σ
which defines the production of the isotope i, induced by the particle k of energy E, considering the rock r and at depth d. Moreover, the lunar rocks have a considerable advantage because the Moon has no magnetic field and atmosphere. The same approach can be applied in considering directly GCR and SCR primary spectra.

Results and discussions

This section presents several fields of application to illustrate the capability and relevance of the platform. In most cases, results issued from calculations were compared with experimental data issued from previous investigations. Moreover, new experimental data were presented concerning a simple detector (Liulin-type) embedded during a round trip flight from Toulouse to Brest via Lyon. Calculation times are not a limiting factor compared to those that full transport simulations would have required.

Secondary CR assessments

Secondary CRs and cosmogenic isotope production

In a previous study [START_REF] Goldhagen | Measurements of the energy spectrum of cosmic ray induced neutrons aboard an ER-2 high-altitude airplane[END_REF], neutron spectra measured onboard the NASA ER-2 airplane in 1998 were presented. Thus, Fig. 8 compares measurements and calculated spectrum using the Geant4-EAS database, a solar potential of 405 MV, a cutoff rigidity of 4.3 GV and an altitude of 11.9 km. A good agreement between spectra derived from calculations and experiment is obtained, for the epithermal, evaporation and cascade neutron energy domains. Concerning the thermal domain (i.e. from low energy to 0.4 eV), significant differences are observed, they result from the fact that the simulation does not take into account the details of the cabin. Calculated cosmogenic nuclide production rates in the atmosphere were presented in previous works [START_REF] Masarik | Simulation of particle fluxes and cosmogenic nuclides production in the Earth's atmosphere[END_REF] [START_REF] Poluianov | Production of cosmogenic isotopes 7Be, 10Be, 14C, 22 Na and 36Cl in the atmosphere: Altitudinal profiles of yield functions[END_REF], including different species as 7 Be, 10 Be, 22 Na, 14 C or 36 Cl. Nevertheless, the most investigated cosmogenic isotope is 14 C for which the nuclear reaction 14 N(n, p) 14 C contributes to more than 99 % to the total production. Calculations also depend on physical parameters such as the modulation parameters or the considered primary CRs. Table II summarizes results presented in previous works and issued from the Geant4cosmogenic database. The production rate is calculated by integration over the atmospheric column and the Earth's surface (i.e. latitude and longitude). Orders of magnitude are relatively close whatever the approach. In results presented in [START_REF] Masarik | Simulation of particle fluxes and cosmogenic nuclides production in the Earth's atmosphere[END_REF] [START_REF] Masarik | Terrestrial cosmogenic-nuclide production systematic calculated from numerical simulations[END_REF], only interactions of primary protons were simulated while the primary alpha contribution was taken into account in considering a multiplication factor. In [START_REF] Masarik | An updated simulation of particle fluxes and cosmogenic nuclide production in the Earth's atmosphere[END_REF], results were based on an extended model upgrading CRs and nuclear data. The most achieved study was proposed in [START_REF] Poluianov | Production of cosmogenic isotopes 7Be, 10Be, 14C, 22 Na and 36Cl in the atmosphere: Altitudinal profiles of yield functions[END_REF], which proposed computations based on yield functions for detailed altitude profiles and modulation values. This gives a broad enough base to make comparisons. The production rate of 14 C calculated with the Geant4-cosmogenic database is of 2.04 isotopes /m²/s, by considering a modulation of 550 MV. This does not constitute a new result, but simply a preliminary one allowing to validate the relevance of the calculated production rate. Nevertheless, taking into account their links, all relevant results obtained for cosmogenic isotope productions give credibility to CR assessments. [START_REF] Poluianov | Production of cosmogenic isotopes 7Be, 10Be, 14C, 22 Na and 36Cl in the atmosphere: Altitudinal profiles of yield functions[END_REF] and issued from the Geant4cosmogenic database. The rate is calculated by integration over the atmospheric column and the Earth's surface.

[51][52][53][54][55]

Reference

Modulation φ Production rate in 14 C /m²/s Damon et al., 1978, [54] 550 MV 1.99 O' Brien, 1979, [55] 550 MV 2.01 Lal and al., 1967, [53] 550 MV 1.80 Masarik et al., 1995, [50] 2.01 [START_REF] Masarik | Simulation of particle fluxes and cosmogenic nuclides production in the Earth's atmosphere[END_REF] 

Ground CR variations during the 20 January 2005 solar event (GLE 69)

The solar event occurring on 20 January 2005 (identified as the GLE 69) is the most recent large intensity event with the advantage of having been monitored on a large number of NMs. Fig. 9 presents the calculated CR variation In the both cases, the CR variation is defined as the ratio between the count rate measured/calculated during the event and the count rate measured/calculated before the event (quiet condition). The back line represents the ideal case where the calculated and measured CR variations are rigorously equal. Some discrepancies are observed, with an underestimation of CR variations, which may reflect an inadequate description of the anisotropy function. 

Effects induced by secondary Cosmic Rays

Single Event Effect in commercial flights

Various Commercial-Off-The-Shelf (COTS) SRAMs were exposed to neutron and proton facilities to investigate SEE sensitivities and study the impact of voltage scaling. The CY62167EV30LL-45ZXI CMOS SRAM manufactured by Cypress was particularly studied in the framework of ground and in-flight tests. From 2007 to 2012, an experimental platform including 1 GB memory built from this device was used for SEU detection during commercial flights, stratospheric balloon flights and in high-altitude stations. Details of technological analyses allow describing the elementary SRAM cell topology including transistor locations and surfaces. Thus, the cell area is around 1.02 µm² (1.2 µm × 0.85 µm) and drain surfaces have been estimated to be around 0.2 µm × 0.2 µm. The occurrence criterion is deduced from heavy ion and proton ground tests.

A large number of paths were extracted from DDR databases for flights, for which the experimental platform was embedded, i.e. Los Angeles -Paris, Buenos Aires -Paris and Madrid -Buenos Aires flights. Fig. 10(a) presents the distribution of the SEU number calculated for the Los Angeles -Paris flight path and considering more than 500 realistic flight trajectories. The measured SEU number is also displayed and shows good relevance with calculations. Fig. 10(b) presents a similar analysis for the Buenos Aires -Paris flight path. Path variabilities imply using a distribution to translate the SEU risk, and not an average value which refers to a single path. The measured SER was referenced and shows a good concordance with calculations. It is interesting to note the importance of the flight paths in the SER. For instance, for the Los Angeles -Paris flight, the minimum, average and maximum SEU numbers are equal to 5, 14.8 and 25, respectively. These differences are due to variations in altitude and latitude, which illustrates the importance of considering the path. 

Ambient dose equivalent assessment

Some in-flight experiments were performed for ambient dose equivalent and they allow comparing results obtained using ATMOS CORE. However, path details are rarely detailed and the approach consists in calculating the ambient dose associated with an uncertainty related to the path variability for the flight considered.

(a) Practical case based on Liulin-type detector

The Liulin-type detectors are 256-channel active silicon semiconductor spectrometers of energy imparted to its sensitive volume [START_REF]Report 85: Fundamental quantities and units for ionizing radiation[END_REF]. They use the HAMAMATSU S2744-08 PIN diode with an effective area of 10 mm × 20 mm and a thickness of 300 μm as the sensitive volume [START_REF] Dachev | Characterization of the near Earth radiation environment by Liulin type spectrometers[END_REF]. The relation between energy imparted to the sensitive volume and corresponding channel number is given in the energy range from 81.3 keV to 20.8 MeV as: ADC Channel No. × 81.3 keV. This calibration equation was obtained at the Heavy Ion Medical Accelerator (HIMAC) in Chiba, Japan [START_REF] Uchihori | Analysis of the calibration results obtained with Liulin-4J spectrometer-dosimeter on protons and heavy ions[END_REF] [START_REF] Dachev | Calibration results obtained with Liulin-4 type dosimeters[END_REF].

The detector was taken onboard during a round trip commercial flight from Toulouse to Brest via Lyon. The path was extracted from the DDR and presented in Fig. 11. Simulations include neutron, proton, muon and electron contributions on the ambient dose equivalent. Fig. 11 presents results dose rates measured during the flight, and the take-off, flight and landing phases are perfectly distinguishable. An increase in the ambient dose equivalent was observed on the flight from Lyon to Brest, while the cruising altitude was stationary. This is an effect due to the influence of the latitude. Calculated ambient dose equivalent using ATMOS CORE were also added in Fig. 11, and comparisons with data extracted from Liulin-type detector are satisfactory. Altitude and latitude effects are clearly observed. This approach will be repeated in the coming years to be further validated, particularly in the framework of transatlantic flights. (b) Ambient dose equivalent for selected flights Measurements recorded during long-range flights (from Europe to another continent) are available in some previous works. In [START_REF] Bentley | Monitoring cosmic radiation on aircraft[END_REF], the results of 3-year project aimed at monitoring the levels of cosmic radiations on long-haul flights operated by Virgin Atlantic Airways were presented. Thus, the CR monitor has been carried on more than 100 flights using A340 and B747 aircraft, offering a sufficient number of times to determine the range of doses experienced on that route, as a function of flight profile, time of year and solar activity. All flights are from or to London, with destination in Europe (Athens), Asia (Shanghai, Tokyo), North America (Boston, Chicago, New York, Los Angeles, San Francisco …) and Africa (Johannesburg). These data are therefore very interesting in order to validate the results from simulations.

Fig. 12(a) presents ambient dose equivalent in µSv, obtained by calculations and issued from measurements 

(c) Exploration of scenarios

The simulation also offers the possibility to explore specific scenarios and to improve the study of the risk due to the radiation exposure. The impact of solar flares is the most interesting scenario to study because it constitutes worst cases. Thus, analyses presented in Fig. 13 manage to assess by simulation the ambient dose equivalent for three flight routes considered (Paris -Los Angeles, Paris -New York and Paris -Tokyo) and considering a solar modulation of 700 MV. Dose levels were calculated for each path allowing to deduce the normalized distribution and to distinguish the direction of the flight (from and to Paris).

Differences in dose level for a given flight are significant, ranging from a factor of 2 to 4. For example, for the Los Angeles -Paris flight, the ambient dose equivalent varies from 20 to 60 µSv. Moreover, the East-West direction induced a larger dose level, which is due to the air stream. This difference is particularly perceptible for flights departing from or arriving in Los Angeles. In terms of average value, ambient dose equivalents are 59 and 51 µSv for the EW and WE direction, respectively. This difference is even more significant for Paris -Tokyo flights, with average values of 54 and 65 µSv. The same analyses were performed considering the GLE #69 (Fig. 14) for which the occurrence time is fixed 4 hours after the departure of the flights (for all trajectories and destinations). The impact of the direction observed for a quiet period is significantly amplified. For the Los Angeles flights, there may be a factor in the order of 6 in the dose level. For Paris -Tokyo flights, normalized distributions range from 50 to 280 µSv for the West-East (WE) direction, while the range is from 125 to 360 µSv for the East-West (EW) one. In other words, there may be a factor up to 5 on the ambient dose level induced by the path. This reflects the importance of physically modeling the impact of the GLE on an aircraft flight, in particular dynamic aspects, anisotropy or the realistic trajectory.

Results show that some paths are weakly sensitive to the impact of the GLE. This suggests that during extreme events, it should be possible to reroute the airplane to avoid radiation impacts. However, in the case of GLEs for which the solar particles are quasi-relativistic, it is not easy to anticipate this issue for current air traffic. Conversely, it is possible to propose recommendations to avoid certain geographic regions or latitudes. Focusing on the results obtained with GLEs, a very large asymmetry is observed for some flight routes, the most spectacular example concerning Los Angeles and Tokyo flights. The Paris -Los Angeles flights seem to be more affected by the direction than the Paris -Tokyo ones. Indeed, considering Paris -Tokyo flights and GLE #5, the average ambient dose equivalent values are 1146 and 420 µSv in the WE and EW directions, respectively. Moreover, results confirm that North-South routes are characterized by a relatively low dissymmetry, even during a GLE. In the specific case of North-South or South-North flights, complementary results show that the GLE impact on ambient dose levels is relatively limited, with an increase of up to 20%. This is primarily an effect of latitude since these routes cross tropical and equatorial latitudes. 

Conclusion

This paper presents a modeling platform, named ATMOS-CORE, allowing the investigation of atmospheric radiation fields and their effects. Effects concern Single Event Effect, ambient dose equivalent and the cosmogenic nuclide production assessments. The platform provides the atmospheric radiation fields and their dynamics, distinguishing the neutron, proton, muon and electron contributions. Spectra of secondary particles are in an energy range from low energy to several GeV, and for various altitudes from 0 km sea level) to +45 km. Simulations are based on pre-calculated physical databases, physical models and numerical methods. These fields of application are considered separately whereas nuclear transport simulations are systematically used, according to different scales and specifications. The publication of the code is not planned at this point, but scientific collaborations on its development and/or in the framework of research activity fields were conducted and are highly welcome.

Several fields of application were considered to illustrate the capability and relevance of the platform. In most cases, results issued from calculations were compared with experimental data issued from previous investigations. Moreover, new experimental data were presented concerning a simple detector (Liulin-type) embedded during a round trip flight. In function of the mission profile, it is possible to calculate the SEE risks and the ambient doses equivalent. CR variations were simulated during solar events and compared with measurements. Orders of magnitude demonstrate the relevance of CR simulations in the atmosphere. Practical cases of SEE and dose measurements were considered. The flight path is rarely known, implying to consider the path variability in calculations then introducing uncertainties. Orders of magnitude of SEE risks and ambient dose assessments are consistent with experimental data, with acceptable deviation. The platform offers the opportunity to address several scientific or technical fields with single software whose core is based on nuclear transport simulations. 

Fig. 1 .

 1 Fig. 1. Overview of the methodology, from the primary CRs to their impacts: the primary CRs description based on a physical model (a), the transport of primaries in the Earth atmosphere by using pre-calculated databases (b), the assessment of ambient dose based on fluence-to-dose conversion coefficients (c) and calculations of the SEE risks using pre-calculated databases and physical models (d).

Fig. 2 .

 2 Fig. 2. The flowchart of the ATMOS-CORE platform is based on four parts: the computation of atmospheric secondary CR spectra (neutrons, protons, muons and electrons), the assessment of the SEE risk, the assessment of the ambient dose equivalent and the calculation of the cosmogenic isotope production.

Fig. 3 .

 3 Fig.3. Dose rate function in the atmosphere as function of primary CR energy (in GeV/n) for several altitudes from sea level to 45 km. The solar potential is equal to 0 GV and the quiet solar condition is considered.

Fig. 4

 4 presents the file structure (Geant4-EAS database) which contains the fluence MeV/nucleon primary proton flux having an incidence angle in the range from 30° to 45°. For each concentric spherical shell, neutron, proton, muon and electron fluences rate are given as a function of their energies. The 3D-map plots neutron fluences rate as a function of the altitude and the energy. The color bar scale corresponds to the fluence rate level of the secondary particle k (k = neutron in this case) per surface unit and per time unit (cm - 2 .s -1 ). The GCR and the SCR spectra are folded with the Geant4-EAS database in order to obtain the differential spectrum k which depends on the energy Ek, the altitude h, the cut-off rigidity RC and the time reflecting the solar activity i.e. the solar potential value.

Fig. 4 .

 4 Fig.[START_REF] Morishima | Discovery of a big void in Khufu's Pyramid by observation of cosmic-ray muons[END_REF]. File structure which contains the fluence (Geant4-EAS database), for a 500 MeV/nucl primary proton having an incidence angle in the range from 30° to 45°. The 3D-map plots neutron fluences as a function of altitude and energy.

Fig. 6 .

 6 Fig. 6. Geant4-SEE database. Example of file structures describing (a) the nuclear reaction details (secondary particle type, energy and angular properties) and (b) the 3D track reflecting the energy deposition induced by the secondary electrons.

Fig. 7

 7 Fig.7presents the distribution of deposited charge induced by 1 MeV protons entering in a silicon volume characterized by a constant thickness equal to 100 nm and for two surfaces (25 x 25 and 100 x 100 nm², respectively). The first peak corresponds to the case when just a part of peripheral electron-hole pairs are located in

Fig. 8 .

 8 Fig.8. Atmospheric neutron spectrum measured during the NASA ER-2 flight in 1998[START_REF] Goldhagen | Measurements of the energy spectrum of cosmic ray induced neutrons aboard an ER-2 high-altitude airplane[END_REF] and spectra calculated with ATMOS-CORE.

  as a function of measured CR variation extract during the GLE 69, and for the Thule and McMurdo station. The measured CR data were extracted from the NMs operated in Thule and McMurdo.

Fig. 9 .

 9 Fig. 9. Calculated CR variation as a function of measured CR variation during the GLE 69 (Thule and Mc-Murdo stations).

Fig. 10 .

 10 Fig. 10. Distribution of the SEU number calculated (a) for the Los Angeles -Paris flight paths and (b) for the Paris -Los Angeles flight paths. More than 500 realistic trajectories were considered and the measured SEU number was added

Fig. 11 .

 11 Fig. 11. Detailed path (Latitude, longitude and altitude) for the Toulouse-Brest and Brest-Toulouse routes (12 and 13 December 2018, respectively), and associated dose rates (in µSv/hr) measured using the Liulin type detector and simulated using ATMOS CORE.

Fig. 12 .

 12 Fig.[START_REF] Heck | CORSIKA: A Monte Carlo Code to Simulate Extensive Air Showers[END_REF]. Ambient dose equivalent in µSv, obtained by calculations and issued from measurement, flights from London (a) and flights to London (b). Standard deviations were added, resulting from route profile variation and experimental uncertainties for calculations and measurements, respectively.

Fig. 13 .

 13 Fig. 13. Normalized distribution of the Ambient dose equivalent during quiet solar activity (solar modulation of 700 MV) and for five selected flight routes characterized by a high number of paths, Paris to (a) Los Angeles, (b) New York and (c) Tokyo.

Fig. 14 .

 14 Fig. 14. Normalized distribution of the Ambient dose equivalent during the GLE 69 event and for five selected flight routes characterized by a high number of paths, Paris to (a) Los Angeles, (b) New York and (c) Tokyo.
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Table I :

 I Average CPU execution time as function of the primary proton energy. All the calculations were performed using a laptop with an Intel® Xeon processor, 3.6 GHz and 8 GB of RAM.

	Primary proton energy	Average CPU execution time in s
	100 MeV	2.06
	1 GeV	2.78
	10 GeV	14.0
	100 GeV	141
	1 TeV	1478

Table II :

 II Production rate of14 C presented in previous works[START_REF] Masarik | Simulation of particle fluxes and cosmogenic nuclides production in the Earth's atmosphere[END_REF][51][52][53][54][START_REF] O'brien | Secular variations in the production of cosmogenic isotopes in the Earth's atmosphere[END_REF]

  considering flights departing from London or arriving to London from different destinations. Standard deviations were added, resulting from route profile variation and experimental uncertainties for calculations and measurements, respectively. Fig.12(b) presents results for flights arriving in London. Whatever the destination (city, continent), calculated ambient dose equivalents are consistent with measurements. However, there is a significant difference observed for the Hong-Kong -London flight (43.7 and 55 µSv for calculation and measurement, respectively). Complementary results indicate that dose levels are overrated, probably induced by a perturbation of measurements.

	From Toulouse:	simulation,	Liulin
	From Brest:	simulation,	Liulin
	Dose rate (µSv/hr)		
	Time from departure (hour)

&is the average SEE risk. The Monte-Carlo approach can integrate a radiation event simulator which takes into account the spectra for a given path. The result is then limited to this specific case. If the objective is to consider several or a high number of scenarios, calculations of σSEE,